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ABSTRACT 

Objective:  Expand knowledge of microglial form and function by developing, 

applying, and interpreting a method of objectively quantitating microglial morphology.     

Method:  Microglial morphology's significance in health and disease was examined, 

and methods of objectively studying and measuring it were developed using 

fractal/chaos theory.  The complexity of microglial morphology presumably changes 

with microglial function yet is not accounted for by traditional metrics.  Accordingly, 

two computer programs were developed: MicroMod for modelling and FracLac for 

assessing microglial morphology, along with a method of extracting patterns from 

digital images.  FracLac provides measures objectively describing microglial 

morphology including the box counting fractal dimension, lacunarity, multifractality, 

the number and density of foreground pixels in an extracted pattern, and the 2-

dimensional size and shape (i.e., elongation and circularity) of the convex hull a cell 

covers.   

Results:  Essential changes in microglial morphology were modelled using fractal 

principles and objectively quantitated by the fractal dimension delivered by FracLac.  

The fractal dimension was not redundant with any feature measured and, although some 

measures quantitated morphological changes in accordance with people’s visual 

categorizations, the fractal dimension was especially sensitive to morphological changes 

with subtle differences in the levels of stimulation and presumably activation of cells.  

The fractal dimension was the most consistently useful measure of, and in some cases, 

the only measure refined enough to detect, the subtlest changes.  In particular, it proved 

useful in quantitating visually undetectable effects and in distinguishing between cells 

in subtly different states of activity, locations, and diseases.    

Conclusion:  Drawing attention to implications in health and disease of visually 

imperceptible or subtle as well as obvious differences in microglial morphology, this 

work shows that microglial morphology can be modelled and objectively quantitated 

using fractal principles.  
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Chapter 1 ORGANIZATION, SCOPE, AND 

GOALS OF THIS THESIS 

Monkeys climb trees.  Elephants do not.  Form and function generally go 

together.  This principle extends to all scales of enquiry and appears exquisitely in the 

relationship between form and function in a microscopic biological entity called 

microglia.  

What are microglia?  In a word, they might be called “multifarious”.  They are 

multi-form, multi-functional central nervous system (CNS)-resident glial cells that are 

important in human health and disease.  The relationship between form and function is 

especially relevant to microglia because, unlike examples like monkeys and elephants 

for which form is essentially unchangeable, for microglia, form is inherently dynamic.  

This phenomenon has been studied to some extent, but microglia have historically been 

relatively neglected in neuroscience.  Currently, no standard exists for objectively 

quantitating the diversity of microglial form as it relates to microglial function.  This 

thesis describes why this is an important issue to resolve, and how fractal analysis and 

computer modeling can quantitate normal and abnormal microglial morphology, toward 

the broader goal of expanding our knowledge about links between subtle disruptions of 

microglial form and function in normal and pathological human CNS. 

 1.1 ORGANIZATION  
To achieve its goal, this thesis has three parts.  Part I describes microglia and our 

knowledge of them from historical and contemporary perspectives.  Part II explains how 

the need to quantitate microglial morphology may be met through computer-based 

applications.  It explains 1) basic principles of fractal analysis and a method applicable 

to cellular morphology, 2) a technique to extract patterns from digital images of 

microglia, 3) fractal analysis software developed as part of this thesis, and 4) a method 

for computer-based modelling of microglial morphology.  Finally, Part III reports 

investigations using the fractal analysis tools developed here to quantify microglial 

morphology in health and disease, including in schizophrenia.  The concluding chapter 

discusses the work as a whole and summarizes its contributions. 
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 1.2 SCOPE AND BEYOND  
In addressing morphological classification of microglia in human health and 

disease using computer-based applications and fractal theory, this thesis crosses various 

disciplines.  Key terms and concepts are defined in context, abbreviations are defined in 

Appendix A, and important secondary information is outlined in boxes.  The 

background presented here provides an essential rather than comprehensive foundation 

for the crossroads on which this thesis rests.  For further information, neuroscience 

(Zigmond 1999), pathology (Cotran et al. 1999), or immunology (Janeway 2001) 

textbooks should elucidate biological concepts not elaborated on or lacking specific 

references in the text.  Similarly, several listings in the references section offer further 

reading on fractal analysis—for example, see Cross (1997), Fernandez and Jelinek 

(2001), Jelinek and Fernandez (1998), Losa et al. (1998), Nonnenmacher, Losa, and 

Weibel (1994), Smith, Lange, and Marks (1996), and Takayasu (1990). 
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PART I:   

MICROGLIAL FORM 

AND FUNCTION 
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Chapter 2 LOST IN HISTORY 

To most people, neurons are familiar, but to the layperson and many 

neuroscientists, microglia are relatively obscure.  This chapter depicts microglia from a 

broadly historical view and explains why they are known less well than other cells 

found in nervous system tissue. 

 2.1 THE RISE AND FALL OF MICROGLIA 
Buried in the index of the 1999 edition of the esteemed textbook Fundamental 

Neuroscience lie four references to microglia, altogether spanning roughly 4 of 1,600 

pages (Zigmond 1999).  This paucity of discussion of microglia, while typical in much 

of neuroscience, is a curious quirk.  Is it justifiable treatment of a nascent, peripheral, or 

inconsequential topic?  A brief historical review of our relatively austere knowledge of 

these small cells sheds some light on that question.   

To answer part of the question, giving microglia little attention cannot be 

attributed to newness for the undeniable reason that microglia are not a new discovery.  

They have been known about since at least the late 1800s.  History tells us that, more 

than a century ago, pioneering scientists peering down light microscopes exposed 

microglia entangled with neurons in nervous tissue.  From that time and well into the 

20th century, keen interest persisted as intrigued investigators using the cell staining 

techniques of the day studied microglia in more and more detail, documenting with 

detailed diagrams their observations of microglial form and function, thus forging in 

those early years a valuable legacy.  (Kettenmann & Ransom 1995; Rezaie & Male 

1999; Zigmond 1999)  

Such intense interest waned, however.  Perhaps it was inadequate mass 

communication, or perhaps the uninspired name, but for whatever reason, despite the 

attention given microglia initially, beyond the first half of the 20th century, most 

scientists studying cells of the nervous system focused exclusively on developing ways 

to visualize and characterize the much larger—comparatively sprawling—neuron (see 

Figure 2-1 on page 23).  By the mid-1900s, the study of the nervous system belonged to 

the neuroscientists.  Neurons, the major conveyors and integrators of information in the 

CNS, were entrenched, for the neuroscientists, as the foundation of their field.  Yet as 

the study of neurons flourished, knowledge about microglia faded. 
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Figure 2-1 Microglia Are Relatively Small Compared to Other CNS Cells 

 

 2.2 RECLAIMING THE LEGACY 
The study of microglia languished, obscured by research in other areas, until the 

1980s, when researchers renewed the earlier focus on microglia.  Devoted gliologists 

emerged amongst the neuroscientists, their rising interest in microglia fuelled initially 

by improved methods of visualizing and monitoring these small cells (Debbage, O'Dell, 

& James 1981; Mannoji, Yeger, & Becker 1986; Streit & Kreutzberg 1987, 1988).  This 

rising curiosity soon compounded with increasing recognition of consequences 

microglia could have in a variety of human diseases (DeGirolami, Crowell, & Marcoux 

1984; Dickson 1986; Giulian et al. 1986; Jackson et al. 1985; Pesce, Tobia, & Scott 

1985).  Then, solidifying the new field, on the heels of these events came discoveries of 

roles microglia might play in the activities of multifarious drugs (Chao et al. 1996, 

1997; Hauss-Wegrzyniak et al. 1999; Liu et al. 1996; Magazine et al. 1996; Tikka et al. 

2001; Yrjanheikki et al. 1998). 

Paralleling some of these developments, the study of microglia mushroomed 

further in an explosion of computer imaging technology starting around 1990.  As 

investigators in more and more arenas began studying them in novel ways, microglia 

received ever-increasing attention.  Now, in the 2000s, microgliologists reconstruct 3-

dimensional images of whole cells (Dailey & Waite 1999; Stalder et al. 2001), follow 

microglia using time-lapse video microscopy (Grossmann et al. 2002; Ohsawa et al. 

2000), and, in the brains of living people, monitor microglia noninvasively (by attaching 

Original image of the area around a 
neuron's soma and processes in human 
spinal cord, and stylized drawing 
showing the typical relative difference in 
size between neurons (larger cell) and 
microglia (tiny cell).   
 

On average, microglia span 
from 30 to 120  μm 
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emissive markers to cells and inferring what microglia might be doing from the signals 

given off by the markers) (Banati et al. 2000; Horwitz, Friston, & Taylor 2000; 

Vowinckel et al. 1997).  In sum, despite the lapse that occurred after their initial 

discovery, there is currently a trend of rising interest in many aspects of microglia (see 

Box 2-1).   

Box 2-1 Slowly Rising Interest 

 

 2.3 ORPHANS 
Why did interest in microglia lapse?  Perhaps part of the reason the legacy of 

early microglial research sat unclaimed for so long stems from a lack of a sense of 

ownership.  As mentioned, gliologists themselves emerged only relatively recently, and 

long before they surfaced as a group, the question was intermittently asked, “Do 

microglia belong to the neuroscientists or the immunologists?”  To elaborate, microglia 

are not the only glia.  Glia are cells that are found in nervous tissue but are not neurons.  

Glia physically cohabitate and entangle with neurons, but conceptually disentangle from 

neurons primarily on the basis that glia are less overtly involved in processing 

information and more overtly involved in maintaining the CNS.  Glia are a diverse class 

of cells that itself unweaves into astroglia and oligodendroglia as well as microglia 

(other cells have been classified as glia, but are not addressed here).   

The word glia, unfortunately, means “glue”.  Disparaging the moniker, many 

scientists have pointed out that neurons fill spaces between glia as much as glia glue 

*http://www.ncbi.nlm.nih.gov/entrez/   
accessed October 10, 2002  
 

Interest in microglia is rising now, despite 
that after catching the attention of pioneering 
scientists, the vision microglia initially stirred 
faded until some researchers even questioned 
the existence of these cells.  The relative lack 
of attention to microglia compared to neurons 
is strikingly evident in a search for articles 
published from 1960 to 2002 in the National 
Institutes of Health’s PubMed* database.  
During that time, the number of articles 
published about microglia each year grew 
substantially, but the relative proportion of 
articles including the key term “microglia” 
compared to those including “neuron” changed 
little, from less than 1% to about 5%.  
Microglia may receive more attention, 
however, as their critical roles in health and 
disease are recognized and technology 
continues to develop.  The peer-reviewed 
scientific journal Glia, for instance, devoted its 
November 2002 issue to burgeoning 
knowledge about microglia.  

 

    PubMed searches for “neuron” and “microglia”
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neurons together.  Glial cells support the CNS, but are considerably more than just glue.  

Moreover, except where it is important to identify cells in the CNS exclusive of 

neurons, it is seldom useful to group glia together.  This is because each type of so-

called glial cell performs specialized roles.  Astroglia, for instance, participate in 

hormonal and neurotransmitter signalling, help construct brain, maintain the 

extracellular milieu, and do other duties.  Oligodendroglia play an indispensable role in 

myelinating neurons (vital for proper signal conduction), but also fill other roles.  

(Kettenmann & Ransom 1995)  As will be elaborated on in the next chapter, microglia 

share some of these and other duties with astro- and oligodendro-glia, but differ from 

them in functional focus, presiding over immune and inflammatory events in the CNS.  

(Ambrosi et al. 1995; Gehrmann & Kreutzberg 1995; Streit, Walter, & Pennell 1999)  

That is, despite their intimate physical proximity to other glia and neurons, 

microglia are a unique immunoinflammatory cell population that makes its home in the 

CNS.  Indeed, microglia share many features with the immune system’s macrophages 

(see Box 2-2.) and are usually described as a specialized CNS-seeking macrophage 

(Chao et al. 1996; Dickson 1999; Kennedy & Abkowitz 1997; Rezaie, Cairns, & Male 

1997) or other monocyte-derived cell (Wilms, Wollmer, & Sievers 1999).   

Box 2-2 Macrophages in Immediate and Aggressive Defence 

 

Although microglia are now known to be vital immune effector cells, 

historically they were not given much more attention in immunology than in 

neuroscience.  A century ago, the work of phagocytes in the human body in general was 

only poorly understood.  Moreover, as will be expanded on in later chapters, microglia 

are key players in the body’s first line of defence, the vigorous inflammatory response 

Macrophages are a heterogeneous group of bone-marrow derived cells that 
circulate as small-bodied monocytes in the blood then undergo 
immunophenotypical, cytoskeletal, and morphological changes as they differentiate 
into larger, amorphous phagocytes when they migrate through tissue.  They tend to 
be long-lived moieties able to regenerate their lysosomes and immediately and 
aggressively attack that which they find to be undesirable  

 Binding of undesirables to cell-surface receptors leads to phagocytosis and digestion of the 
bound agent by the noxious contents of lysosomes 

 Binding and phagocytosis also produce toxic products such as hydrogen peroxide and nitric 
oxide, signals to recruit an increasingly aggressive response, increased vascular permeability, 
chemotactic molecules, and changed endothelial cell stickiness   (DeFife et al. 1999; Janeway 
2001) 
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known since ancient times (Kreutzberg 1995).  The cardinal signs of inflammation—

redness, swelling, heat, and pain—are difficult to apply to the CNS, however, and it was 

not until the latter part of the 20th century that modern science fully recognized 

immunoinflammatory activity in the CNS.  Thus, microglia were discovered at a time 

when their roles were unlikely to be appreciated, and the opportunity to embrace them 

in immunology did not arise until relatively recently.  That is, as outlined in Figure 2-2, 

these cells, brought to light then thrust back into darkness, had to wait between the 

fronts of neuroscience and immunology, until they were properly claimed by the 

emerging field of neuroimmunology. 

 

Figure 2-2 Timeline of Microglia in Science 

 

  

 2.4 MICROGLIA MATTER 
So, to answer the rest of the question posed earlier, microglia have received 

relatively scant attention not because they have been studied extensively and proven to 

be unimportant, but for other reasons.  Despite having been known about for more than 

a century, for a time microglia were not studied as much as other cells, but now the 

relative neglect is being remedied.  No longer orphaned, microglia have been reclaimed 

in a conceptual revolution embracing the importance of immune and inflammatory 

activity in the CNS and are, as will be explained in the next chapters, increasingly being 

seen as critical targets for therapeutic intervention in many human diseases.  

1880 1920 1980 

In the latter 1800s, scientists find 
the nervous system to contain, in 
addition to neurons and 
macroglia or astroglia, a third 
cellular element or mesoglia. 

 In 1919, Pio del 
 Rio-Hortega 
 formally divides the 
smaller third element 
into oligodendroglia 
and microglia. 

In 1883, Ilya Ilyich 
Mechnikov realizes 
phagocytes seek and ingest 
foreign matter, a seminal 
idea that is not initially 
widely accepted but for 
which he eventually receives 
a Nobel Prize in 1908. 

Rather than formally discovered, microglia were defined 

over time in an era of discovery about cellular activity in 

the human body. 

MICROGLIA RECEIVE 
RELATIVELY LITTLE 

ATTENTION IN 
IMMUNOLOGY AND 

NEUROSCIENCE 

In 1981, after years without reliable methods 
for selectively staining microglia, investigators  
open the way, publishing studies showing a 
lectin reliably reveals microglia in chick 
embryos and then, in 1986, in humans. 

 
IN THE 2000S, 
MICROGLIA ARE BEING 
DEFINED FROM MANY 

APPROACHES 
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Chapter 3 INTEGRAL CNS CITIZENS 

Moving from the last chapter’s illumination of microglia in historical 

perspective, this chapter shows microglia in a contemporary light.  It compares 

microglia to other cells in the CNS, then outlines what is known of how microglia arise 

in, are distributed in, and contribute to the CNS.  The focus throughout is on 

understanding the significance of features of microglial morphology. 

 3.1 CELLS AMONGST CELLS: COMPARING MICROGLIA TO 

OTHER CELLS 
Despite being a division of the immune system, microglia in living organisms 

are usually only found physically integrated within the tangled mesh of cells that is the 

CNS.  Most microglia are not grossly separated from their surroundings in the way that 

the meninges can be peeled from the brain or lymph nodes are segregated from 

surrounding tissue, for instance.  From this gross perspective, microglia partner with 

other CNS cells and their association with immune cells is obscured.  From a finer 

perspective, however, a basis for separating microglia from nearby CNS cells and 

grouping them with distant immune cells is evident.  As will be elaborated on in this 

section, when microglia are looked for in stained tissue under a microscope, microglia 

can be relatively easy to separate from neurons, a little harder to separate from astroglia 

and oligodendroglia, but rather difficult to distinguish from certain immune cells.  

(Kettenmann, Burton, & Moenning 2002) 

3.1.1 MICROGLIA AND NEURONS 

As was suggested in Figure 2-1, page 23, both neurons and microglia can be 

essentially radial structures with multiple branching processes that are relatively long 

compared to their cell bodies.  Methods to differentially stain both neurons and 

microglia in tissue exist.  Of the methods that reveal microglia, a dearth of methods 

reveal only microglia, but lectins (introduced in Figure 2-2, page 26) have proved 

especially useful for this.  Binding using the lectin RCA-1, in particular, is currently 

relied on heavily to select microglia in the CNS.  (Carson et al. 1998; Flugel et al. 2001; 

Gonzalez-Juarrero & Orme 2001; Hao, Dheen, & Ling 2001a, b; Ito et al. 1998; 
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Kennedy & Abkowitz 1997; Santambrogio et al. 2001)  (See Box 3-1 for further 

information about lectins.) 

Box 3-1 Lectins 

 

Not all methods clearly distinguish all cells, however.  General Nissl and uranyl 

acetate staining, for instance, reveal all types of glia and neurons in an area.  Moreover, 

different methods reveal different morphological features, and with some methods, such 

as haematoxylin and eosin preparations, nuclear size and shape are the only features 

revealed clearly and consistently enough to be useful.  Nonetheless, even with the most 

limited methods of making cells visible, most neurons in tissue are not likely to be 

mistaken for microglia because of certain morphological differences.  (Zigmond 1999)  

Neurons, which, as was noted, have been studied in great depth, generally have 

characteristic overall shapes and distributions that help identify them, but also have 

different intracellular features than microglia and are usually much larger, with 

distinctively larger nuclei, somata, and spans.  (Cotran et al. 1999) 

3.1.2 MICROGLIA AND ASTROGLIA 

Microglia can also resemble astroglia.  As shown in Figure 3-1, astroglia, as 

their name suggests, are usually stellate, with multiple processes radiating into the 

surrounding area.  These two types of cell are somewhat more likely to be mistaken for 

each other than are neurons and microglia, although they are also generally 

their selectivity.  Different lectins bind to certain carbohydrate moieties embedded in the plasma 
membrane or intracellular membranes that are specific to certain organelles, cells, or species (e.g., 
species-specific binding is presumed to reflect glycocalyx differences amongst species).  Lectin 
binding is resilient, inasmuch as the evidence so far suggests that most tissue processing techniques 
barely change the surface carbohydrates lectins bind.  Lectin selectivity has been important in 
identifying microglia.  The lectin Ricinus communis agglutinin-1 (RCA-1), with an attached 
chromogen, for instance, reveals microglia but not neurons, astroglia, or oligodendroglia in normal 
human brain.  Lectins are not utterly exclusive, though.  RCA-1 binds oligosaccharides ending in 
galactose, but may also bind N-acetylgalactosamine.  In addition, lectin results are difficult to 
interpret.  Although it is known that many lectins, on binding to cell surface carbohydrates, trigger 
an array of intriguing cellular events, including complement  and immune cell activation, the details 
of how many lectins and lectin binding sites function and are distributed in various tissues and 
species are only beginning to be discovered.  (Mannoji, Yeger, & Becker 1986; Streit & 
Kreutzberg 1987, 1988; Witting et al. 2000) 

3-dimensional representation of the lectin 
I-B4 from Griffonia simplicifolia.  I-B4 
and other lectins are frequently used to 
mark microglia. Rendered from Lescar, et 
al. 2002, using WebLab ViewerLite 4.0, 
© Molecular Simulations, Inc 
 

Lectins are used extensively to 
study many features of many cells.  
Proteins that avidly bind carbohydrates, 
lectins were originally studied as 
agglutinins, but now include several 
proteins.  They are especially useful for 
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distinguishable.  One principal way of doing this is by using glial fibrillary acidic 

protein (GFAP), which is present in astroglia but barely if at all present in microglia and 

other CNS cells (Fitch et al. 1999).   

 

Figure 3-1 Microglial and Astroglial Morphology 

 

 

Another way is to use morphological features.  As with neurons, size is one.  

Astroglia tend to occupy smaller volumes than neurons but generally larger (up to 

roughly 2 times larger) volumes than microglia and usually have larger, more oval-

shaped nuclei with paler, more evenly dispersed chromatin than microglia.  Further, 

they are generally more stellate and branch differently than microglia.  As delineated in 

Figure 3-2, the typical microglial branching pattern is more perpendicular than the 

typical astroglial.  Unlike typical astroglial processes, microglial branches tend to sprout 

essentially orthogonally near their middle and end, filling the outer portion of the spread 

of processes with nearly perpendicular branch points.  Because morphological 

differences are not always apparent or conclusive, however, especially when both 

microglia and astroglia are peppered throughout the same volume of CNS as they 

usually are, GFAP (often along with lectins or similar for microglia) is usually used to 

distinguish astroglia from microglia. 

 

Figure 3-2 Typical Branching Patterns of Microglia and Astroglia 

 

 

 

Tracings of the 2-dimensional space covered by 
typical branched astroglia (left) and microglia 
(right).  The microglial tracing is magnified more 
than the astroglial tracing. 
 
Tracings of tomato-lectin stained rat microglia drawn from original 
images published in Borrel et al. 2002, p. 210.  Scale bars represent 
35 μm. 

These are the essential relative patterns traced from 
typical branching processes on astroglia and microglia, 
respectively, showing generally more orthogonal 
branching of microglia.   
 
Arrows show the direction from soma to branch tip. Astroglia Microglia 
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3.1.3 MICROGLIA AND OLIGODENDROGLIA 

Microglia may also resemble oligodendroglia, both appearing as small, branched 

cells sometimes (De Groot et al. 2000).  Microglia are usually smaller than 

oligodendroglia, but are generally closer in size to oligodendroglia than to neurons or 

astroglia.  Similar to what was noted with neurons and astroglia, microglia are often 

selected from oligodendroglia by methods specific to oligodendroglia (Cotran et al. 

1999).  When ambiguous methods (e.g., ferritin or uranyl acetate staining) are used, 

however, again, microglia may sometimes be distinguished from oligodendroglia based 

on morphological features in addition to size.  Oligodendroglial nuclei are typically 

rounder with homogeneous chromatin, for instance, whereas microglial nuclei are more 

rod-like and more irregularly shaped with darker, clumped chromatin and scanty 

cytoplasm.  Some typical differences in microglial and oligodendroglial nuclei are 

evident in Figure 3-3 below.  (Kettenmann & Ransom 1995) 

Figure 3-3 Transmission Electron Micrograph of Mouse Cerebellum 

 

3.1.4 MICROGLIA AND INFILTRATING IMMUNE CELLS 

Whereas several methods make it possible to selectively reveal neurons and 

other glia from nearby similar-looking microglia, making a distinction between 

microglia and certain other cells can be virtually impossible.  Microglia are smaller than 

most CNS-resident cells, but similar in size to haematogenous cells and are frequently 

indistinguishable from infiltrating immune cells, most notably, macrophages.   

In this respect, RCA-1 is very useful because it does not mark other glia or 

neurons, but in addition to blood vessels (which are usually distinguishable as coursing 

tubes or rings), RCA-1 staining also marks macrophages.  (Witmer-Pack et al. 1993)  

As alluded to earlier, microglia and macrophages share several similarities, including in 

immunophenotypical characteristics (e.g., both express major histocompatibility 

Differences in 
microglial (M) and 
oligodendroglial 
(O) nuclei are 
sometimes evident; 
erythrocyte (E) in 
blood vessel.   

Mouse cerebellum 
post fixed in 
osmium tetroxide, 
stained with lead 
and uranyl 
acetate; original 
magnification 
12,000x; scale 
bar = 1 μm 



Karperien 2004 

3.1 Cells Amongst Cells: Comparing Microglia to Other Cells 

 
31 

complex (MHC)-II molecules*, scavenger receptors, and complement receptors).  In 

addition, microglia possess ion channel characteristics like those of some macrophages 

(but unlike those of other glia).  (Eder 2002: Perry 1998; Stoll & Jander 1999; Streit 

2002; White, McCombe, & Pender, 1998; Williams et al. 2000)   

Unfortunately for someone wishing to distinguish the two, microglia also bear 

morphological similarities to amoeboid tissue macrophages.  How can cells that 

resemble neurons and stellate or branched glial cells also resemble amoeboid 

macrophages?  The analogy mentioned in the introduction helps explain this.  It was 

pointed out there that monkeys climb trees but elephants do not, symbolizing how 

function depends on form.  But what if an elephant’s or a monkey’s form depended on 

the animal’s current goals?  What if elephants could climb trees, could shrink their 

bodies and grow long arms and prehensile tails to grasp and feel their ways through 

tangled jungle treetops?  And what if monkeys had the morphological and functional 

plasticity to become large, lumbering beasts able to bring down trees and eat huge 

volumes when needed?  Microglia, as illustrated in Figure 3-4, have morphological and 

functional plasticity comparable to this. 

 

Figure 3-4 Typical Microglial Morphological Profiles 

 

 

The next section discusses this marvellous transformation in which, depending 

on where they are and what they experience, microglia assume dissimilar aliases, being 

sometimes small-bodied and finely branched, but also sometimes amorphous or 

amoeboid.  But before moving on to that section, it is worth discussing another immune 

                                                 
* MHC codes peptide-binding glycoproteins; these bind peptides (antigens) generated in the intracellular 
vesicles of macrophages, immature dendritic cells, and other cells, and are involved in T cell stimulation.  
How microglia and T cells interact in humans remains to be determined, though.  In addition, MHC class 
I and class II (MHC-I and II) proteins perform other roles in immune and nonimmune-related functions.  
Human MHC genes are called human leukocyte antigen genes, with loci denoted by upper-case letters 
(e.g., HLA-DR) then alleles by numbers.  (Becher, Prat, & Antel 2000; Carson et al. 1998; Janeway 2001) 

Amoeboid profile from non-ramified 
(reactive) snail microglia stained for 
adreno-corticotropic hormone. 
 

20 μm 

Arborised profile from
ramified rat hippocampus

microglia stained for OX-42
for complement receptor

25 μm Contour drawn from 
original image in 

Sonetti et al. 1994, p. 
9181. 

 
Contour drawn from original image in Abraham 

& Lazar 2000, p. 68. 
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cell that is hard to distinguish from microglia.  Dendritic cells are antigen-presenting† 

immune cells that also bear functional, immunophenotypical, and morphological 

similarities to microglia and that cycle between arborised and amoeboid morphologies 

resembling microglia.  Dendritic cells can sometimes be selected based on 

immunophenotypical differences from microglia, but not always.  Deciding if a cell is a 

dendritic cell or a microglia is further complicated because it is currently not clear if 

parenchymal CNS or only vessels and supporting structures harbour dendritic cells.  

Moreover, it is unclear whether at least some CNS-resident dendritic cells are, were, or 

become microglia—cells immunophenotypically classified as dendritic cells arise from 

microglia in adult rodent brain.  (Aloisi, Serafini, & Adorini 2000; Columba-Cabezas et 

al. 2002; Fischer & Reichmann 2001; Pashenkov et al. 2001; Santambrogio et al. 2001; 

Streit 2002; Strobl et al. 1998; Walker 1999) 

 3.2 MICROGLIAL POPULATIONS 
 

The variability and plasticity of microglial morphology is a critical feature of the 

role in the CNS.  This section discusses how and when microglia become enmeshed 

with other cells in human CNS and some of what they are presumed to do there, 

focusing on implications of microglial morphology in developing and adult CNS. 

3.2.1 ORIGINS IN DEVELOPING CNS 

3.2.1.i Immigrants 

Microglia reside in the CNS, but are not necessarily born there.  We know that 

in humans they are found very early in developing nervous tissue (in some species, 

investigators have detected the emergence of microglia coincident with the earliest 

detected monocytes), but precisely when and where they first arise is not known.  

Current hypotheses are that they originate alongside of other glia and neurons, alongside 

of other immune cells, or in both ways.  Human microglia probably arise from, or at 

least accumulate at, some or perhaps all of 1) mesoderm (leptomeninges: pia, in 

particular), 2) vasculature, and 3) periventricular germinal layers (which are where 

astroglia and oligodendroglia arise).  In addition, it is accepted that 4) microglia in early 

                                                 
† Dendritic cells present antigens through intracellular and extracellular processing pathways.  Immature 
dendritic cells express empty MHC-II cell surface molecules onto which are loaded antigenic peptides 
that have been extracellularly processed by secreted enzymes. 
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CNS themselves proliferate (Andjelkovic et al. 1998).  A point of note: the pioneering 

investigators of more than a century ago who first saw and wrote about microglia 

postulated that microglia arise from essentially these same fonts.  (Hutchins et al. 1990; 

Male & Rezaie 2001; Navascues et al. 2000, 2002)   

If, as seems to be the case, at least some microglia first arise externally to the 

CNS, they must at some time enter it.  Various authors have proposed different 

explanations of how microglia that originate outside might get inside the CNS: they 

might migrate across the pia, squeeze between blood vessel endothelial cells, or squeeze 

between ependymal cells lining the ventricles, for instance.  While some authors reason 

that microglia appearing in parenchymal CNS prior to vascularization and monocyte 

production probably derive from CNS, their opponents counter that such cells only 

seem to arise from germinal layers yet actually enter through unseen vessels there.  In 

general, where and when microglia originate and, if they originate outside, how they get 

inside the human CNS (e.g., roles of adhesion molecules, cytokines, and interactions 

with other glia) are important questions still awaiting conclusive answers.  (Alliot, 

Godin, & Pessac 1999; Andjelkovic et al. 1998; Hutchins et al. 1990; Kaur et al. 2001; 

Male & Rezaie 2001; Navascues et al. 2000, 2002; Rezaie & Male 1999; Rezaie, Patel, 

& Male 1999; Santambrogio et al. 2001; Stoll & Jander 1999) 

3.2.1.ii Temporal and Spatial Patterns in Early CNS 

Once they appear, microglia migrate to populate the CNS.  In humans, microglia 

colonize the CNS mainly during the second and to some extent the third trimester of 

development (in rodents, early microglia start to populate the CNS around or after 

birth).  Microglia colonize the CNS, shifting and migrating as is generally predictable in 

the tentative environment of forming organisms, in somewhat stereotypical patterns.  

They apparently distribute themselves similarly in most mammals, but there are some 

differences amongst species.  There are differences amongst CNS regions (e.g., amongst 

spinal cord, brain, and visual system) as well, although these have been characterized by 

some authors as minor.  (Andjelkovic et al. 1998; Hutchins et al. 1990; Male & Rezaie 

2001; Maslinska, Laure-Kamionowska, & Kaliszek 1998; Navascues et al. 2002; Rezaie 

& Male 1999; Rezaie, Patel, & Male 1999)  

Studies of human foetal tissue suggest microglia migrate through tracts (e.g., 

from corpus callosum across hemispheres) and along blood vessels, essentially moving 

out from middle to surrounding areas, through white toward developing grey matter.  
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They generally avoid or surround areas dense in cell bodies, and accumulate in specific 

places at specific times.  To illustrate, microglia have been found arranged, at various 

developmental stages, in a single layer adjacent to the cortical plate, as a lining in 

ventricles, or as clumps or boundaries around developing nuclei (e.g., basal ganglia and 

dentate in cerebellum).  (Alliot, Godin, & Pessac 1999; Andjelkovic et al. 1998; 

Cuadros & Navascues 1998; Grossmann et al. 2002; Navascues et al. 2002; Rezaie et al. 

2002) 

3.2.1.iii Morphological Plasticity and Subpopulations in Early CNS 

Rather than one general early microglial morphology, there is a characteristic 

temporal pattern of morphological change from rounded to ramified.  In tissue from 

humans gestated a few weeks, for example, investigators first see rounded cells, then, as 

the number of microglia increases, predominantly ramified cells, with some variation.  

Microglia become “intermediately ramified” when migrating along white matter tracts 

and blood vessels, then, later in development, fully ramified.  (Andjelkovic et al. 1998; 

Hutchins et al. 1990; Maslinska, Laure-Kamionowska, & Kaliszek 1998; Rezaie, 

Cairns, & Male 1997)  

This morphological shift, for the most part, coincides with phases of migration 

through the developing CNS.  To illustrate, investigating normal human embryos and 

foetuses, Andjelkovic and co-workers (1998) found at 4.5 gestational weeks (prior to 

vascularization) groups of presumably microglia gathered at the pia, most outside of the 

CNS.  These investigators classified cells inside as larger with developing pseudopodia, 

and cells outside as rounder.  By 5.5 weeks, these cells were dispersed unevenly 

throughout the CNS (more gathering in the cerebellum than telencephalic wall, for 

instance).  Researchers investigating later stages of development have found microglia 

in the cerebellar vermis around 28 weeks, then in the Purkinje cell layers of the 

cerebellar hemispheres, where by 35 weeks, ramified cells predominated, then, past 36 

weeks, microglia had disappeared from cerebellar cortex, leaving mainly ramified cells, 

mainly in the white matter in infants.  (Hutchins et al. 1990; Maslinska, Laure-

Kamionowska, & Kaliszek 1998; Rezaie, Cairns, & Male 1997)   

While all microglia populating the developing CNS normally change from 

rounded to ramified, not all are the same, and some can even be selected according to 

morphological features.  For instance, in addition to the migrating, evolving cells that 

first appeared before vascularization (noted in the previous paragraph), as shown in 
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Figure 3-5, Andjelkovic and co-workers saw another population of microglia in 

developing human tissue.  They saw a group appearing after vascularization had started, 

about one week later than the other population first appeared. 

 

Figure 3-5 Morphological Differences in Early Human Microglial Subtypes 

 

 

Inside the CNS, this second population had “rounder” bodies and less processes 

than the first population, although this second population adopted the branched 

morphologies, which are, as will be discussed in more depth later (see Section 3.2.4), 

typical of most mature microglia.  Making even more compelling the argument that 

separable subgroups of microglia in the developing CNS exist and mature along 

different schedules, the cells were immunophenotypically different from each other.  

Both subtypes of microglia stained as neither other CNS elements nor blood monocytes, 

but were differentiated from each other by other markers (i.e., the first population was 

marked lightly all over by lectins only, and the second was marked by both lectins on 

the surface and CD68‡ principally in the cytoplasm). 

3.2.2 FUNCTION IN DEVELOPING CNS 

Little is conclusively known about what microglia do in the developing human 

CNS, but two major lines of evidence, involving critical periods in and disruption of 

normal development, suggest that microglia probably do something important.  The first 

line of evidence, which is essentially correlative, aligns the emergence of microglia with 

known milestones, identifies microglia in strategic locations at strategic times, and 

aligns known or suspected capabilities of microglia with known occurrences in normal 

development.  Postulated functions include that, as they appear in and migrate through 

                                                 
‡ CD means “cluster of differentiation” and the number tells the order of its discovery.  Usually found on 
a cell’s surface, CD molecules are recognized by specific sets of monoclonal antibodies.  They are 
discussed further on page 41. 

B A 

lectin=RCA-1 and tomato lectin; profiles 
were drawn from images published in 

Andjelkovic et al. (1998), p. 19; scale bars 
are approximately 100 μm. 

As evident in these contours of microglia 
from human foetal brain at 7.5 gestational 
weeks, gross differences were apparent 
between A) lectin positive and B) CD68 
and lectin positive cells, which had larger, 
rounder bodies and plumper, less 
branched, and less numerous processes. 
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specific areas of the developing nervous system, microglia might “fine-tune” CNS 

structure by, for instance, promoting axonal growth (i.e., secreting growth-affecting 

substances), interacting with oligodendrocytes in myelination, influencing 

vascularization, and phagocytically disposing of debris and normally dying cells (e.g., 

neurons or neuron parts as well as other cells).  Recent evidence also indicates that, at 

least in some mice, microglia may direct neuronal migration and be important 

determinants of the phenotype of developing cells (e.g., neurons) (Aarum et al. 2003).   

The second line of evidence, also correlative, links microglial abnormalities with 

developmental disruptions and subsequent neuropathology.  Hao, Dheen, and Ling 

(2001), for instance, showed that early microglia in rats respond to compromise.  After 

pregnant mothers were exposed to a teratogen, compared to control microglia, microglia 

in their foetuses gathered and proliferated more, increased MHC-I and MHC-II 

expression, increased complement receptor expression, and initiated phagocytosis in 

areas corresponding to later neuropathology (Hao, Dheen, & Ling 2001a, b).  In infants 

with Down’s syndrome, it has been 1) shown that microglia are abnormal concomitantly 

with other glial abnormalities and 2) suggested that microglia mediate abnormalities 

that are characteristically found in the neuronal dendritic tree (e.g., this could reflect 

problems with growth factor secretion, misdirected phagocytosis of healthy neuron 

parts, or healthy phagocytosis of malformed parts).  (Becker et al. 1991; Male & Rezaie 

2001; Navascues et al. 2002; Ramer et al. 2001; Rezaie & Male 1997, 1999; Rezaie, 

Patel, & Male 1999; Smith 2001; Wierzba-Bobrowicz et al. 1998, 1999) 

3.2.3 MICROGLIAL ORIGINS IN ADULT CNS 

Much of our knowledge about microglial origins in the adult human CNS is 

similar to that about the origins of these cells in early CNS.  Overall, the predominantly 

favoured view of microglial origins is that all microglia ultimately derive from 

haematopoietic sources, where the possibility that some derive from neural stem cells is 

not as strongly supported by the evidence to date.  Microglia in adult CNS are presumed 

to come from fundamentally the same sources as in developing CNS.  They 1) arise 

from CNS-resident precursor cells or proliferating microglia and 2) are replaced by 

haematopoietic blood-borne cells, probably from bone-marrow derived precursors.  

(Bartlett 1982; Eglitis & Mezey 1997; Wolinsky et al. 1982)  It is worth noting, in this 

respect, that our knowledge of sources of new cells in the CNS is currently in an 
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exciting state of flux (e.g., researchers have cultured a subset of circulating pluripotent 

human blood monocytes that give rise to neurons, endothelial cells, and macrophages, 

depending on how they are stimulated) (Zhao, Glesne, & Huberman 2003).   

3.2.3.i Temporal and Spatial Patterns 

However they get there, microglia seem to be relatively abundant in the adult 

human CNS.  Microglia in normal adult human CNS are frequently referred to as 

resting microglia.  Although the proposed numbers vary, estimates for the proportion 

resting microglia make of total glial cells, generally range from about 5% to 20%.  As 

Figure 3-6 below depicts, they are also generally estimated to make up around 10% of 

all brain cells, which approximates neuron numbers but not bulk, microglia being so 

much smaller than neurons.  (Alliot, Godin, & Pessac 1999; Kreutzberg 1995; Perry 

1998; Radewicz et al. 2000; Rezaie, Cairns, & Male 1997; Stoll & Jander 1999; Streit, 

Walter, & Pennell 1999; Streit 1995; Zigmond 1999)  Intriguingly, by these estimates 

some amphibians and rodents have smaller, and some fish considerably larger 

proportions than humans (Dowding, Maggs, & Scholes 1991; Lawson, Perry, & Gordon 

1992; Sonetti et al. 1994). 

Figure 3-6 Proportions of Microglia Compared to Other CNS Cells 
 

 
 

The variation in estimates of the number of microglia in normal adult human 

CNS probably reflects variation on several measures (Finch et al. 2002).  There is a 

temporal component, for instance, in that the microglial population expands with age 

not just during the earliest stages but over the lifespan, although more in some areas and 

in some people than in others (see Section 3.2.5.i.b for further discussion of this) 

(Sheffield, Marquis, & Berman 2000).  Perhaps the most important reason for the range 

in estimates, however, is normal, albeit drastic, spatial variation in the distribution of 

microglia (Dickson 1999).   

Microglia 
5-20% 

All Other 
Glia 

80-95% 
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How microglia are oriented and how densely they are packed depends strongly 

on where they are.  In both diseased and normal elderly human brain, for instance, it has 

been shown that more microglia dwell in association cortex than primary cortex, and 

more in hippocampus than association cortex.  In grey matter, parenchymal microglia 

are often found close to neuronal somata but congregating more amongst their arbours; 

and in white matter, where microglia are usually more numerous, they tend to be found 

amongst tracts.  (Ren et al. 1999; Sheffield & Berman 1998; Sheffield, Marquis, & 

Berman 2000)  Mittelbronn and colleagues (2001) have made strides in mapping this 

variation–they recently counted microglia from 16 places in normal human brains.  In 

comparing areas, they found that the variety in previously published estimates reflects 

the distribution in the bigger picture, inasmuch as the proportion of microglia to total 

cells normally ranges from 0.5% in some places to 16.6% in others. 

3.2.3.ii Subpopulations 

At least some of the variation in distribution reflects, as are found in developing 

brains, different subtypes of microglia living in mature brains.  In particular, microglia 

in parenchymal spaces but near blood vessels are called juxtavascular microglia; and 

microglia along vessels but separated from parenchymal microglia by a basal lamina are 

called perivascular microglia.  Notably, perivascular microglia, along with astroglia, 

make up part of the blood brain barrier.  Because they bear immunophenotypical 

differences from other microglia, occupy a unique location, and are apparently 

replenished more frequently than other microglia, perivascular microglia are considered 

a unique subpopulation in humans and other mammals.  (Graeber & Streit 1990; 

Lassmann et al. 1991; Lawson, Matyszak, & Perry 1993; Mittelbronn et al. 2001; 

Thomas 1999; Williams, Alvarez, & Lackner 2001; Williams, Corey, et al. 2001) 

It is thought that other subpopulations of microglia exist.  In addition to the 

postulated dendritic cell-related population mentioned earlier, retinal (Yuan & Neufeld 

2001), spinal cord (Bodeutsch & Thanos 2000; Watkins, Milligan, & Maier 2001), and 

perhaps even pineal gland subpopulations (at least in rat) (Tsai & McNulty 1997) may 

exist.  The identification of distinct populations of microglia is currently garnering 

much interest, but details of differences have not yet been firmly established except for 

perivascular cells.  (Santambrogio et al. 2001)  
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3.2.4 THE FUNCTION-FORM CONNECTION 

Microglia have many roles in adult CNS.  This section discusses microglial roles 

in uncompromised and compromised adult CNS.  It highlights the long list of roles and 

effects they have in the CNS, and then discusses some noteworthy features of their 

activity and its morphological correlates.  

3.2.4.i Resting 

In normal adult CNS, microglia are typically branched in a 3-dimensional 

network of finely ramified cells nearly but not quite touching each other.  These resting 

cells—having tiny somata and long, tortuous primary, sometimes also secondary and 

even tertiary, branches with fine ends or yet further branches—are exquisitely formed 

and positioned to survey and respond to change in the CNS (see Figure 3-7).   

Figure 3-7 Resting Networks in Normal Adult CNS 

Based on current knowledge, the list of what CNS-spanning surveillance and 

rapid response networks of resting, ramified microglia might do is vast.  In addition to 

some of the roles already mentioned, it includes providing neurotrophic substances 

(Nakajima & Kohsaka 2002), acting on and regulating neurotransmitters and hormones 

(Barger & Basile 2001; Garcia-Segura, Chowen, & Naftolin 1996; Nichols 1999), 

mediating pain in the spinal cord (Milligan et al. 2001; Watkins & Maier 1999; 

Watkins, Milligan, & Maier 2001), and responding to stretch (Eder, Klee, & Heinemann 

1998) as well as local changes in the microenvironment (e.g., depolarization).  That is, 

practically speaking, what microglia do under normal circumstances depends on what 

needs doing.   

Resting microglia normally branch 
extensively throughout the CNS. This 
simulation shows disconnected networks of 
microglia having a high surface area. The 
number and orientation of cells depend on 
many factors including location. Microglia 
bear wispy projections beyond the level of 
branching evident in this portrait.  
 
  
Simulation of ramified parenchymal human microglia 
created with MicroMod (Chapter 10) and copied and 
resized in Adobe Photoshop. In the CNS, vessels and 
many larger cells (e.g., neurons) would be found in the 
spaces between microglia. That area is left vacant in 
this illustration to highlight the resting surveillance 
network. 
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3.2.4.ii Responding 

In their normally vigilant stance, microglia are formed and positioned to detect 

signs of compromise in the microenvironment—and when they do, microglia respond.  

In so doing, they may adopt a new morphology, undergoing essentially the reverse of 

the progression seen in early CNS.  Mature ramified microglia ostensibly deramify into 

activated amoeboid forms; they may also eventually reramify back to the usual ramified 

state, as represented in Figure 3-8 and elaborated on in more detail in this chapter and 

Chapter 4.  Most authors assume that, in general, when microglia in vivo detect and 

respond to compromise they begin to transform to an activated state as part of the 

overall process of microgliosis.  The amazing ability of microglia to transform from 

finely branched to blob-like cells generally involves a relatively rapid, reactive 

transformation.  In this regard, evidence suggests that microglia are the first immune 

cells, and in some instances the only cells, mobilized to respond to CNS compromise 

(Stoll & Jander 1999).   

 

Figure 3-8 Model of Essential Morphological Changes from Ramified to Activated 

 

 

Microgliosis entails a complex set of changes in addition to morphological 

changes.  The typical response includes a change in the potential to move through the 3-

dimensional maze of the CNS, for instance.  Microglia undergo functional, 

immunophenotypical, and morphological changes under many circumstances, including 

when they begin and end their response (e.g., see Box 3-2). 

 

 

 

 

Computer simulated models generated using MicroMod (see Chapter 10). 
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Box 3-2 CD Molecules on Microglia 

 

3.2.4.iii Specific Tasks 

The list of tasks microglia might perform once they adopt a defensive to 

aggressive stance is extensive.  Reacting microglia may phagocytose (Weldon et al. 

1998) and present antigens (Neumann et al. 1998; Perry 1998), given a reason to, such 

as cell death.  Moreover, reacting microglia may activate bystander microglia and other 

cells, before or after becoming amorphous reactive cells.  Of note here, in this form 

microglia share with macrophages the migratory, phagocytic, and antigen-presenting 

work and capabilities associated with activation.  (Stoll & Jander 1999; Streit, Walter, & 

Pennell 1999; Kreutzberg 1995) 

3.2.4.iii.a Diseases 

From the broadest perspective, in their key role as immunoinflammatory cells in 

the adult human CNS, microglia have been implicated in a host of humankind's 

problems.  Adding to potential roles in disorders of development, they are suspected to 

play important roles in infection, trauma, and several prominent disorders across the 

lifespan including:  

 lysosomal storage diseases (Wada, Tifft, & Proia 2000), 

 prion diseases (Baker et al. 1999; Brown 2001), 

 cancer (e.g., glioma) (Badie & Schartner 2001), 

One way of studying microglia is to look for immunophenotypical changes, 
such as in CD molecules: 

 CD14, coded on chromosome 5 in humans, is a receptor important in adaptive immune responses.  
Important in signal transduction in phagocytosis, apoptosis, and inflammatory responses, it is a 
receptor for bacterial lipopolysaccharide (LPS).  It is expressed on mature monocytes (macrophages) 
and is upregulated abundantly after ischaemic injury but is barely found on resting parenchymal 
human microglia.  

 CD45 also known as T200 glycoprotein or leukocyte-common antigen (LCA) is a cell surface molecule 
coded on chromosome 1 in humans and expressed on all haematopoietic cells except erythrocytes.  It 
is usually found on resting and activated parenchymal human microglia and has many roles in 
controlling immunoinflammatory activity. 

 CD11b/c are integrins, surface antigens on human leukocytes (CD11b is also called CR3 or integrin α-
M).  These surface glycoproteins promote granulocyte adhesion to each other and endothelial cell 
monolayers.  Targeting this CD, dendritic cells, macrophages, and microglia are marked by OX-42. 

 CD68 is a transmembrane glycoprotein (specifically, a sialomucin), coded on chromosome 17 in 
humans that is expressed on many immune effector cells; its functions are not known but its expression 
increases in some pathological scenarios. 

 CD169 is a siglec (sialic acid binding immunoglobulin-like lectin) coded on chromosome 20 in humans 
and expressed on discrete subset of macrophages.  It is upregulated with some stimuli.  It is not 
normally expressed on microglia in the human brain, and whether or not it marks microglia in 
pathological human brain is controversial; another siglec, Siglec-11, has been found on microglia but 
its significance waits determination. (Angata 2002) 
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 AIDS (Garcia-Ovejero et al. 2002; Prospero-Garcia et al. 1996), 

 multiple sclerosis (Smith 2001), 

 Parkinson’s disease (Liu & Hong 2003), 

 stroke (Pocock et al. 2002), and 

 Alzheimer's disease (McGeer & McGeer 1998). 

3.2.4.iii.b Scarring 

Microglia also participate in scarring.  Astroglia are primarily responsible for 

laying scar tissue in the human CNS.  GFAP is upregulated during this process, 

astrogliosis, which is a standard CNS response to overt neurodegeneration.  Astroglia 

work closely with microglia and other cells in astrogliosis, sometimes even walling off 

microglia that have responded to compromise.  During the overall process, microglia 

provide factors attracting astroglia, and astroglia, in turn, produce substances affecting 

microglial morphology and function.  Overall, the process is intricately complex, 

entailing extensive cross-talk between microglia and astroglia as well as other cells, 

such that even subtle disruptions in coordination can have diverging consequences.  

(Ellison, Barone, & Feuerstein 1999; Ellison et al. 1998; Fitch et al. 1999) 

3.2.4.iii.c General effects on structure, plasticity, and function 

Responding microglia affect structure, plasticity, and function in many ways 

(Stoll & Jander 1999; Tsai & McNulty 1997; Tsai, O'Brien, & McNulty 2001).  Similar 

to what microglia are proposed to do in developing CNS, activated microglia remove 

dendritic spines from neurons after injury, affect sprouting and neurite outgrowth, and 

have roles in healing, thus, may influence, amongst other things, cortical reorganization 

after injury (Bechmann & Nitsch 2000).  They can produce enzymes to degrade 

substances in the extracellular space and basal lamina of blood vessels, too, potentially 

inviting the ingress of blood-borne cells and more microglia.  They produce 

neurotrophic substances, eicosanoids as blood flow regulators, and substances to reduce 

oxidative damage and clean up leaked blood.  Moreover, when microglia work with 

macrophages in clearing debris, such as necrotic tissue after trauma or ischemia 

(Ghorpade et al. 2001; Maeda & Sobel 1996; Qiu et al. 1997), they produce reactive 

oxygen species that assist with debris removal and regulate signalling and ongoing 

activity.  As might be expected with degradative enzyme and free radical production, 

microglial attempts to repair and minimize damage gone awry have been postulated to 
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cause dysfunction and damage in some injurious or degenerative scenarios.  Thus, in the 

light of their many roles in health and disease, it has been noted that, depending on the 

context, microglia may be neurotoxic or neuroprotective.  Clinical implications of this 

critical feature are discussed in Box 3-3 below.  

 

 Box 3-3 Microglia are Both Neurotrophic and Neurotoxic 

 

3.2.5 VARIABLE RESPONSE 

While the foregoing neatly overviews when, where, and what microglia might 

do in the adult CNS, several caveats apply to generalizations about microglial activity.  

Once activated, microglia may exercise several options.  There may be profound 

differences in microglial form and arrangement as well as in the extent and goals of 

their response, and these differences can be important.  Consequently, the picture of 

responding microglia does not always appear the same, bearing differences at 

potentially many scales.  In different pathological scenarios, for instance, responding 

microglia can be found either sprinkled throughout compromised tissue or, similar to 

macrophages, aggregated into huge clumps.  (Beschorner, Adjodah, et al. 2000; 

Beschorner, Engel, et al. 2000; DeFife et al. 1999; Deininger et al. 1999; D'Souza et al. 

1996; Flavin, Zhao, & Ho 2000; Lee, Liu, Dickson, et al. 1993; Lee, Liu, Roth, et al. 

1993; Shieh et al. 2000) 

Differences in individual cells, too, are evident, although on a smaller scale.  As 

an example, in some circumstances, the only cells seen proliferating are amoeboid 

microglia with retracted processes, but in other circumstances, microglia in all 

morphologies proliferate.  In conjunction with the point already mentioned that 

Clinical Implications:  As basic research translates into treatment, 
microglia are becoming important therapeutic targets and tools, in terms of 
both their protective or healing and their neurotoxic capabilities.  Microglia 
may be especially useful for helping people with metabolic and other 
disorders.  For therapies taking advantage of the nurturing role of microglia, 
Dobrenis (1998) argues that the best source of significant amounts of at least 
some types of microglia is transplanted or intra-arterially injected cells or 
precursors, but this may change as more is learned about the fonts of 
microglia.  In terms of unwanted destructive roles, another line of research 
being pursued involves microglial roles in spinal cord injury.  Microglia 
facilitate some damage in stroke and spinal cord injury, and several 
researchers are looking at ways to manipulate microglia in these and similar 
scenarios.  Thanos (2002), for instance, is exploring ways of halting microglia 
at sites of injury as a protective strategy in spinal cord injury. 
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microglia may be capable of phagocytosing and migrating in all morphologies, this has 

an important implication for this morphologically oriented discussion.  That is, it 

suggests there is a murky line between resting and activated—ramified, networked 

microglia may deramify, but do not have to deramify in order to defend or repair the 

neurons and surrounding area they vigilantly attend.  (Soltys et al. 2001) 

 Microglial response also varies in vigour, duration, and the ultimate fate of 

microglia themselves.  Microglial responses are sometimes local and aggressive, for 

instance, but may also be graded with distance from a site of trauma or other 

compromise, or may be generally diffuse, as in cerebral malaria (Schluesener, 

Kremsner, & Meyermann 1998, 2001).  (Hao, Dheen, & Ling 2001b; Kreutzberg 1995; 

Lue et al. 2001; Weldon et al. 1998; Wilms, Wollmer, & Sievers 1999)  In response to 

some stimulus, microglia may remain activated for some time, may proliferate, may 

reramify, may die an apoptotic death, or may migrate out of the CNS through 

cerebrospinal fluid and into lymphatics (Engel et al. 2000).  Microglia can respond 

transiently or might, under other circumstances, persist activated.  After ischaemia in 

some models that have been studied, microglia appear morphologically activated yet do 

not express expected immunophenotypical changes (Kato & Walz 2000).  They can 

respond to stimuli such as mild short-lived hypoxia or ischemia, temporarily swelling 

and winding in processes before reassuming their ramified configuration (Abraham & 

Lazar 2000).  In contrast, in Alzheimer's disease, microglia that appear to have fed on 

enduring, noxious substances they may themselves help produce (Wisniewski et al. 

1989), participate in a drawn out cycle of inflammation and may persist thus in CNS for 

years to decades (Colton et al. 2000).  (Giulian et al. 1996) 

Changes in microglial responses to stimuli occur on many levels.  The 

distribution of cells in different morphologies can vary depending on features of the 

pathology in question (e.g., the type of brain tumour) (Roggendorf, Strupp, & Paulus 

1996).  In addition, different markers of microglial activation are sometimes seen at 

different times and with different types of insult, presumably reflecting different roles 

under different circumstances.  Recent work has identified an early, subtle profile of 

immunophenotypical, morphological and functional events in microglia associated with 

particular diseases (Baker & Manuelidis 2003), for instance.  (Schroeter et al. 1999; 

Williams, Corey, et al. 2001)   

The overall profile of immunophenotypical, morphological and functional 

events changes over time, as well.  In the year after stroke or spinal cord trauma, for 
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example, microglia express CD68 and MHC-II according to different schedules, 

presumably reflecting transitions from critical to healing roles.  What CD68 does is not 

known, but it is known to be expressed strongly in lysosomes of and weakly on the 

surfaces of many cells involved in defence and repair in addition to microglia (e.g., 

monocytes, macrophages, dendritic cells, neutrophils, eosinophils, myeloid progenitor 

cells, and a subset of haematopoietic bone marrow progenitor cells).  (Schmitt et al. 

2000; Soontornniyomkij et al. 1999) 

This varying profile is part of the broad and important concept that knowing 

what individual features or markers represent can be critical when interpreting 

information about microglia.  To illustrate it further, MHC proteins are generally 

assumed to be expressed and translocated to the cell surface constitutively in microglia, 

then to be expressed in increased amounts in the presence of noxious stimuli 

(Santambrogio et al. 2001).  On this basis, many investigators use antibodies that stick 

to MHC proteins to visualize microglia.  Monoclonal antibody LN3 (which recognizes 

HLA-DR) is one such agent often used to reveal microglia in human brain.  LN3 

normally reveals some microglia but usually marks more of them, each more intensely, 

in pathological human brain.  This makes microglial morphology easier to make out in 

pathological tissue, but the process has implications beyond making more cells more 

visible.  If the degree of binding itself changes as well as morphology, this method 

inherently confounds the picture it delivers of activated as compared to unactivated 

microglial morphology.   

In addition, increased marking is generally presumed to reflect increased HLA-

DR expression on microglia in response to pathological stimuli, but that assumption is 

difficult to quantify for several reasons, including that although MHC expression can 

change with pathological stimuli, it also changes according to brain region and over 

time (as well as by species).  In short, the distribution in time and space and roles of 

MHC in human CNS are controversial and remain undefined.  MHC levels, therefore, 

are difficult to control for and interpret and not necessarily an indicator of all that is 

going on with microglia.  (Banati, Myers, & Kreutzberg 1997; Calingasan et al. 1998; 

Gehrmann & Banati 1995; Hurley et al. 1999; Leong, Oliva, & Butterworth 1996; 

Mittelbronn et al. 2001; Ren et al. 1999; Streit 1995; Yuan & Neufeld 2001) 
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3.2.5.i Microglial Regulation 

The last point to cover here is microglial regulation, a topic addressed from two 

perspectives—in terms of factors directly affecting responses to pathological stimuli, 

and factors making up the broader context within which microglia act. 

3.2.5.i.a Immunoinflammatory Stimuli 

As are other immunoinflammatory cells, human microglia are paracrinely and 

autocrinely regulated, emitting and responding to various signals, and affecting and 

responding to other cells.  Many of the factors governing activated microglia also affect 

resting microglia, but the overall context and degree of stimulation matter.  The list of 

stimuli affecting microglia as they respond to compromise goes well beyond what has 

already been mentioned here and includes factors such as pathogens; complement (Lue 

et al. 2001); adhesion molecules; the presence of debris; ischemic stimuli (Abraham & 

Lazar 2000; Williams, Corey, et al. 2001); concentrations of adenosine triphosphate (or 

its metabolites) (Wollmer et al. 2001); and the presence of different cells or 

degenerating cell parts (astrocytes, for instance, can exert a ramifying influence at least 

in culture) (Tanaka et al. 1999).   Cytokines and a host of other factors, including viral 

proteins (Levi et al. 1993) and substances from other cells in the CNS, have been found 

to regulate microglial proliferation, activation, and migration (McManus, Brosnan, & 

Berman 1998; Tomimoto et al. 1996a, b, 2000).  Some Alzheimer's disease brains, for 

instance, lack a microglia-affecting factor from neurons—an absence that has been 

implicated in the pathogenesis of that disease (Mizuno et al. 1999).   

Not only is the array of stimuli involved vast, the entire scenario is 

extraordinarily complex.  Many subtle and broadly acting stimuli are important, for 

instance.  As an illustration, depolarization induced by spreading depression after 

ischemic injury is associated with increased numbers and activation of microglia in 

brain areas away from the site of initial damage and without any injury (Pocock et al. 

2002).  Various inflammatory mediators induce morphological changes (e.g., actin 

rearrangement) in microglia differentially with levels of various substances (e.g., pH, 

calcium, and sodium) in the microenvironment (Faff & Nolte 2000).  Moreover, as with 

any immune response, not just the presence of a cytokine but also the overall profile of 

cytokines can influence which cell predominates in an inflammatory response in the 

CNS.  It has been demonstrated, for instance, that at least some microglia but not other 

immune cells are stimulated differentially depending on levels of IL-3 compared to 
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other cytokines (some dendritic cells that cannot be traced to a myeloid lineage, are, as 

well).  (Kettenmann, Burton, & Moenning 2002) 

3.2.5.i.b Environmental Factors: Drugs, Age, and Nutrition  

Not surprisingly, microglia are also influenced by the broadest context of their 

host’s environment, including factors such as glucocorticoids, sex steroids, and thyroid 

hormone, for instance.  How microglia may mediate drug effects is a topic unto itself.  

As was noted in the introduction, microglia likely mediate effects of and respond to a 

host of drugs, including substances as diverse as tetracyclines, ethanol, nonsteroidal 

antiinflammatories, opioids, cannabinoids, and neuroleptics (Chao et al. 1996, 1997; 

Hauss-Wegrzyniak et al. 1999; Liu et al. 1996; Magazine et al. 1996; Selemon, Lidow, 

& Goldman-Rakic 1999; Tikka et al. 2001; Yrjanheikki et al. 1998, 1999).  Appendix B 

reviews several examples of research into microglia and drugs; two illustrative factors 

considered here in some detail are age and diet.   

In addition to increasing in number with age, microglia change form and other 

features associated with their function.  Over time, the trend toward ramification begun 

in early development continues as though on a prolonged journey to a highly reactive 

state.  Microglia generally increase from sparse cells with few branches in infancy to a 

ramified network in adulthood to an increasingly dense network of increasingly 

“reactive looking” microglia in old age.  Primary microglial processes are usually 

shorter, thicker, and more numerous in adults as compared to infants, and again in non-

elderly adults compared to elderly adults.  These changes are accompanied by 

functional changes in elderly adults, whereby from development to old age, microglia 

get worse at protecting and more likely to react.  Why this happens is unknown, but it 

has been suggested that the changes may be at least partly mediated by and contribute to 

the changing hormonal environment of aging as well as a reflection of accumulating 

pathology.  (Finch et al. 2002; Nichols 1999; Rozovsky, Finch, & Morgan 1998; 

Sheffield & Berman 1998; Sheffield, Marquis, & Berman 2000; Sheng et al. 1998; 

Sheng, Mrak, & Griffin 1997a, b, 1998; Streit, Walter, and Pennell 1999; Yu et al. 

2002)   

Interestingly, many changes are not absolute, thus, may be preventable.  

Changes depend on, for example, gender (Overmyer et al. 1999) and brain region.  To 

illustrate, HLA-DR expression on microglia is higher in normal elderly human males 

than females (but higher in females with Alzheimer's disease), and significantly so only 
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in white matter.  (Carson et al. 1998; Cross & Woodroofe 2001; Hurley et al. 1999; 

Kreutzberg 1995; Ren et al. 1999; Streit, Walter, and Pennell 1999; Streit 1995; 

Wierzba-Bobrowicz et al. 2000)  

Moreover, evidence suggests that even within one brain area, not all molecular 

markers change in the same direction with age despite being subjected to similar 

circumstances.  In a study of rodents, Morgan and colleagues (1999) found that food 

restriction modified otherwise increasing microglial activation in some brain areas but 

not others, in a complex manner.  Food restriction lessened age-related increases in 

complement receptor expression but not MHC-II expression in microglia in basal 

ganglia; yet food restriction and age did not affect these two measures in the outer 

molecular layer of the dentate gyrus.  (Morgan et al. 1999)  

Nutritional status unto itself is important in many respects.  Thiamine 

deficiency, which may occur in alcoholics or nutritionally deprived people, illustrates 

this.  Like all cells, microglia depend on energy, thus can become dysregulated by 

metabolic compromise (e.g., ATP may be unavailable or lactate may accumulate with 

reduced thiamine dependent enzymes) (Park et al. 1999).  Researchers have shown that 

microglia in rats are exquisitely sensitive to such compromise, changing both their 

profile of proteins expressed and their morphology (Zhao, Hertz, & Code 1996).  It has 

been reported, for instance, that with thiamine deficiency especially perivascular 

microglia become “plump”, although still have processes, prior to and probably 

mediating eventual overt neuronal damage.  (Calingasan & Gibson 2000a, b; Todd & 

Butterworth 1999a, b) 

In sum, as active participants in so much of what can go wrong in the human 

CNS, microglia make potentially excellent targets for therapeutic manipulation.  But 

microglia are affected by the complex interplay making up the life form a cell inhabits 

and all the influences that have acted on and within that environment.  As such, 

microglia are not yet tightly regulatable because we do not yet fully understand the 

complex and dynamic array of factors affecting microglia in humans (Dickson 1999; 

Sonetti et al. 1994).   

 3.3 AWESOME POTENTIAL 
In conclusion, microglia, perhaps many types of them, are presumed to be the 

primary immunoinflammatory cells watching over the human CNS.  They arise from 

multiple sources, both external and internal to the CNS, and are found throughout but 
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not evenly distributed within the CNS, entangled with a number of cells they can 

sometimes be disentangled from but sometimes not.  From development through old age 

microglia remain integral to CNS structure, function, and defence.  Microglia are best 

grouped with immune cells, but what it means for these cells that are found inside the 

CNS to share features with cells involved in immune and inflammatory activities 

outside of the human CNS has not yet been fully deciphered.  Indeed, many alleged 

features and functions of microglia have been found only under simulated conditions, 

and in vivo corollaries in humans have not yet been identified.  Nonetheless, it is 

assumed that microglia help form and then vigilantly watch over the human CNS, ready 

to spring into action when called upon as powerful defenders and effectors of change.  

Unfortunately, however, we have not harnessed the power of these plastic and variable 

cells, because we do not yet fully understand microglial response and mobilization in 

humans. 
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Chapter 4 PUTTING MICROGLIAL 

MORPHOLOGY INTO CONTEXT 

Building on the foundation presented in the previous chapters, this chapter looks 

at microglial morphology in greater detail then highlights limitations in the knowledge 

base and explains the need to learn more about microglial morphology. 

 4.1 MORPHOLOGICAL VARIABILITY 
A critical theme in understanding microglial morphology is variability.  The 

previous chapters pointed out that microglia exist in some essentially different forms 

and can change form to match function.  This chapter discusses factors affecting 

microglial morphology and changes in it associated with activation.  

Many factors affect microglial morphology.  It was already pointed out that 

microglial morphology changes over the course of development and with age in the 

adult human CNS, for instance.  In addition, as Figure 4-1 explains, cultured cells differ 

from other cells (compare to Figure 3-4 on page 31 and Figure 3-5 on page 35). 

 

Figure 4-1 Morphologies of Microglia Grown in the Laboratory are Unique 

 
 

Cultured cells differ from other microglia in many ways, but cultured microglia 

can differ from each other, too, as can microglia in neural tissue.  They are markedly 

affected by growing conditions, for instance—as mentioned, astroglia can have a 

ramifying influence.  A particularly interesting factor that accounts for some 

Author's drawings based on DeGroot et al. (2001), 
Lue et al. (2001), and Bohatschek (2001). 

EXAMPLES OF CULTURED MICROGLIA Cultured microglia, depicted here, 
typically look different from other 
microglia.  On ramified cells, secondary 
branches are often less apparent or appear 
as extremely fine extensions, and cellular 
contours generally appear smoother.  
Lamellopodia are frequently more evident, 
and hairy-looking fringes, not normally 
detected in light microscope examinations of 
microglia from tissue, may be seen. These 
drawings show morphologies from resting (left) 
to activated (right) but lack the initially 
rounded morphology that immature cells in 
culture often have before ramifying.  In 
addition, depending on many conditions, 
cultured microglia adopt morphologies not 
shown here.  
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morphological variability of microglia is space.  This has been demonstrated with cells 

grown in the laboratory and identified in tissue.  Given room, for instance, the processes 

of microglia grown in culture tend to avoid each other, and under astrocyte layers, 

whole microglia appear flatter than cells above, with cells becoming rounder in more 

open spaces than when in more confined spaces.  Textures (e.g., glass) also affect 

microglial morphology.  (De Groot et al. 2000; Dobrenis 1998; Tanaka et al. 1998; 

Wollmer et al. 2001) 

Related to space and texture, a determinant in the context of the CNS is location.  

In CNS tissue samples, microglia adopt different conformations depending on where 

they are from.  To illustrate, whereas microglia in grey matter are usually more stellate, 

hugging neuron cell bodies, sprawling alongside of oligodendroglia, or intertwining 

with astroglial processes, in intra- and inter-cortical tracts, they are more often bipolar 

and oriented lengthwise with a leading process.  (Bayer et al. 1999; Kreutzberg 1995; 

Male & Rezaie 2001; Radewicz et al. 2000; Rezaie, Cairns, & Male 1997; Rezaie & 

Male 1997, 1999).  Perivascular microglia, too, adopt conformations distinguishing 

them from other microglia.  Characteristically elongated and conforming to the surfaces 

of the vessels they lie along, they are less stellate and resemble lichens clinging along 

branches (see Figure 4-2).  

 

Figure 4-2 Perivascular Microglia   

 
 

Some apparent morphological differences may be attributable to the immediate 

environment, but others may be at least partly intrinsic.  An illustration particularly 

relevant to this discussion of morphology was reported by Finch et al. (2002), who 

found that in arborised microglia, processes branch subtly differently according to 

species.  Unfortunately, it is difficult to further characterize or illustrate such 

differences, because those authors refer only briefly to their discovery, and in general, 

scant documentation describes how microglial function and morphology differ amongst 

species. 

Author's conception of perivascular 
microglia adhering to a vessel. 
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Of the many factors at play in determining microglial morphology, however, the 

most important one to consider here is activation.  That is, as the previous chapter 

outlined, microglial morphology is presumed to change as microglia switch from their 

resting, ramified, watchful state to an eventually hardly recognizable alias more suited 

to defending and repairing the CNS.  This section focuses on the transformation unto 

itself.  Since no one has observed microglia transforming from ramified to deramified in 

living humans, but people have witnessed microglia doing so in the laboratory, this 

section draws chiefly on results from the latter type of study.   

4.1.1.i Cycling 

The picture that emerges from in vitro studies is that the normal range of 

microglial morphology associated with becoming activated and deactivated is a cycle.  

By manipulating the culture medium, for example, researchers have induced foetal and 

adult microglia from animals and humans to transform from amoeboid to ramified and 

back again (Yagi, Tanaka, & Koike 1999).  Bohatschek and colleagues (2001) observed 

this in cultured newborn rat microglia exposed to a mixture of brain cell membranes.  

Before the experiment, cells were small and rounded (presumably immature), but by 10 

days co-cultured with astroglia, the cells had processes.  Within 3 hours after the 

researchers had added brain cell membranes, formerly ramified cells had lost distal 

processes and were rod-like.  By 12 hours, cells were swollen.  By 2 days, all except 

approximately 20% of the microglia were round and small again.  The researchers 

removed the membranes and exchanged the culture medium, and the rounded cells 

flattened.  By 3 hours, microglia had thin branches.  By 6 hours, they had secondary 

branches.  By 4 days, most microglia readopted their ramified starting form.  

It is important to note that this transformation is inducible and cyclical, but also 

influenceable.  Illustrating this, Rezaie and colleagues (2002) observed ramification and 

deramification of microglia in astrocyte co-cultures made from human foetal brain.  

Using video microscopy, they recorded ramified microglia retracting processes and 

becoming bipolar then amoeboid.  Amongst other features, they noticed the 

transformation rate changing with temperature—ramified microglia rapidly became 

amoeboid when the researchers reduced the temperature to about 21C.   

4.1.1.ii Dynamic 

Cells that have assumed a particular state are not static.  This applies not only to 

migrating and phagocytosing cells, but also to resting cells.  At least in culture, resting 
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microglia move incessantly within an area, continually retracting and extending 

processes, affected by various factors.  Faff and Nolte (1999), for instance, noticed that 

within minutes of acidifying the environment, incessantly moving cultured resting 

microglia (from cortex of newborn mice) stopped moving or even started retracting their 

lamellopodia.  Resting movement is typical of many studies reporting human and 

animal microglia grown in culture extending lamellopodia up through layers of 

astrocytes and down, exploring the environment, engulfing particles, and clearing 

debris.  (Bohatschek et al. 2001; Faff & Nolte 2000; Rezaie & Male 1999; Rezaie, Patel, 

& Male 1999; Stence, Waite, & Dailey 2001)  In this regard, if ramified cells seen 

waving, wriggling, and constantly sampling the environment in video studies are the 

analogue of ramified cells in living human CNS, “resting” is a misnomer for microglia 

in uncompromised CNS.  (Kreutzberg 1995; Nakajima & Kohsaka 2002) 

4.1.1.iii Extending and Retracting 

The events of activation are essentially continuous stages.  Other researchers 

have recorded microglial transformations in rodent tissue slices.  Watching the activity 

in freshly acquired rat brain slices, Stence, Waite, and Dailey (2001) recorded rapid 

microglial deramification occurring in barely overlapping stages.  These investigators 

observed ramified branches retracting with an enlarging, bulbous accumulation at the tip 

and re-assimilating into cell bodies within one or two hours of an animal dying.  Each 

process retracted at its own rate (maximally 2.6 μm per minute for maximally 25 to 50 

μm processes).  These observers also noticed essentially deramified, irregularly shaped, 

and stripped somata proffering only stout protrusions.  Microglia rapidly extended and 

retracted these intermediate protrusions, up to four times faster than they retracted their 

ramified processes.  In addition, microglia are known to put out cuplike and “ruffled” 

structures, such as might be involved in contacting and phagocytosing other cells or 

debris.  (Ohsawa et al. 2000) 

4.1.1.iv Migrating and Phagocytosing 

Some researchers have suggested that in adult humans, ramified microglia 

migrate very little or not at all until they have begun to change form, but others have 

argued to the contrary (e.g., saying that cells in tissue that appear to be oriented 

lengthwise with one leading and several trailing processes may be in motion).  Recent 

time-lapse video studies support the latter view.  Such studies have revealed so-called 

amoeboid, intermediate, and ramified microglia migrating and engulfing matter.  
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Apparently, all microglia in culture move by continuously protracting and retracting 

extensions, often appearing polarized with a leading process, although migrating slower 

when more ramified.  Rezaie and colleagues (2002) noted that sometimes “threadlike” 

(a term obviously dependent on magnification) portions of processes broke off as 

human microglia migrated, moving up to 82 μm per hour (μm/h), averaging around 30 

μm/h (for comparison, microglia in rat brain slice have been reported to move at 118 

m/h by Stence, Waite, and Dailey (2001) and amoeboid mouse microglia in culture at 

4.5 μm/minute, roughly 270 μm/h by Dobrenis (1998)).  

4.1.1.v Cytoskeletal Changes 

Some investigators have begun to characterize morphological changes in detail.  

Gross morphological changes as revealed by scanning electron microscopy are being 

combined with images of cytoskeletal changes offering complementary insights into 

events like membrane ruffling.  Currently being investigated are the appearance of 

adherent structures, the accumulation of F-actin in the periphery of lamellopodia prior 

to migration, and other cytoskeletal reorganizations and their parallels in macrophages 

and dendritic cells, for instance.  Recent research into cytoskeletal changes in particular 

has suggested that morphological differences may be one way to distinguish microglia 

from macrophages because microglia and macrophages, at least in some species, have 

different adherent properties and different patterns of cytoskeletal changes (DeFife et al. 

1999; Faff & Nolte 2000; Faff, Ohlemeyer, & Kettenmann 1996; Kanazawa et al. 2002; 

Ohsawa et al. 2000; Re et al. 2002).  Particularly intriguing work by Toku et al. (1999) 

using cultured cells has shown that cytoskeletal changes underlying microglial 

ramification differ from changes in macrophages, which can be made to ramify, but do 

so differently than microglia.  The mechanisms behind morphological changes, 

however, remain largely unknown.   

 4.2 THE NEED TO STANDARDIZE MICROGLIAL 

MORPHOLOGY 
 The fundamental pattern of changes that has been studied in more depth in vitro 

presumably applies to all microglia.  Figure 4-3 summarizes the cycle microglial 

morphology undergoes.  The different colours in the cycle symbolize links between 

form and function.  The information presented so far in this thesis has illustrated that 

changing microglial morphology may be an important clue to changing microglial 

function, with consequences for human health and disease.  The current section 
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elaborates on that implication of the cycle in Figure 4-3, explicitly discussing the need 

to quantify microglial morphology.  Before entering that discussion, however, this 

section highlights some important limitations that should be considered when assessing 

microglial morphology. 

Figure 4-3 Dynamic and Cycling 

   

4.2.1 LIMITATIONS ON INTERPRETING INFORMATION 

Current knowledge of microglia is a patchwork of information straddling at once 

many different types of cells, organisms, timeframes, and techniques.  Many 

investigators assume that much information applies universally, yet this disparate 

information combines in a generalized concept of microglial form and function only 

with caution.  The importance of this notion is evident in the information of the previous 

section.  The cycle in Figure 4-3 relies on results that may not apply to living humans.  

Simulating an environment quite like an organism’s CNS is difficult, and the extent to 

which results from cultured cells apply to microglia in living organisms is always 

difficult to know.   

Moreover, putative microglia exist in many species.  Microglia are presumed to 

reside within the CNS of probably all mammals as well as several other vertebrates and 

invertebrates including primates, cats, rodents, birds, frogs, fish, snails, and leeches 

(Bernhardi & Nicholls 1999; Dobrenis 1998; Dowding, Maggs, & Scholes 1991; 

Intermediate 
Extending stout 
processes rapidly in 
and out 

Ramified 
Small-bodied, finely 
branched, waving 
processes 

Unactivated

DeramifyingRamifying or  
Reramifying 

Unramified 
Big-bodied blobs  

Activated 

Although direct 
evidence in humans is 
lacking, video studies 
support the notion 
that human microglial 
morphology is 
dynamic as microglia 
are motile and cycle 
through stages of 
ramification, 
deramification, and 
reramification, with 
functional correlates 
along the way. 

 



DEFINING MICROGLIAL MORPHOLOGY: FORM, FUNCTION, AND FRACTAL DIMENSION 
 

 56 

Dowding & Scholes 1993; Liu et al. 1996; Magazine et al. 1996; McMenamin 1999; 

Navascues et al. 2002; Sonetti et al. 1994; Stefano, Liu, & Goligorsky 1996).  This 

diversity makes it easier to study microglia, but adds to the problem noted above with 

respect to cultured cells in general.  If microglia across species are viewed as a broad 

group of cells sharing fundamental similarities, they can be studied in nonhumans and 

the information gained extrapolated to humans.  Doing this is generally easier than 

studying human microglia, and consequently, far more is known about microglia in 

other animals than is known about microglia in humans.  Extrapolation is not always 

appropriate, however, and knowledge gained using other animals does not necessarily 

apply to humans.  Along with similarities that have been found amongst microglia from 

different species, remarkable differences, even between strains of one species, have 

been found (Humphrey & Moore 1995; Klyushnenkova & Vanguri 1997).  Some 

species-related differences have already been noted in this thesis (e.g., differences in the 

distributions and amounts of microglia as well as in branching characteristics).   

In general, research into other animals or cultured cells, or using tissue from 

people of certain age groups or genders, for instance, does not necessarily apply to all or 

any humans, but even similar types of research using different methods of revealing 

cells are not necessarily comparable.  Different methods yield different sorts of 

information.  Electron microscopy, for instance, reveals exquisite intracellular detail, the 

peripheral benzodiazepine receptor, used in live imaging studies, tracks events at the 

outer mitochondrial membrane, marking cytoskeletal proteins reveals differently 

arranged networks of whichever particular filament is being exposed, antibodies to 

CD68 show binding on primarily lysosomes in the cytoplasm but also on the outer 

membrane, RCA-1 shows binding over the entire plasma membrane, and scanning 

electron microscopy shows gross morphological detail  (Antel & Owens 1999; Banati et 

al. 1999; Cross & Woodroofe 2001; Kreutzberg 1995; Streit, Walter, and Pennell 1999; 

Streit 1995; Vowinckel et al. 1997).    

Furthermore, many of the periods from which we have snatched our information 

about microglial morphology are relatively brief.  They are especially brief if one 

considers the stark contrast of microglial motility and reactivity likely to exist in vivo 

against the usually static and always out of context scene on the microscope slide.  As 

3-dimensional and other imaging technologies develop, information across sources will 

be integrated.  We will eventually see the “virtual microglia” or even the living human 

microglia as we zoom into a brain, then a clump of microglia, then an individual cell 
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and onto deeper and deeper levels, optionally clicking for the plasma membrane, 

cytoskeletal features, lysosomes, or right down to the electron microscope’s purview.  

Currently, however, live-imaging technology lacks the resolution to portray microglial 

morphology in detail, and when one sees microglial morphology one usually sees either 

a moving picture out of context or a static picture of features revealed by a particular 

marker.   

A knowledge base comprised of such diverse types of information is also 

potentially subject to an equally diverse array of technical issues.  A look at technical 

issues associated with different methods illustrates this.  In addition to other technical 

issues relevant to interpreting results using HLA-DR already discussed here (Section 

3.2.5.i), it has recently been noted that weaker staining is more likely with archival than 

fresher human tissue, but is also more likely with older than newer studies, presumably 

owing to technological improvements that have been made over time (Dickson 1999; 

Mittelbronn et al. 2001; Radewicz et al. 2000).   

Thus, what we know arises within a context that includes not only everything a 

cell is acting on but also everything acting on a cell.  Images are static views of dynamic 

cells, and the picture delivered of microglial morphology depends on how a cell is 

removed from its environment, handled, stained, and eventually portrayed.  It depends 

on technical matters, species, and the organism’s state (hormonal or nutritional status, 

for instance).  It reflects the nature of a reaction with a specific target and shows the 

target's degree of presence at one time and the part of a cell the target is on, rather than 

the absolute morphology, functioning, state, or number of microglia.  What is the 

counsel to bring into the rest of this thesis, then?  As summarized in Figure 4-4, it is a 

reminder that what we know depends on what we have looked for. 

Figure 4-4 The Final Picture of Microglial Morphology is Affectable 
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4.2.2 MEASURING MICROGLIA  

Having outlined cautions due in interpreting what is known about microglial 

morphology, this chapter’s final goal is to explain the need to objectively quantitate that 

morphology.  This section explains that goal by considering microglial morphology in 

terms of size, detail, and variation. 

4.2.2.i Size 

Microglial size ranges according to many determinants, but in general, as was 

argued earlier (see Section 3.1.1), is reasonably characterized as relatively small.  

Microglial smallness has been quantified, to some extent.  Published values suggest that 

for human microglia at all stages, grown in culture or found in tissue samples, nuclei 

average roughly 5 to 10 μm in diameter, cell bodies range from 7 to 20 μm in diameter, 

and cell branches (if present) radiate outward from the cell body so that the entire cell 

spans, on average, from 30 to 120 μm (noted in Figure 2-1, page 23).  (Andjelkovic et 

al. 1998; Cotran et al. 1999; De Groot et al. 2000; Radewicz et al. 2000; Rezaie et al. 

2002; Sheng et al. 1998; Stoll & Jander 1999; Zigmond 1999)  

Such measures are useful for some, but inadequate for other purposes.  They are 

useful for comparing cells with similar morphologies, for instance, as was done here to 

compare the spans of neurons and other glia to those of ramified microglia.  They are 

useful for understanding issues of comparative bulk, too, as was also done here in 

comparing cell numbers and volumes to put microglia into perspective as a cellular 

population within the CNS.   

But sometimes such simple measures are difficult to interpret or even 

meaningless.  To clarify this, consider drawing diagrams of microglia using only the 

knowledge that microglia may be branched or blob-like and occupy the spaces noted 

above.  Even given simple ratios such as the minimum and maximum radii of their span, 

for instance, such drawings would probably not reflect the volume required to contain a 

cell compared to the volume a cell contains.   

Nor would they show many other important details of microglial morphology as 

are illustrated in Figure 4-5.  The figure highlights a deficiency in comparing microglia 

using standard measures such as cell span or soma size.  The fundamental problem 
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Figure 4-5 Typical Morphologies of Human Microglia  
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seen, a microglial cell with few sparsely branched and long processes would, on the 

basis of simple metrics alone, be difficult to distinguish from another cell having the 

same number of more profusely branched processes oriented similarly over a similar 

area. 
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Figure 4-6 below), for instance.  Microgliologists intimately familiar with these small 

cells characterize long microglial processes as “spider-like”, “jointed”, or “thorny”, 

although the significance of such observations and how they may be found to differ or 

be quantitated remain to be determined.  (Dailey & Waite 1999; Grossmann et al. 2002; 

Stence, Waite, & Dailey 2001)  

Figure 4-6 3-Dimensional Microglia 

 

Simple morphometrics also say nothing of pseudopodia and membrane ruffles, 

in which membranes rise up in multiple folds associated with cytoskeletal and other 

changes in reactive microglia (Ohsawa et al. 2000).  Such changes may prove very 

important in understanding what microglia are or are not doing and assist in identifying 

which cells are acting during various scenarios (e.g., macrophages maturing from 

circulating monocytes undergo distinct changes that differ from microglial changes).  

(Baker & Manuelidis 2003; DeFife et al. 1999) 

Thus, in addition to the different spans of microglia and their various parts, other 

critical details, such as the shapes of those spans and detailed edge or branching patterns 

are vital features of microglial morphology.  The roundness or elongation of the soma or 

the overall area covered by a cell may be important.  In addition, detailed branching 

patterns and edge characteristics may be especially important in linking form and 

function.  The numbers, lengths, angles, and tortuousness of branches and subbranches, 

for instance, might all be useful indicators of what microglia are doing under different 

circumstances.  As processes wind in and somata swell, ratios of both branch length to 

cell body size and subbranch length, and branch width to cell body size and subbranch 

width, may also tell important information.  Speculatively, subtle details of cytoskeletal 

and morphological differences may help distinguish between microglia in different 

stages of development and immunoinflammatory activity and potentially help identify 
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specific disease profiles, but may also help distinguish between microglia and astroglia, 

microglia and macrophages, and microglia of different  

4.2.2.iii Variation and Categories 

Thus, because even subtle morphological features may have significance, it is 

important to know well the variety in microglial form.  That variety has been 

categorized, to some extent.  The diagrams shown in organize microglia into frequently 

used morphological categories, expanding the two categories mainly discussed so far in 

this chapter (resting or ramified and activated, amoeboid, or reactive).  The new 

grouping includes an intermediate group usually called intermediately activated, 

bipolar, or rod-like, that excludes process-lacking, very large-bodied cells from the 

reactive group.  Some authors further divide this middle category into two groups called 

hypertrophied and bushy (Ziaja & Janeczko 1999).   

Furthermore, some but not all authors segregate unbranched cells according to 

the stage of development they are found in.  Many authors call a cell “amoeboid”, 

regardless of its origins or maturity, as long as its cell body is amorphous, long, fine 

processes are absent, and pseudopodia are (usually) present.  Some authors object, 

saying that immature and unbranched as opposed to reactive microglia differ.  That is, 

although Section 3.2.1 painted a picture of early microglia appearing in, colonizing, and 

helping construct CNS, generally changing in form from an initially rounded to an 

eventually apparently stabilized branched form as they do so, the morphological 

evolution of microglia in developing CNS may be more complicated than this suggests.  

It is not clear, for instance, if the microglia that are first seen as rounded cells are 

rounded because they are immature or because that is the morphology in which they are 

best able to migrate through, prune, and clean up the developing CNS.  Further, the 

extent to which microglia deramify and reramify in developing CNS is not known.  

Gaining detailed knowledge about such morphological features may help identify 

differences between rounded, immature microglia and reactive microglia.   

Different investigators generally use the systems of two, three, or four categories 

according to their needs.  Authors usually specify features of each category, and apply 

the categories without regard to species or staining (although generally making 

allowances for differences seen in cultured cells).  A typical operational definition from 

the literature, for instance, is that to be ramified, cells in culture should have at least two 

processes, each at least half a soma diameter long, and at least one process longer than 
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one soma diameter (Bohatschek et al. 2001).  The operational definition used in this 

thesis, which is drawn from various authors as well as observations of microglia, is 

outlined in Figure 4-7. 

 Figure 4-7 Morphological Categories of Microglia  
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traditional measures ignore. 
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 4.3 AN OBJECTIVE MORPHOMETRIC FOR COMPLICATED 

STRUCTURES IS REQUIRED 
 

In conclusion, microglial form and function are complex and astonishingly 

variable.  The knowledge base suggests that what microglia do at any point in time is 

probably intimately linked to several features of the forms they adopt, as determined by 

where they derive from and currently reside, as well as what they experience.  However, 

much of what is known has come from a knowledge base that is inhomogeneous and not 

necessarily applicable to humans.  Moreover, lacking rigorous methods for analyzing 

and quantifying microglial form, to the student of microglia, the details of links between 

form and function are further blurred.  These clouds of uncertainty overhanging our 

knowledge of microglia are ominous perhaps mostly because of the preponderance of 

evidence suggesting these cells should be vital targets for treating so many aspects of 

human disease.  Thus, in the light of the awesome potential microglia carry, the rich 

detail and variety in their morphology, and the strong association of form with function, 

it is imperative in these times of technologically advancing imaging methods to refine, 

standardize, and quantitate our knowledge of microglial morphology. 
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PART II:  FRACTAL 
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Chapter 5 FRACTAL 

ANALYSIS OF CELLULAR 

MORPHOLOGY 

The question of how to objectively measure subtle changes in microglial 

morphology in schizophrenia is queued behind the broader question, central to this 

thesis, of how to measure microglial morphology at all.  To answer that broader 

question, Part II moves away from the biological orientation of the first chapters, 

explaining how fractal theory and fractal analysis, along with other gauges, can help 

describe and quantify variability in microglial morphology.  The current chapter’s goal 

is to clarify fractal analysis for the biological scientist and enable the reader to interpret 

the investigations that follow. 

What is fractal analysis?  Fractal analysis is a contemporary method of applying 

nontraditional mathematics such as chaos theory to patterns that defy understanding 

with traditional Euclidean concepts.  It was developed to describe fractals that are 

computer generated such as the Koch curve shown in Figure 5-1, but more and more, 

Figure 5-1 Closed Contour Fractal Geometries 

 

A. Koch Snowflake 
B. 18-Segment Quadric Curve 
C. 32-Segment Quadric Curve 
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Figures generated using MicroMod See Chapter 10. 
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investigators—including immunologists and neuroscientists—are using different types 

of fractal analyses to study a host of intractable phenomena, including the complex 

geometries of many types of biological cells.  This chapter briefly explains fractal 

geometry and the terms used to describe it, to make it easier to grasp the connection that 

makes possible the gauging of biological forms such as microglia with fractal measures. 

 5.1 WHAT IS FRACTAL GEOMETRY? 
Although fractal analysis is a contemporary field, fractal geometry is primal.  

Epitomizing complexity, fractal geometry encompasses Euclidian geometry.  Whereas 

we see Euclidean geometry in the familiar shapes of cones, circles, and lines, we see 

fractal geometry in the familiar shapes of galaxies, coastlines, and trees.  This is not to 

say that fractal geometry applies only to objects in nature.  The so-called fractals 

typically found in nature are usually not fractals in the strictest sense.  Theoretical 

(computational) fractals are, as will be explained, abstractions unlikely to be manifested 

in a finite world.  

Moreover, fractals are not necessarily physical forms—they include virtually 

any type of infinitely scaled and repeated pattern, spatial or temporal.  The list of 

patterns that have been studied using fractal models includes tree growth, river paths, 

tumour growth (Cross 1997), heart rates (Peng et al. 1994), gene expression, forest fire 

progression (Turcotte et al. 2002), economic trends, and cellular differentiation in space 

and time (Waliszewski & Konarski 2002).  The fractals most relevant to this thesis, 

however, are geometrical fractal contours (such as the limited constructs displayed in 

Figure 5-1). 

5.1.1.i Fractals, Gardening, and Microglia 

What makes the patterns in Figure 5-1 fractal?  They are fractal because they are 

describable with reference to some central terms.  First, the forms are self-similar, a 

canonical term in the study of fractals that means “resembles itself or a part of itself” or, 

in other words, repeats a pattern.  Second, the patterns of these fractals are scale-

invariant.  Regardless of how far they are zoomed in or out on, fractals always look the 

same, because they repeat their pattern infinitely, at smaller and smaller sizes, as Figure 

5-2 below illustrates.  
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Figure 5-2 Self-Similarity of A 32-Segment Fractal Contour  

 

 

These two classic characteristics lead to a third term generally used to describe 

fractals—surface irregularity (sometimes called unsmoothness) (Jones & Jelinek 2001).  

Fractal curves are unlike smooth or differentiable curves for which a slope is eventually 
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futile, albeit marvellous, as each closer inspection discloses, to infinity, another change 

in direction. 

Unsmoothness is not relevant only theoretically.  The failure of fractals to 

smoothen over decreasing intervals has analogies in the practical world.  Consider, for 

instance, a gardener who, in estimating the length of fencing required to enclose a large 

circular plot, invokes Euclidean principles.  The gardener measures across the 
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are infinitely self-similar, this is a 
practical fractal and further detail 
is not discernible printed at this size 
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flowerbed, deduces that circumference = π x diameter, buys enough fence pieces to 

equal this circumference, and starts laying them.  This starts well, but eventually there is 

a shortfall.  The pieces sit along the juts of an unsmooth soil contour rather than a 

smooth circle and the surprised gardener finds that the total distance around the 

ostensibly circular plot does not approach a limit predicted by diameter.  Undaunted, the 

gardener measures the perimeter by repeatedly laying an actual fence piece end to end 

along the border.  The fence salesperson supplies this measured perimeter, but, with a 

curious wink, in twice the requested number of sections at half the requested size.  In 

principle, this substitution would work—if the principle in question were Euclidean; but 

alas again, the smaller pieces sit along juts within larger juts, and once more are used up 

before the garden is surrounded.  This continues until, endowed with an altered 

appreciation of geometry and scale, the gardener finally accepts that he cannot truly 

fence this edge without conceding a practical limit based on the size of his measuring 

tool (Schroeder 1991; Takayasu 1990; Vicsek 1992) 

Donning white coat and moving to the laboratory, the gardener would find that 

the failure of fractals to smoothen over decreasing intervals is analogous also to events 

in microscopy.  It compares to finding more detail at every increase in magnification or 

resolution (Smith, Lange, & Marks 1996).  For microglia, it is equivalent to disclosing 

ruffles within ruffles or wispy branches upon branches with each increase in 

magnification or resolution—up to a limit of course, because biological cells and 

images of them fall short of infinite complexity.  This point is important.  Biological 

forms repeat patterns only within physical limits (assuming that geometrical form at 

molecular and atomic scales can be discounted).   

5.1.1.ii Statistical Fractals and Multifractals 

There are further limits on fractality.  One is that Nature does not always bend 

patterns upon themselves neatly and patently to form fractals; thus, finding fractality in 

a biological form does not necessarily attest that any known event of the feature’s 

genesis was governed by a fractal process.  Another is that, unlike theoretical fractals, 

forms such as the garden contour and microglia, for example, generally repeat patterns  
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not strictly but statistically.  Statistical fractality, illustrated in Figure 5-3, means 

showing average rather than rigidly repeated scale-invariant self-similarity.   

  
Figure 5-3 Deterministic, Statistical, and Iterated Fractals 

 

 

 

Moreover, some fractals are not self-similar at every part of themselves, or not 

globally self-similar.  If self-similarity varies locally in a meaningful way over a form, 

local scaling patterns are sometimes called “multifractal” scaling.  Some multifractal 

patterns are illustrated in Figure 5-4 on page 70; multifractality is discussed in more 

depth in Section 8.1.  (Berthelsen, Glazier, & Skolnick 1992; Fernandez & Jelinek 

2001; Nonnenmacher et al. 1994; Schroeder 1991; Takayasu 1990) 

 

A. 50-Segment Quadric 
"Skinny" Fractal 

B. Fat Fractal 

C. Statistical 
Branching Rate 

D. Fixed Branching 
Rate 

E. DLA coloured in 
order of aggregation 

F. 40,000 points G. 80,000 points 

Branched Fractal Structures 

Typical Fractals 

Diffusion Limited Aggregates 

All figures 
generated 
using 
MicroMod 
See Chapter 
10. 

A. A starting structure scaled and 
repeated deterministically.  B.  A 
square scaled and repeated at one of 
four possible positions relative to the 
current box.  This was made by scaling 
5 times per series and running the rule 
2,000 times with an equal likelihood of 
using each of the four positions at each 
scaling.  This type of fractal could be 
made using strictly deterministic rules, 
too.  C and D. Branches repeatedly 
scaled in length and width, emanated 
at a fixed likelihood or fixed distance 
along each parent branch.   
E-G. Structures accumulated by 
applying a simple rule to drop points 
then randomly move them until they 
stick to one of the nearest 8 positions of 
previously stuck pixel “particles”.   
Each time they are generated, if the 
rule is run enough times, both A and B 
will produce identical structures to those 
shown.  B-G, in contrast, will be 
statistically equivalent but not identical 
variations of their respective selves. 
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 Figure 5-4 Multifractal Patterns 

 
 

5.1.2 CHARACTERISTIC MEASURES 

How are fractals measured?  Euclidean forms have characteristic lengths that 

meaningfully describe them independently of the scale at which they are measured—

such as a square’s side length or a circle’s diameter, circumference, and area, for 

instance.  In contrast, fractals and forms resembling them lack these characteristic 

lengths.  To elaborate, even though the diameter of the garden referred to earlier 

predicts the space taken up by and the continuous circumference of the circle 

approximating it, this measure ignores the garden’s complex real perimeter.  The 

detailed perimeter depends on the scale at which it is measured.  Similarly, the mean 

diameter of, for instance, a tree’s arbour, from trunk to tiniest twig, does little to 

enhance—might even be said to blur—our understanding of a tree’s complexity.  

Likewise, descriptions of microglia based on certain parameters, such as cell span or 

average process diameter or length, tell some important information about the cell but, 

at the same time, blur our understanding of a cell’s subtler complexity.  (Takayasu 

1990) 

Fortunately, while fractals and fractal analogs lack characteristic lengths, they 

have other characteristic measures that meaningfully describe them without obscuring 

A. In this multifractal pattern, fractal contours are themselves arranged in a fractal pattern, as in the 
“fat fractal*” shown in Figure 5-3, which is a variation on the Menger Fractal and Sierpinski 
Triangle.  In this multifractal pattern, instead of a square or a triangle or other simple shape, the 
repeated shape is itself a fractal contour.  Each contour’s segments are scaled by 4-1 into 8 new 
parts; in turn, each contour is surrounded by 8 whole copies scaled by 3-1. 
 

B. This iterated 
multifractal was 
generated using a 
rule specifying each 
x, y coordinate in 
terms of the 
previous x and y.   
 
 

A. Segment Quadric Carpet Fat Fractal 

B. Henon Eyes

*Fat fractals are fractals for which area does not tend to 
zero as the outline tends to infinity. 
 

Figures generated using MicroMod See Chapter 10. 
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the detail in their designs.  One such measure characterizing complexity at any scale is 

the measure sought in fractal analysis, a fractal dimension (DF).  In general, DFs 

describe complex patterns without rendering meaningless the relative numbers of large 

and small measurements within them (Takayasu 1990).  DFs are, therefore, useful for 

answering questions about matters such as how intricate a fractal contour is, how a 

garden perimeter changes with scale, how a tree branches, or, for our purposes, how one 

might quantify a microglial cell’s morphological complexity. 

 5.2 FRACTAL MEASURES OF BIOLOGICAL CELLS 
What is a DF?  The first part of the term, the adjective fractal, means something 

like “broken”, and the second part, dimension, means “a measurable aspect of 

something”.  A DF, then, is “a broken up measurable aspect of something”.  It differs 

from conventional notions of dimension in two important ways.  First, whereas a 

conventional dimension is an integer exponent, namely 1, 2, or 3, a DF can be a broken 

or fractional exponent, such as 1.67.  Second, DFs measure not length, width, or height, 

but detail.  That is, the superscripted exponents of conventional dimension quantitate 

characteristic measures of Euclidean forms (e.g., units1 describes the 1-dimensional 

length of a line, units2 describes the 2-dimensional area of a circle or square, and units3 

describes the 3-dimensional volume of a cube or sphere).  DFs, in contrast, quantitate 

unsmooth, scale-invariant detail as was seen in the fractal contour, the garden analogy 

and, as will be explained, microglia. 

5.2.1.i Different Fractal Dimensions 

There are different types of DF, and they can be found in different ways.  Two 

usually encountered when analyzing fractal geometries are called the similarity and 

capacity dimensions§.  The similarity dimension (DS) describes the infinitely 

unchanging relationship between the number of scaled similar parts that make up a 

whole and the ratio by which that whole is scaled to find the parts.  Its derivation is 

perhaps easiest understood starting with simple ideal shapes.  Many simple shapes are 

self-similar.  A straight line segment, for example, when scaled to pieces 3-1 times its 

size, is made of 3 such scaled pieces, in a relationship that holds through infinite 

scalings.  Formally, a power law defines this trivial (i.e., simple) but infinite self-similar 

scale-invariance, the DS being the exponent in that power law as in Equation 5-1: 

                                                 
§Also called Hausdorff dimensions or Haussdorf-Besicovitch dimensions. 
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Equation 5-1    
 

In that equation, Nr is the number of equal pieces that resemble the original form 

when r is the ratio or scale applied to the object to make the equal pieces.  Manipulating 

Equation 5-1 as in Equation 5-2 gives the DS: 

Equation 5-2    
 

The DS, thus, describes how the number of self-similar parts changes as scale 

changes.  The DS is generally trivial for uncomplicated self-similar shapes, 

corresponding for cubes, squares, and lines to the conventional notion of dimension and 

its formal mathematical correlate, the topological dimension (DT).  Table 5-1 illustrates 

this for a line 3 units long (Nr=3) and the corresponding square (Nr=9) and cube 

(Nr=27).   

 

Table 5-1 Using Equation 5-2, DS = DT for Simple Shapes 

Line Square Cube 

3=(1/3)- D
S 9=(1/3)- D

S 27=(1/3)-D
S 

DS = ln 103/ln 103 DS = ln 109/ln 103 DS = ln 1027/ln 103 

DS =1 DS =2 DS =3 

  
 

The DS is not so obvious, nor trivial, for fractals.  Theoretical fractals stand apart 

from simple Euclidean forms in that regular scaling does not reconcile the number of 

new parts with the new size for fractals, and the DS diverges from the DT.  To illustrate, 

the theoretical fractal introduced earlier in Figure 5-2, as a line or simple contour, has a 

DT of 1.  Because with each iteration it scales into 32 pieces each 8-1 times the 

characteristic length of the piece being scaled, however, by Equation 5-1 it has a DS of 

1.67 (i.e., 32 = 81.67).   

5.2.1.ii Capacity Dimension 

A practical problem emerges here, however, inasmuch as the diagram itself is 

not infinitely self-similar so the ratio of new parts to scale eventually changes.  That is, 

SD
r rN 

1ln

ln


r

N
D r
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although an abstract 32-segment fractal has a DS, strictly speaking, a finite graphical 

contour representing it does not.  A graphical contour does, however, have a capacity 

dimension (DC).  This dimension’s underlying principle differs subtly from that of a DS.  

The underlying principle is to, rather than explicitly divide an object into scaled self-

similar units, cover it with scaled measuring units.  (Schroeder 1991; Takayasu 1990; 

Vicsek 1992)  Thus, one can measure an object in d-dimensional space (Md) by 

counting the number (NC) of overlapping measuring objects of some characteristic 

length (C) required to cover the measured object most efficiently, as in Equation 5-3: 

Equation 5-3      
 

For a contour, this measuring is tantamount to drawing a chain of overlapping 

circles as shown in Figure 5-5.  Using a calliper or drawing compass centred at a point  

 

Figure 5-5 Disk Covering 

 

 

along the contour, one draws a circle, moves the tip of the compass to where the circle 

intersects the contour, draws another circle, and repeats this process until the object is 

d
Cd CNM 

Disk Size and Covering Ability.  
For any contour, as the size of a disk 
approaches 0, the lowest number of 
disks needed to cover the contour 
approximates the measure of the 
contour (i.e., its length).  Length (L) is 
the number of disks (N) multiplied by 
their relative size (R). 
A.  L is constant for a line.  The 
number of overlapping disks required 
to cover a line increases as 1/disk 
radius.  B.  Disk covering for a 
portion of a fractal contour at its 
lowest limit of detail.   

Fractal 

Nonfractal  

R= 1    1/4      1/6 
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covered.  Multiplying the number of disks at each radius by the corresponding radius 

measures the contour, according to the power law of Equation 5-3 presented above. 

  This is the basis of the DC.  If all objects covering a contour stay the same size 

and size gets smaller until it vanishes, then counting the objects just before size is 0 

approximates measuring the contour, as in Equation 5-4:  

Equation 5-4     
 

where MD is the covered object’s measure, C is the covering object’s characteristic 

measure, and NC is the number of overlapping objects at C. 

Then, Equation 5-4 is used to find the DC.  As Equation 5-5 shows, setting M=1 

and solving for D yields the DC (Fernandez & Jelinek 2001; Schroeder 1991; Takayasu 

1990; Vicsek 1992):  

Equation 5-5   





 C

ND C

s
1

0 ln

ln
lim    

 

The size of the covering element is irrelevant in this process, but the invariant 

relationship between size and count is critical.  With simple Euclidean contours, for 

example, at every scaling (n), as many radii cover a shape as the reciprocal of the ratio it 

is scaled by, and the similarity, capacity, and topological dimensions equal each other.  

But in the same way that this simple relationship did not hold for the unsmooth garden 

contour, which was not covered by twice as many units when they were scaled to half 

size, it does not hold for fractal contours.  As was shown when the DS was discussed, 

the 32-segment fractal contour is always covered by 81.67 times as many objects for 

every 8-1 scaling (i.e., 32n objects scaled by 8-n), so has a DC equal to its DS of 1.67.  

Note that the DC of the infinite pattern is greater than its DT of 1—having a DC greater 

than the DT is one criterion for deciding if a self-similar form is fractal.  Thus, lines such 

as the 32-segment contour for which the DC exceeds the DT are fractal, but lines such as 

a simple line segment for which the DC equals the DT, are not. 

The DC's practical importance for this thesis is that, unlike the DS, the DC does 

not rely on finding a repeating unit and exists for any form.  Thus, microglia are not 

necessarily fractals, but the DC applies to their analysis nonetheless.  Figure 5-6 shows 

that, as magnification increases, detail increases in contour images of microglia.   

 D
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Figure 5-6 Microglia Show Increasing Detail with Increasing Resolution 

 

 

For nonramified cells, this is evident in membrane detail; for ramified cells, it is 

evident in branching patterns.  Whereas manually counting and measuring features to 

find a DS is tedious (e.g., imagine seeking fixed scaling relationships in either cell from 

Figure 5-6), measuring images of microglia at different scales to find a DC is much 

easier.  Furthermore, as will be explained in the next chapter, this can be done 

automatically using a computer.  

 5.3 FRACTAL ANALYSIS IS LIKELY TO DESCRIBE 

MICROGLIA 
To conclude this chapter, the query posed at its beginning seems answered.  

Assessing microglial morphology conventionally, such as by measuring process length 

or cell diameter, describes important features, but neglects critical detail.  Assessing it 

using fractal analysis, in contrast, is likely to measure those details.  An informative and 

practical measure of the subtle complexity of microglia is likely to be the DC, applicable 

to virtually any form.  Proposing that fractal analysis be used only partly explains the 

matter of how to measure microglial morphology, however.  The next chapter, 

accordingly, outlines a particular specialized fractal analysis method that can be used 

for finding a fractal dimension for microglia.  

From Figure 3-4, page 31 

As with fractal contours, membrane 
detail does not smooth out as the 
left figure is successively magnified.  
Similarly, for the ramified microglia 
(right), the overlaid “Y” shapes 
emphasize a pattern of branching 
evident in the tiniest image (inset) 
and essentially repeated at each 
level of magnification, within limits.  
A branching index can be 
determined by assigning branch 
tips a value of 1, then at each joint 
assigning the merged appendage 
either one greater than the value 
of equal feeding branches or the 
greater of unequal feeding 
branches, until the main stem is 
assigned an index based on all of 
its inputs.  This is tedious for the cell 
on the right and hardly meaningful 
for the one on the left.   
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Chapter 6 BOX COUNTING 

How does one find a DC for biological forms, namely microglia?  One can use 

various exotically named methods, such as the dilation, calliper (similar to the 

gardener’s analogy), and wavelet packet methods to find fractal dimensions; but only 

box counting, an elegant method readily implemented using a computer, is discussed 

here (Jones & Jelinek 2001; Smith, Lange, & Marks 1996).  This chapter has two main 

subdivisions, one outlining how to find a box counting fractal dimension, and another 

outlining practical considerations and limitations of box counting. 

 6.1 FINDING THE BOX COUNTING FRACTAL DIMENSION 
Box counting fractal analysis itself has various implementations, all delivering a 

statistic, the box counting dimension (DB), based on a sample of spatial data from an 

image.  It may be done manually on printed images or photographs, for instance, or, as 

alluded to above, using computer-based methods applicable to digital images.  This 

section first discusses the images suitable for computer-based box counting then 

outlines the basic method of finding a DB.   

6.1.1 THE IMAGES 

The images used in box counting are usually outlines, which, when the images 

are digital, means one-pixel wide contours.  The justification for using outlines inheres 

in the fractal contours from which a DB is ideally calculated.  Ideal fractal contours, 

such as the 32-segment contour that was introduced earlier in this thesis (see page 67) 

have infinite length and no area, which one-pixel wide digital outlines approximate.  

From a practical perspective, the approximation is valid inasmuch as calculated DBs 

generally approach expected ideal values for binary outlines of theoretical fractal 

geometries.   

Although binary outlines are the accepted fare, other formats work for box 

counting and other fractal analyses.  For instance, some highly branched structures, such 

as the dendritic arbours of some neurons in which the taper along a dendrite is 

insignificant to the branching pattern being assessed, may be best represented as 

skeletonized drawings (i.e., lines of unchanging diameter) that highlight ratios of branch 

lengths as opposed to diameters (Fernandez & Jelinek 2001; Jestczemski 1996).  As 
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Figure 6-1 below illustrates, the information extracted can affect the result.  Regardless 

of which information is decided upon and extracted for fractal analysis, though, it is 

usually converted to a binary (generally black and white) format before being analyzed.  

This practical convention reflects that box-counting algorithms for the computer 

conventionally count pixels of only a certain colour and disregard all other pixels.  

 

Figure 6-1 The DB Depends on the Extracted Pattern 

 

6.1.2 THE METHOD 

The DB differs in some ways from but roughly corresponds to the DC, the 

correspondence between them lying in how the data are gathered.  In box counting, data 

are gathered by, analogously to laying overlapping covering objects, laying 

nonoverlapping boxes on an image, as in Figure 6-2. 

 

A. Left to right: outlined and filled binary views of part of a 32-segment quadric fractal 
(theoretical DF=1.67).  The original image was generated as an outline from a deterministic 
algorithm, and filled using functions in ImageJ.  
 

B. Left to right: outlined and filled views of two microglia outlined and filled using ImageJ. 
 

 
B.  The same general trend is seen 
with these patterns extracted from 
microglia, although the range for 
each cell over the different 
formats is greater than with the 
theoretical fractal contour.   

The dimension calculated for a 
deterministically generated fractal 
contour depends on how the pattern is 
presented.  Filled silhouettes generally 
have higher box-counting dimensions 
than their counterparts (e.g., a simple 
line’s fractal dimension is 1 and a filled 
plane’s is 2).  

 
Original image generated using 
MicroMod See Chapter 10. 

1.45    1.52 

1.29    1.45 

1.67    1.77    
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Figure 6-2 Basic Box Counting: Grids of Different Calibre are Placed Over the 
Same Image 

 

Boxes are laid over a digital image as a series of grids of decreasing box size, 

then, rather than the number and scale of covering objects, for each covering (grid) 

placed over an image, the number of boxes that fall on the image (NC) and the size of 

each box (C**) are recorded.  From this series of paired data, one infers the DB as the 

slope of the log-log plot of C-1 on the x-axis and NC on the y-axis.  (Nonnenmacher et 

al. 1994; Smith, Lange, & Marks 1996)   

Alternatively, one can use the number of pixels at each box to estimate the 

fractal dimension.  In this case, one calculates the inverse of the mean pixels per box, 

and finds the slope of the double-logarithmic regression with box size, as above.  This 

“mass” can be used because the mean pixels per box reflects the number of boxes as in 

Equation 6-1:  

Equation 6-1    
 

That is, if an image having T pixels is covered by N boxes at some box size, ε, then the 

mean mass, μ, is T/N.  (Section 7.1.1.iii further discusses methods of calculating fractal 

dimensions). 

                                                 
** C, the relative scale, can be considered as1/box size, because the image size is a constant.  Dividing a 
12 pixel wide image into boxes 4 pixels wide gives boxes 12/4 the original size; dividing it into 8 pixel 
wide boxes gives boxes 12/8 the original, etc.  It is perhaps more accurate to take scale relative to the 
largest box enclosing an image, however.  The slope is unaffected by how scale is represented, but other 
features of the analysis are as will be covered in Section 6.2.1. 

1  TN

For each grid, boxes containing pixels are counted to approximate the number of objects 
required to cover the image at different grid sizes.  These images are filled to emphasize 
differences at the edges.  In practice, images are usually converted to outlines for 
determining the box-counting dimension, as explained in the text. 
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 6.2 PRACTICAL LIMITATIONS 
Despite being elegant and easily implemented, box counting requires expertise.  

This section outlines important limitations relating to the data, the media, and the 

method.    

6.2.1 THE DATA 

6.2.1.i  Regression 

Ideally, having gathered box-counting data and plotted the log of detail against 

the log of scale, one would find a DB that is constant over a data set and, if a control is 

available, reasonably close to the theoretical DF.  Box counting plots often stray from 

being linear, however, so one generally approximates the slope using a least squares fit 

linear regression line, as in Equation 6-2: 

Equation 6-2    
 

where X = ln C-1, and Y = ln NC.   

Then, the DB is the slope, found using Equation 6-3: 

Equation 6-3     
  




22 XXn

YXXYn

BD
 

    
where n = the number of box sizes.   

Alternatively, one can use a power law regression line using Equation 6-4: 

Equation 6-4    
 
 and Equation 6-5: 

 

Equation 6-5    
 

n

D
a

XY B 
  

 

where A=ea††, to yield the same DB.  The choice of method depends on the information 

sought, as will be explored in more detail here. 

                                                 
†† e=Euler’s number, the base of the natural logarithms (ln). 

aXDY B 

BDAXY 
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6.2.1.ii Assessing the Regression Line 

However calculated, an approximated DB warrants scrutiny.  One way to assess 

the DB from a regression equation is with reference to the coefficient of determination 

(the squared coefficient of correlation or r2 for count and size).  In box counting, the r2 

is a comparator subject to the usual caveats affecting its use in statistics.  For the linear 

regression equation, this statistic describes the extent to which a relationship between 

the logarithms of scale and detail is linear.  An r2 of 0.95, for example, indicates that 

95% of the variation in detail (measured as the logarithm of box count) is accounted for 

by corresponding linear variation in scale (measured as the logarithm of box size) 

according to a proposed power law.  This measure does not, however, predict consistent 

scaling.  The data’s correlation may be strongly positive despite that the regression line 

poorly represents the overall scaling in an image (see Figure 6-3). 

 

  Figure 6-3 High Correlation Does Not Necessarily Mean an Accurate DB  

 
Another way to assess the fit of a box counting regression line is by its standard 

error of estimate (SE).  The SE, equivalent to a common standard deviation (σ) in the 

distribution of count values at all box sizes, is generally interpreted as a measure of how 

accurately a proposed relationship predicts detail from scale based on the data.  It is also 

often used to choose an optimized DB.  One decides on an acceptable SE then sets a 

confidence interval and chooses the slope of the regression line for the longest set of 

points for which the SE falls within this interval (Nonnenmacher et al. 1994).  Finding 

an optimal DB using the SE has limitations, though.  This approach implicitly assumes 

that confounders affect the data at the ends of the data set regardless of the range of 

boxes used (the range’s importance is explained in Section 6.2.3.i).  In addition, this 

For a single pixel outline of a 
circle 300 pixels in diameter, the 
DB calculated using an 
exponential series of box sizes 
(2n pixels where n=1 to 6) was 
0.89.  This strays markedly from 
the theoretical DF of a circle, 
1.00, despite that the correlation 
coefficient is high (0.99) for the 
data. 
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approach applies subjective standards in that, to set the confidence interval, one must 

arbitrarily decide what the expected value should be.   

Perhaps more noteworthy, intervals of data optimized by this method are not 

unique.  Multiple intervals may have different slopes yet the same SE and number of 

data points.  Of special relevance, as will be explained shortly, this method can 

erroneously choose as "optimal" some intervals with low dispersion (which should 

actually be discarded), unless steps are taken to determine their validity for the overall 

pattern.  (Cross 1997; Nonnenmacher et al. 1994; Smith, Lange, & Marks 1996; 

Takayasu 1990; Vicsek 1992)  

6.2.2 THE MEDIUM: PROBLEMS WITH PIXELATION 

Accordingly, because even statistically well-fitting regression lines may yield 

unexpected results, it is important to be aware of potential causes of deviations from 

theoretical expectations.  Critical to understanding this issue is the explicit realization 

that box counting fractal analysis using a computer and digital images is a type of 

pattern analysis, of extracted patterns expressed as pairs of (x, y) coordinates or pixels.  

This simple point has complex implications.  As will be explained here, pixelation is 

especially important to consider with images 1) showing curves or angles and 2) bearing 

changes from the original source. 

6.2.2.i Curves and Angles 

Curved and angled lines in digital images are notably problematic for box 

counting.  Because current protocols for rendering digital images to a screen use a raster 

or grid system, even smooth-looking, precisely calculated curves (i.e., in so-called 

“vector” images) are not actually smooth when rendered on a grid.  Rather, because 

pixels are discrete units of a rectangular grid, curved and angled lines are always 

“stepped” when represented on a computer monitor.  Thus, if box counting counts 

pixels rather than measures lines and arcs, this can lead to potentially noticeable 

differences in the DB for images containing angled or curved as compared to horizontal 

and vertical lines.  Examples of this effect are listed in Table 6-1 below.   
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Table 6-1 Angles and Curves Affect the DB 

Type of Line 
(all figures had approximately equal numbers of pixels) 

DB % Difference from 
Theoretical DF=1* 

90° and 180° segments 

 

1.00 0.00 

72° segments 

 

0.89 -11.00 

Vertical Line (90º) 0.99 -1.00 

Horizontal line (180º) 0.99 -1.00 

45º line  0.92 -8.00 

120º line  0.95 -5.00 

184º line 0.95 -5.00 

Semi-circle 0.95 -5.00 

*(DB -DF)/DF)x100 
 

6.2.2.ii Fidelity 

 
In addition, the fact that pixels occupy discrete, finite units of a grid threatens 

the fidelity of detail preservable in box counting in other ways, two of which are 

illustrated here.  First, despite that resolution does not affect fractality, it does, of 

course, affect digital images.  Hence, a DB reflects not the complexity in an image’s 

source but the complexity in an image.   

Despite lacking curve- or angle-related approximations, for instance, the images 

in Figure 6-4 involve other pixel-related approximations traceable to the fact that  

 

Figure 6-4 Resolution and Detail  

 

The small squares are fragments of an 8-segment 
quadric fractal iterated 4 times at different sizes (the 
entire contour is illustrated behind).  The fragments 
are the same absolute size, taken from figures 
generated using one set of original coordinates.  
Before rendering, the top was scaled to 1,200 pixels 
wide and had whole number coordinates.  The 
bottom, scaled to 600 pixels wide, however, had 
distorted and crowded coordinates that were 
rounded to the nearest pixel, illustrating that the level 
of meaningful detail in an image depends on 
digitization as well as the original system that 
acquired an image. 
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the minimum representable distance between points in any pixelized image is one 

undividable unit (a pixel).  As the figure illustrates, owing to the limited resolution of 

the computer screen, despite being made from identical information, two images can 

have different DBs.  This makes it especially important to consider the original level of 

resolution when assessing detail in images of greatly magnified objects such as 

microglia (the limits of resolution are discussed shortly). 

Beyond projecting an optical image, procedures frequently done while and after 

digital images are acquired, such as filtering and other processing, can also upset the 

ratio of features that fractal analysis assesses.  Figure 6-5 demonstrates that digitally 

scaled or otherwise changed images (e.g., images that have been rotated, stretched, 

 

Figure 6-5 The DB Depends on Digital Information 

 

 

1.70 

1.10 

0 40 

A. 8-segment fractal at different levels of complexity, all at 2,400 pixels diameter. The DB was 
calculated (DF = ln 8/ln 4 = 1.5) at each level of complexity from 3 to 6 iterations.  The greater the 
detail (with size held constant), the less dependent on box size and the closer to theoretical was the DB.   
B. 8-segment fractal at different sizes, all at 6 iterations; 100% = 2,400 pixels.  Complexity has to be 
considered along with absolute image size.  The figure at 6 iterations was digitally scaled to larger and 
smaller sizes using Adobe Photoshop LE.  Effects on the DB were strongest at the most exaggerated 
scalings (e.g., 15%).   
C. 8-segment fractal stretched and rotated in Photoshop.  Rotating and skewing affected the DB of 
images, although the DB was robust with moderate stretching (e.g., results for the image stretched to 
90% of the original width and 65% of the original height are shown).  

x-axis: size as a percentage of the smaller side of the 
rectangle enclosing the pixelated area of the image, 
for the largest box in a simple series starting at 2 
pixels and incremented one pixel at a time (i.e., at 
20, the series went from 2 to 20) 
y-axis: the DB from the same position for all grids 
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converted to grey scale or binary, outlined, or saved in a different file format) do not 

necessarily retain the same information they held prior to processing).  That is, the 

integrity of a DB depends on the integrity, including the fidelity of original detail as well 

as the lack of further distortion, in the information assessed.  

6.2.3 THE METHOD: PROBLEMS WITH GRID CALIBRE AND LOCATION 

In addition to being attributable to problems inherent to digital images, some 

deviations in the DB are attributable to box counting per se.  Although box counting 

approximates the strategy for finding a DC, several problems arise where the two 

strategies diverge.  This section discusses the grid’s calibre and position and problems 

related to these features.   

6.2.3.i Box Size: Range and Increment 

 Paramount in box counting is the understanding that “one size does not fit all”.  

As will be explained, lower and upper limits on, as well as the increment between, the 

sizes of covering boxes, affect the results of box counting.  With digital images, for 

instance, one pixel is a logical absolute lower limit on box size.  However, as alluded to 

above with respect to the original magnification and resolution of an image, one pixel is 

not necessarily the limit of resolution for the system that created an image.  Thus, at the 

box size where no further meaningful detail is available is another practical lower limit 

in box counting, corresponding to the minimum size respecting the relationship between 

resolution and pixels in a final image. 

This limit has practical implications for the DB.  Data including a box size of 1 

pixel, for instance, will intersect the y-axis (where the ln 1 = 0 is plotted) at the log of 

the number of pixels of interest.  Alternatively, if such data are expressed using relative 

scale instead of absolute box size, the intersection will be at a position accordingly 

adjusted from the number of pixels.  That is, A from Equation 6-4 (page 79) depends on 

the smallest box size as well as on how the scaling ratio is calculated.  Either way, the 

graph will show the number of pixels counted irrespective of the number of clusters of 

pixels that are valid at a given resolution.   

Equally important to consider is the upper limit on box size.  To describe an 

image meaningfully, for instance, box size should never exceed the image’s total size.  

This is because a scaling ratio greater than 1 (i.e., with a positive exponent) should yield 

a fractional count.  The smallest possible count, however, is generally an integer—one 
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encompassing box.  For all grids of a calibre larger than the smallest box enclosing all 

the pixels, for a single series of grids having a fixed starting location, all counts are 1.  

Whenever the number of boxes is 1, box size is irrelevant in the equation for slope and 

the calculated slope is, therefore, horizontal for the interval of all boxes larger than a 

box containing all the pixels.  Indeed, a box count that never goes below this relative 

size yields a fractal dimension of 0 with undefined correlation—i.e., no detected change 

in detail with scale, regardless of actual scaling in an image.  

This essential issue also manifests at box sizes approaching the practical upper 

limit.  As Figure 6-6 shows, many shorter periods with slopes of 0 appear in the data as 

box size approaches the upper limit.  Consider applying box counting to a 32-segment 

fractal contour to illustrate the underlying problem.  An ideal 32-segment contour with a 

 

Figure 6-6 Horizontal Periods Occur at Relatively Large Box Sizes When the 
Increment is Small  
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DC=ln 32/ln 8=1.67, if covered with objects scaled to 3/8 instead of 1/8, should, using 

the original Equation 5-3, be covered by a noninteger number of objects:   

 
  13.538ln67.1

83  xeN  

 

If box size changes slowly (in small increments) at large sizes, the count is made 

not as fractions but as integers, and is unchanging over extended intervals.  Box 

counting lacking prior knowledge of scaling and using whole boxes, then, is inherently 

subject to periodicity, which affects the DB.  A data set having plateaus at different 

levels, for instance, tends to have a lower r2 than one without.  As another example, 

plateaus usually decrease the DB when they appear at the end of the data but may also 

increase it, such as when box size stays relatively large (e.g., in very small images) and 

the slope depends on a few deciding plateaus. 

Many additional practical issues apply to the grid’s calibre.  If the maximum box 

size never gets large enough relative to the pixelated area’s size, for instance, the data 

are also affected.  Illustrating the overall issue, Figure 6-7 shows how the range of box 

sizes can affect the DB. 

 

Figure 6-7 The DB Depends on Box Size Relative to Image Size 

 

 

In addition to the range, the increment between boxes affects the DB.  In contrast 

with changing box size in increments smaller than scaling warrants and thereby 

exaggerating periods, changing in larger than warranted increments can overlook 

32-segment fractal 
contour 
 
Ramified microglial 
contour 
 
3-segment fractal 
contour 
 
Circle 

x-axis: size as a percentage of the side of the square 
enclosing the pixelated area of the image, for the 
largest box in a simple series starting at 2 pixels and 
incremented one pixel at a time (i.e., at 20, the series 
went from 2 to 20) 
y-axis: DB from the same position for all grids 

Horizontal lines the same 
colour as each curve show 
theoretical (except for 
microglia).  Series less than 
20-50% of the maximum 
side of the rectangle 
enclosing the pixelated part 
of the image are generally 
closer to theoretical.  Series 
beyond half image size 
(arrow shows dip around 
47%) generally diverge 
from theoretical.  The 
general pattern depends on 
the image, though. 
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scaling.  As Table 6-2 shows, this can happen with an exponential series,  which is less 

likely to exaggerate periods at larger sizes, but can introduce problems not seen with a  

 

 

linear series.  Keeping the minimum and maximum the same but changing the 

increment (also the number of sizes) changes the DB.  Incrementing box size 

exponentially (e.g., 2, 4, 8, 16,…) misses some scaling, whereas incrementing more 

linearly generally produces a DB closer to expected values.  The bottom rows of Table 

6-2 show that this holds only as long as the maximum box size is small enough.  As box 

size approaches 50% of the square enclosing the pixelated area, DBs calculated from 

simple linear sequences also move away from theoretical. 

Demonstrating further practical issues associated with grid calibre, Figure 6-8 

shows how the DB can vary depending on the subset of box sizes used within one 

relative range of sizes.  As the lines for A and C in the graph show, decreasing the range 

increases instability in the calculated DB but, conversely, as B and D show, increasing it 

progressively increases stability.  In general, within the upper and lower limits, as the 

range broadens, the DB approaches the theoretical value and stabilizes.  The figure 

highlights the importance of ensuring that the range of box sizes captures the 

appropriate scaling and limits for each image.   

 

 

 

Table 6-2 Effects of the Increment and Maximum Box Size on the DB 

32-Segment Contours 
Iterated 3 Times  

Maximum Box 
(minimum = 2 pixels) 

% Difference From Theoretical 
100x((DB -DF)/DF) 

Increment Between Box Sizes 

Image Size in Pixels Pixels % of image Power Series Linear Series 

2200 512 23 -1.92 -0.29 

800 128 16 -1.26 -0.25 

280 64 23 -3.12 -0.32 

2200 1024 47 -2.90 -3.20 

800 256 32 -3.06 -0.70 

280 128 46 -5.46 4.18 
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Figure 6-8 The Effect of Range on the DB 

 

6.2.3.ii Grid Position 

Finally, the last limitation to outline is how the grid’s position influences the DB.  

Some deviation in box counting data is traceable to the fundamental point that box 

counting approximates finding an average ratio of change in detail with change in scale 

using grids that are fixed in position.  As can be seen in Figure 6-9, placing the grids for  

 

Figure 6-9 The Number of Boxes Containing Depends on Where the Grid is Placed 

 

 

a series of box sizes at an arbitrary starting position diverges in principle from using an 

efficient covering centred on a contour according to the procedure of finding a DC that 

In A, the leftmost datum 
(essentially at theoretical) is 
the DB from a series of boxes 
ranging from 1 to 47% of 
the width of the smallest box 
enclosing the image; the 
second is for from 2 to 47%, 
etc., until the last rather short 
series graphed, which ranged 
from 42% to 47% of the 
image size.  For B, the first 
datum is from a series 
starting at 1% using 2 box 
sizes, the second using 3, etc., 
up to the last series shown, 
which was 42% of the image’s 
width and also near 
theoretical.  Note that the 
ranges in C and D are not 
subsets of A and B.  The first 
point in D at 12%,  is from a 
range of boxes from 6% to 
12% of the image size; the 
subsequent point is from 6% 
to roughly 13%, etc. until the 
last point, which is for a 
series of boxes from 6% to 
42%. 

Theoretical 

The DB of a contour for four patterns of box sizes.  
The increment between sizes was always 1 pixel, but 
the starting or ending sizes changed for each point. 
For A and C, the first box size changed and for B and 
D, the last changed. 

1-47% 
A. decreasing 
B. increasing 

6-42% 
C. decreasing 
D. increasing 

The left of these identical 
figures is contained by 6 but 
the right by 9 boxes, 
depending on where the grid 
falls. 
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box counting emulates.  Thus, as Figure 6-10 illustrates, the DB depends on the grid’s 

position, although the relationship between the DB and grid position is not always 

predictable.   

Figure 6-10 The Number of Boxes Containing Pixels and the DB Depend on Where 
the Grid is Placed 

 

 6.3 BOX COUNTING IS PRACTICAL BUT LIMITED  
Thus, box counting is an elegant method of calculating fractal dimensions, but is 

not without limitations.  This chapter has illustrated how to infer a DB in the virtually 

unavoidable event that box-counting data are not strictly linear.  A DB inferred from a 

regression line is not necessarily a sound measure of a pattern, however, and it is as 

important to ensure that the regression line is valid as it is to acknowledge the 

limitations of the methods used to do that.  Various statistical methods measure a 

regression line’s validity, not with respect to the underlying pattern, but in terms of the 

Variation in the DB with grid location is shown for 
5 Images analyzed over 50 to 100 grid locations, 
using a maximum box size of 30%.  The x-axis 
shows the distance in pixels of the top left corner 
of the grid from the top left corner of the image.  
The y-axis shows the difference between the 
uncorrected DB at each location compared to 
theoretical.  The regression lines show that the DB 
varies essentially randomly with grid location for 
Euclidean forms, but somewhat more predictably 
with fractal forms.  
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data.  Two frequently used aides, the r2 and SE, are useful not because they prove that a 

DB describes an underlying global relationship between detail and scale, but because 

they formally check the linear relationship between the logarithms of box count and size 

in a sample of data from an image.  Box counting is further limited.  It uses whole, 

square units as covering objects, usually without knowing the scaling relationship and 

its lower and upper limits beforehand, and without centring the covering units on the 

object being covered.  Fortunately, as the next chapter illustrates, many practical 

problems typically encountered in box counting are surmountable. 
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Chapter 7 FRACLAC: MORPHOLOGICAL 

ANALYSIS SOFTWARE 

As was outlined, box counting is subject to several practical considerations.  

FracLac is computer software for analyzing microglia and other biological cells using 

box counting.  It was developed as part of this thesis to address the limitations outlined 

in the previous chapter, and is available as a plug-in for ImageJ (freely available 

biological image analysis software; see Rasband 2004) or as a standalone Java 

application.  See Appendix C for access to the source code, user's guide, and 

documentation.  This chapter first overviews how FracLac addresses limitations of box 

counting, then describes the most suitable value it provides for measuring microglia. 

 

 7.1 CORRECTIONS FOR GRID CALIBRE AND LOCATION 
FracLac is used to analyze binary digital images.  It processes pixels of a 

coordinate plane, not itself addressing the initial stages of image acquisition and 

processing (which are covered in Section 9.2), and remains subject to the pixel-related 

limitations that were described in Section 6.2.2.  As this section briefly explains, its 

usefulness lies in controlling for confounding associated with grid calibre and location.   

7.1.1.i Linear Series and Corrected Linear Series 

To elaborate, FracLac addresses several of the points raised in the previous 

section by automatically calculating, for each image, a range of box sizes.  This differs 

from standard box counting strategies.  The built-in box counting function available 

with ImageJ (at the time of this writing), for instance, permits a user to type in a list of 

box sizes (in pixels) to use.  Certainly, that strategy gives the user control over the range 

of sizes, but it also requires that the user know beforehand which sizes are optimal for 

each image.  With FracLac, alternatively, the user sets the lower limit and the software 

automatically calculates an optimized range.  For each image, the software finds a series 

of box sizes that changes linearly from the lower to an upper limit based on the image’s 

size (e.g., the default maximum box size is 40% of the size of the smallest square 

enclosing the pixelated area, but this can be set to any percentage).  This linear series 

usually generates unwanted periods of ostensibly stability (explained in Section 6.2.3.i), 
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but FracLac interpolates scaling at these periods.  Thus, to provide a rounded 

perspective, FracLac delivers a DB from the original data and one calculated after 

correcting horizontal periods in the data.  It also provides r2 and SE values for these 

measures. 

7.1.1.ii Multiple Origins 

In addition, FracLac minimizes problems associated with grid position by 

gathering data at multiple positions and considering the mean and variation in that data.  

The program calculates these values using as many series at different positions as the 

user selects.  All possible positions fall within a range of the top left corner of the 

smallest rectangle enclosing the pixelated area.  Other than the first origin (the top left 

corner), the positions used are assigned randomly, so that different information is read 

in each scan.  (Using predictable origins, conversely, always yields the same but not 

necessarily accurate data, giving a spuriously stable result).   

7.1.1.iii Average DB and Most Efficient Covering 

As well as a DB at each location, FracLac delivers two measures based on 

multiple locations.  It delivers an average DB over all locations, and approximates a 

“most efficient covering” DB.  This minimum count DB is calculated using the lowest 

number of boxes containing pixels at each box size, from all origins.  In both cases, 

using more series increases processing time linearly and still samples rather than 

exhausts the possible grid locations (a virtually unavoidable scenario), so remains 

afflicted to some extent by the inherent problem of the grid’s position being arbitrary.  

The advantage of sampling multiple grid locations, therefore, is not that it eliminates, 

but that it lessens position-related bias.  

 7.2 THE BEST BOX COUNTING DIMENSION 
The various methods of gathering and correcting data used in FracLac yield 

slightly different results, so the most appropriate measure for microglia was determined.  

A comparison using standard control images with known DFs suggests that for some 

types of figures, the method is more important than for others.  As outlined in Table 7-1 

for instance, all of the methods were within 1% for an 8-segment quadric fractal, but 

with a few methods and for a few images (the angled and Koch lines), results were more 

than 10% from theoretical.   
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Table 7-1 Differences From Theoretical for Methods of Calculating the DB 

% DIFFERENCE FROM THEORETICAL 
(100 x (DB-DF)/DF)
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Single origin at smallest 

enclosing box 
-4 0 2 -7 -2 3 5 -6 

Without horizontal slope  -0 1 4 -1 1 4 8 -2 

Mass method 0 -0 2 -2 1 5 6 -6 

Average DB (7 origins) -5 -0 1 -11 -6 3 5 -5 

Grid position with r2  closest to 

1 (then lowest SE if tied)  
-5 -0 0 -12 -11 3 5 -5 

Average DB without horizontal 

slopes  
-2 0 2 -8 -3 4 5 -2 

r2  closest to 1 (then lowest SE if 

tied) without horizontal slopes 
-0 0 1 -4 0 3 5 -2 

Minimum count -5 0 2 -7 -2 3 5 -5 

Minimum count without 

horizontal slopes 
0 1 2 -1 1 4 6 -2 

§Data were collected using box sizes 50% of the smaller side of the rectangle enclosing the image.  In addition, the 
theoretical values are estimates for ideal figures but not necessarily their digital representations.  Shading shows the 
method giving the closest to theoretical for each image. 

 

Although some methods yielded values closer to theoretical than others for ideal 

images and some had higher σs than others, overall, all of the methods were accurate, 

averaging between 0 and 3% from theoretical, as summarized in Table 7-2 (page 94).  

Furthermore, the variation amongst these methods for these images did not reach 

significance (ANOVA, α = 0.05).   
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Table 7-2  Summary of Methods of Correcting Box Counting Data   

 
 
Method 

Mean % 
Difference from 

Theoretical* 

 
 
σ 

 
CV 

Single origin at smallest enclosing box -1 5 -4 

Without horizontal slopes 2 3 2 

Mass method  1 4 4 

Average over multiple origins -2 5 -2 

Position having r2 closest to 1 (then lowest 

SE if tied) over multiple origins 

-3 6 -2 

Average DB without horizontal slopes -0 4 -9 

Position having r2 closest to 1  (then lowest 

SE if tied) without horizontal slopes 

0 3 7 

Minimum count -1 4 -4 

Minimum count without horizontal slopes 1 3 2 

*Calculated as the mean of the differences from theoretical for all images in Table 7-1 using each method   

From a practical perspective, however, the point that the type of image mattered 

more with some methods is relevant.  The large deviations from theoretical for the Koch 

and angled line figures, which had exclusively small, diagonal lines, are important to 

consider, because theoretical images are often very limited, unlike digital images of 

biological forms, which include lines in all orientations.   

Microglia, unlike most fractals typically used as controls, may have processes 

that are curved, angled, twisted, and overlapping, or can have important detail around a 

large cell body, or to some extent both of these characteristics.  These affect the pattern 

extracted from microglia, so the method used to analyze them, accordingly, should 

perform well with comparable images, as well as meet the basic standard of typical 

controls.  Membrane detail is essentially analogous to the detail in contours such as the 

quadric and Koch fractal contours, for instance, but branching per se can be viewed 

from a different perspective (DeBartolo, Gabriele, & Gaudio 2000).  Accordingly, 
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samples of statistically fractal (see page 69) branched patterns were generated using 

known branching ratios and varying amounts of twisting and overlapping (e.g., as in 

Figure 7-1). 

 

Figure 7-1 The Corrected, Most-Efficient Cover DB is Optimal for Statistical 
Branching Fractals 

 

 

With all the methods, there was variation from the mean DB within samples of 

many statistically identical but varying structures.  Generally, in keeping with the results 

using typical theoretical fractals and Euclidean forms, analysis of these images 

suggested that finding the minimum cover with horizontal slopes removed, over at least 

four origins, would be optimal for comparable microglia.  The corrected minimum 

cover method was the least variable, deviating, on average, about 2% from theoretical 

for 40 images having a theoretical DB of 1.26.  Thus, on this basis, it was determined 

that this measure is most suitable for analyzing microglia.  

 

DB = 1.26 DB = 1.28 
Patterns with known branching 
ratios were assessed to 
determine the optimum 
dimension.  Both patterns have 
a theoretical fractal dimension 
of ln 4/ln 3 = 1.26. 

 



DEFINING MICROGLIAL MORPHOLOGY: FORM, FUNCTION, AND FRACTAL DIMENSION 
 

 96 

Chapter 8 MULTIFRACTALITY AND 

LACUNARITY 

 A DF for a biological form is not 

unqualified.  As was already noted, a DB depends 

on imaging features including the pattern 

extracted and various method-specific issues.  In 

addition, the fractal analysis method itself can 

matter—box counting as compared to dilation, 

for instance, can deliver a different value for the 

same image.  Moreover, a DB in particular 

describes a ratio between scale and pixel 

arrangement.  It is a statistical index of 

complexity having no units, discovered in a set of 

data points (Fernandez & Jelinek 2001; Jelinek & 

Fernandez 1998; Vicsek 1992).  

A DF in general, or a DB in particular, 

relates features of a form—much like narrowness 

relates length to width—and quantitates that relationship.  As such, all types of DF 

neither uniquely nor completely describe forms.  This is illustrated in the series of 

values listed in Table 8-1, showing nine ratios equivalent to n5/n3 and giving the same 

fractal dimension as the 32-segment ideal fractal depicted earlier.  Thus, supplementary 

measures are generally used to round out descriptions afforded by any type of fractal 

analysis.  Two measures discussed here that supplement typical box counting, and can 

be found along with the DB from box counting, are multifractality and lacunarity.  

 8.1 LOCAL AND GLOBAL DIMENSIONS AND 

MULTIFRACTALITY 
Multifractality was introduced on page 68.  This section outlines a practical and 

a more formal approach to the topic, including basic calculations and interpretations of 

multifractality.  Details of the data gathering and calculations used here are in the 

FracLac source code and documentation; the theoretical basis of multifractality is 

Table 8-1  Nine Ways to Have a 
DF of 1.67 

 Nc c 

 32 8 

 243 27 

 1024 64 

 3125 125 

 6783 199 

 7776 216 

 16807 343 

 22444 408 

 32768 512 



Karperien 2004 

8.1 Local and Global Dimensions and Multifractality 

 97 

reviewed in depth by Chhabra et al. (1989), Jestczemski and Sernetz (1995), or Vicsek 

and Vicsek (1997).  

As was noted in Section 5.1.1.ii, some patterns are fractal yet show notably 

inconsistent scaling.  In Figure 8-1A, for instance, each 8-segment contour is 

surrounded by 8 copies of itself scaled by 3-1.  Each contour itself has a DF of ln 8/ln 

4=1.5, and the carpet as a whole a DF of ln 8/ln 3 = 1.89.  A single origin box count 

yielded a DB of 1.85 for the carpet, with r2=1.00, and a DB of 1.46, r2=0.99 for a contour 

(both 1,100 pixels wide with contours iterated 3 times). 

Figure 8-1 Scaling in a Multifractal “Carpet” Compared to its Monofractal 
Contour 

 

As Figure 8-1B shows, however, several box counts over both images revealed 

considerable local variation in scaling in the carpet, but more consistent scaling in the 

contour.  The carpet’s wider, flatter distribution is typical of multifractals (columns 

around 0 to 1 on the x-axis reflect nearly empty subareas around the edge of the image).  

Thus, with some digital images, standard box counting does not detect, and a global DB 

does not convey, mixed complexity, and one way to analyse nonuniformity over an 

image is by assessing the distribution of rather than one global measure of complexity.   

Figure 8-2 on the next page shows an example of this type of assessment.  It 

illustrates a method of assessing areas of a pattern instead of an entire pattern.  This can 

reveal important local variation in scaling and potentially discriminate between images 

with similar features.  The two images represented in the figure, for instance, have 

equivalent numbers of pixels, similar patterns, and essentially equal global DBs, but 

important differences in scaling.  The difference is not evident in the global DBs but is 

evident in the colour coding showing differing distributions of complexity. 

8-Segment Contour 

8-Segment Carpet 

B. Proportions of 
Samples at Each 
DB Over Non-
overlapping 100 
Pixel Wide 
Samples of a 
Contour and a 
Carpet 
 
y-axis = Percent of 
samples at each DB 
x-axis = DB 

A. Multifractal carpet 

1.3 1.9 

50 

50 

0 
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 Figure 8-2 Local Scaling at Different Resolutions 

 

 

In addition to inspecting an image all over in discrete subareas, it is useful to 

examine how scaling depends on the size of the area inspected.  Comparing the DB in 

discrete areas at different subarea sizes is similar to inspecting a microscope slide at 

different resolutions.  Such an analysis, as illustrated in Figure 8-3, further illustrates 

nonuniformity by showing how the distribution of complexity changes with scale. 

 

Figure 8-3 Similar Patterns May be Distinguished by Differences in the 
Distribution of Scaling 

 

1.0 1.3 1.4 1.0 

1.29 1.32 1.25 1.26 

Each Koch curve scales as 
ln 4/ln 3=1.26.  In 
addition, the top collection 
repeatedly scales 3 curves 
to ½ the previous size, so 
scales as ln 3/ln 2=1.59 as 
well as at 1.26.  The 
global DB was 1.36 for 
both figures.  Local DBs are 
shown for 300-pixel wide 
areas.  The distribution of 
complexity also differed 
for sub areas of 10, 100, 
and 500 pixels (not shown). 

Koch Curve 
Collections 

Note that undistorted Koch lines yield values closer to theoretical by the algorithm used here.  
Deviations from theoretical in these average values are likely pixel-related, as the images were scaled 
digitally and showed much distortion at the single pixel level (e.g., the ends of figure 1 and all of 
figure 2 would be expected to be close to 1.26 for larger images that preserved detail, but these 
scaled digitisations were very small, essentially lines. 

 

Ai Aii
B

Ai.  Whereas the global DB (1.47 at 45%) is meaningless, local DBs described by the different colour coded 
regions, describe variation well.    
Aii. Comparing local DBs found using areas 20 and 100 pixels wide further illustrates how the scaling changes 
with resolution.  Redder squares are higher DBs; greener are lower (as per scale in B).  Although the red squares 
in the complex portion of Aii (part of a 32-segment fractal) accurately reflect the local complexity in the 
mathematical pattern that generated the points in the image, the small red patches over the circles in the 20 pixel 
analysis illustrate a deficiency associated with digitization of circles (discussed earlier).   
B. Non-uniform scaling can be lost if averaged.  In this 32-segment fractal “hybrid”, the lower right part of the 
figure is iterated once, the more complex part 3 times.  The average global DB for the image (using 5 random 
origins) is 1.52.  As the colour coded areas show, however, the local fractal dimensions vary from around 1.5-1.6 
for the complex part  (which is close to the theoretical value of 1.67) and stay around 1.0 for the simple part 
(which is appropriate for a line). 
 

1.9 

0.1
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8.1.1 MULTIFRACTAL SPECTRA  

Nonuniform scaling can be quantitated more formally.  Contrasting the visual 

and practical approach to nonuniform scaling just outlined, a more formal approach to 

inspecting nonuniformity uses, rather than several measures of one type of dimension, 

several dimensions.  This section describes two measures generally used in multifractal 

analysis: the generalized dimension, typically denoted DQ, along with a related measure, 

f(α), which is taken over a range of diverging exponents, α. 

8.1.1.i Calculating Multifractal Spectra 

Multifractal spectra describe variation in scaling by using distortion.  The 

process is a mathematical exaggeration rather than, as above, a direct examination of 

local dimensions over subareas.  It involves identifying then conceptually stretching 

particular mathematical views in order to get a better understanding of a fractal.  In 

essence, the distortion is done by finding the distributions of pixels over several box 

sizes, applying an arbitrary exponent to each distribution to find a distorted mean, 

finding how the distorted means change with box size, then comparing how these 

distorted numerical summaries of an image depend on the exponent that distorted them 

in the first place.  (Losa, Baumann, & Nonnenmacher 1992) 

In contrast to box counting, this approach to fractal analysis seeks a mass-related 

dimension.  It assesses the scaling of the “mass” or number of pixels per box rather than 

the scaling of the presence of pixels in a box.  Thus, for typical monofractals, the 

probability of a number of pixels appearing in a box (Pi) varies as box size (ε) to some 

exponent (D) that is the same all over (Equation 8-1): 

Equation 8-1      
 

For multifractals, which are assumed inhomogeneous, in contrast, the probability 

varies according to an exponent that varies over the fractal (αi in Equation 8-2) 

(DeBartolo, Gabriele, & Gaudio 2000; Jestczemski & Sernetz 1995):  

Equation 8-2     
 

Whether a form is multifractal is apparent in the series of DQs calculated over some  

D
iP  ~,

i
iP 
 ~,
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arbitrary range of Qs, using Equation 8-3: 

Equation 8-3    
 

In that equation, IQ, ε describes the distribution of pixels, inspected at some scale, 

ε.  The probability at each box is the number of pixels in the box divided by the total 

number of pixels in the image, as in Equation 8-4: 

Equation 8-4     
 

where Nε=boxes containing pixels and i=the ith box in a scan at ε.  The sum of the entire 

distribution of probabilities is 1.0; in comparison, the sum of all the probabilities after 

being raised to an arbitrary exponent, Q, is the not so predictable IQ, ε (see Equation 

8-5):  

Equation 8-5    
 

An important feature of IQ, ε is that it varies according to scale raised to the 

exponent τ (see Equation 8-6), offering an alternative from which to find the DQ:  

Equation 8-6     
 

Moreover, when Q=0, each term of IQ, ε is 1, so the sum over all the boxes at a certain 

size is the same as the count at that size, and DQ=0 is the same as the box counting  

fractal dimension.  Also, at Q=1, the denominator gets special consideration and DQ=1 is 

found as in Equation 8-7: 

Equation 8-7    
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Furthermore, because each term of IQ, ε is between 0 and 1, negative Qs amplify 

the sum.  The hypothetical data in Figure 8-4 below demonstrate that negative Qs 

amplify whereas positive Qs downgrade probabilities.  Smaller probabilities are affected 

more than larger, which subsequently affects the sum of these exponential probabilities 

over an ε, as can be seen for the four probabilities in the figure as a column through the 

graph at any Q.  Smaller probabilities increase the sum more drastically for negative Qs, 

whereas positive Qs reduce the sum. 

Figure 8-4 The Sum IQ, ε Depends on the Probability and Q  

 

 

8.1.1.ii The f(α) Multifractal Spectrum 

An alternative multifractal measure is the f(α) multifractal spectrum (Berthelsen, 

Glazier, & Skolnick 1992; Chhabra and Jensen 1989; DeBartolo, Gabriele, & Gaudio 

2000; Jestczemski & Sernetz 1995).  The function f(α) is the fractal dimension of the set 

of boxes where αi = α (from Equation 8-3).  According to the method of Chhabra and 

Jensen (1989), which is simpler to calculate than most methods, this multifractal 

spectrum is calculated using Equation 8-8 

Equation 8-8    
 
to find Equation 8-9 

Equation 8-9   
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and subsequently Equation 8-10 (Chhabra et al. 1989): 

Equation 8-10    
 
Note that using these values, one can calculate τ from Equation 8-11, then DQ 

using τ and Equation 8-6. 

Equation 8-11    
 

8.1.2 UNDERSTANDING MULTIFRACTAL SPECTRA 

If a pattern scales uniformly, as in a typical monofractal (the fractals focused on 

in this thesis so far), distorting the probability distribution reveals little change.  But if a 

pattern does not scale uniformly, as happens with multifractals, distinct mathematical 

views emerge for both the DQ vs. Q and f(α) vs. α multifractal spectra. (Figure 8-5 

depicts one type of multifractal.) 

Figure 8-5 Henon Map: A Multifractal Benchmark 

 

The graph of DQ vs. Q is usually either essentially unchanging or decreasing.  As 

illustrated in Figure 8-6 below, for simple monofractals, DQ is usually essentially 

unchanged, with low dispersion, over Q—the bottom graph in the figure shows a DQ vs. 

Q plot that is stable and generally non-decreasing.  For multifractals, in contrast, DQ 

typically decreases with Q.  As shown for the multifractal represented by the top graph, 
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An iterated multifractal generated 
according to the values: 
Xn+1 = -1.4x2 + 0.3y + 1 
Yn+1 = x  
 

Generated using MicroMod (see Chapter 10). 
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the plot tends to decrease with Q, being sigmoidal around Q=0.  This variation in the DQ 

is measured by the coefficient of variation or CV (i.e., CV=σ/μ).  The CV for the graph 

of DQ vs. Q is generally greater for multifractals than for other patterns (note however, 

that the value is affected by image features including size). 

 

 Figure 8-6 Typical DQ vs. Q Multifractal Spectra for Mono-and Multi-fractals 

 

 

In contrast, multifractal spectra for f(α) vs. α, based on different data, show a 

different pattern.  The curves illustrated in Figure 8-7 (page 104) show f(α) vs. α 

spectra.  These are typically humped graphs.  For monofractals such as the 32-segment 

quadric fractal, the f(α) spectrum converges (especially for Q>0), but with multifractals, 

represented in the figure by the Henon Map, f(α) rises and falls over a broad hump with 

α.  As noted, DQ=0 is the capacity dimension, which also corresponds to f(α(0)).  In 

addition, DQ=1 is the so-called “information” dimension.  At Q=1, DQ, f(α), and α are 

equal.  (Other important values of Q are not considered here.)  (Vicsek & Vicsek 1997)  
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 Figure 8-7 Typical f(α) vs. α Multifractal Spectra  

 

 

As with box counting, many practical influences alter multifractal measures.  

Spectra found with box counting depend as much on how the probability distribution is 

determined as on the patterns they represent.  If the probability distribution is 

extrapolated from small samples, for instance, some images of monofractals yield 

diverging and ostensibly multifractal curves that vary with the size of the sampling unit 

and according to whether or not the edges of an image are included (Berthelsen, Glazier, 

& Skolnick 1992).   

In box counting, the density distribution depends on how an image is sampled.  

As was noted earlier, the total count of boxes containing pixels depends on grid 

location, but, in addition, the distribution of pixels per box at a given box size depends 

on grid location.  It depends perhaps more noticeably because the distribution has the 

potential to reflect differences in mass at each box from one grid orientation to another.  

That is, multifractal data depend on how the data gathering process partitions the image  
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to find the probability distribution because, as Figure 8-8 demonstrates for one image, 

the relative amounts of very small and very large probabilities change with each attempt 

to break an image into sample spaces.  

 

Figure 8-8 Differences in the Distribution of Pixels Per Box for Two Grid 
Locations on a Multifractal Henon Map 

 

Because the function is exponential, for Q<0 these differences are especially 

marked in the multifractal spectrum.  It is important, accordingly, to sample an image 

adequately.  FracLac 1) randomly samples parts of an image then reconstructs the 

distribution, and more effectively, 2) samples the entire image multiple times after 

partitioning it in different ways.  It is also important to use controls to establish a 

baseline of performance and identify idiosyncrasies of particular methods used to find 

multifractal spectra (e.g., such as Figure 8-5 from page 102).   

8.1.3 PRACTICAL APPLICATIONS OF MULTIFRACTAL SPECTRA 

Multifractal analysis has several practical applications.  Berthelsen, Glazier, & 

Skolnick (1992) found use for the graph of DQ vs. Q to distinguish the human beta 

globin gene from matched control sequences.  Relevant to this discourse, others have 

used multifractal analysis to characterize neurons and lymphocytes (Fernandez et al. 

1999).  Losa (1994), for instance, determined that, based on low dispersion in the DQ 

spectrum, lymphocyte features did not scale as multifractals.  Multifractality may apply 

to individual microglia or local areas or clusters of microglia in tissue, but currently, 

multifractality of biological images is a rather contentious subject (Fernandez et al. 

1999; Smith, Lange, & Marks 1996).   

The relative number of boxes (y-
axis) containing proportions of 
pixels (x-axis) changed with grid 
location. 
 
Size = 150 pixels 
Image Size = 600 pixels 
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One model that may be relevant to microglia is diffusion-limited aggregation.  A 

type of fractal pattern introduced earlier (page 68), DLA is a model for, amongst other 

things, various types of dendritic growth.  Estimates put a 2-dimensional DLA’s fractal 

dimension within a range from 1.64 to 1.76, or at 1.67, corresponding to (d2/(d2+1)), 

where d is the dimension of the space it is embedded in (Takayasu 1990; Vicsek & 

Vicsek 1997).  For sample images, box counting over multiple origins yields a DB in 

agreement with these estimates.  As shown in Figure 8-9, however, DLA growth is 

multifractal, inasmuch as the probability of a particle sticking is screened by the outer 

branches so is not equal everywhere (Halsey 2000). 

Figure 8-9 Multifractal Scaling for a 90,000 point DLA 

 

 The DB and both types of multifractal spectra match theoretical expectations for 

DLAs having over 40,000 data points, but for smaller DLAs the DB tends to be smaller 

and the spectra appear intermediate between typical mono- and multi-fractal patterns.  

How microglia compare to DLAs is explored in the next chapters.  (Figure 8-10 

illustrates DLA patterns.)  

Figure 8-10 Diffusion Limited Aggregates at Different Particle Sizes
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DQ vs Q; CV=0.22

C. f(α) vs. α B. DQ vs. Q 

B-C. Multifractal spectra.  The mean DB over 
4 origins = 1.67 but multifractal scaling is 
evident in local variation.   

A. Different colours 
show different local DBs 
in a 90,000-point DLA. 

A.  

These small DLAs differ in the size and 
crowding of particles (particles overlap in the 
two pixel figure) and differ slightly in the DB.  
In addition, compared to DLAs with 
considerably more pixels, for both figures, the 
DB is further from theoretical for such patterns. 

20,000 2 pixel (left) and 1 pixel (right) particles, stuck 
sequentially to the nearest 8 positions of previously stuck particles 
after randomly moving from a circular drop off zone.  Colours 
represent the order in which particles were added. 
 

Generated using MicroMod (see Chapter 10). 
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 8.2 LACUNARITY  
The last topic to introduce in this chapter, lacunarity, is a supplementary 

measure often used along with fractal analysis to describe patterns in digital images.  

After briefly explaining what it is, this section describes three methods in FracLac for 

calculating this measure. 

Literally, lacunarity means how much something resembles lakes or hollows.  In 

neuroscience, lacunar generally describes small, deep infarcts after stroke, and in fractal 

analysis, it is more generally a measure of “visual texture” in images, as is useful for 

studying patchiness in vegetation and forests (McIntyre & Wiens 2000), for instance.  

Formally, lacunarity measures heterogeneity or translational and rotational invariance in 

an image (Plotnick, Gardner, & O'Neill 1993; Smith, Lange, & Marks 1996).  Low 

lacunarity conventionally implies homogeneity (equated to having mostly similarly 

sized gaps) and high implies heterogeneity or having many differently sized gaps. 

No standard method of measuring lacunarity has been determined.  It is 

generally agreed that, unlike the DB but comparable to multifractal measures, lacunarity 

depends on scale.  Sometimes the inverse of A, coined the prefactor, in the scaling 

relationship y=AxD (from Equation 6-4 on page 79) is used (Smith, Lange, & Marks 

1996).  In box counting, however, the prefactor is correlated with image size.  In 

calculating the power law, the prefactor is redundant with the size of the measuring 

element (i.e., it is 1 in theoretical fractals where scale is taken relative to a characteristic 

length of 1 but increases linearly with it). 

Lacunarity can also be measured from the number of pixels at each box size as a 

function of box size.  This type of lacunarity, denoted here by Λ, is usually measured as 

the CV or CV2 (i.e., σ divided by μ or σ2 divided by the μ 2) for the number of pixels per 

box (McIntyre & Wiens 2000; Smith, Lange, & Marks 1996).  A higher Λ means 

greater variation in the distribution of pixels within an image.  A CV of 0.50 

(CV2=0.25) means the number of pixels per box varies an average of 50% from the 

mean.  Λ>1 means σ exceeds μ, i.e., there are very large and very small clusters of 

pixels or, in other words, there is considerable heterogeneity in an image. 
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Λ often corresponds to visual impressions of uniformity.  Figure 8-11 is a 2-

dimensional array of images presented previously in this chapter, showing the DB 

increasing from left to right and heterogeneity in pixel distribution of Λ, essentially 

nonuniformity over an image, increasing from bottom to top.  

 

Figure 8-11 The DB and Λ 

 

 

Smith, Lange, and Marks (1996) found that Λ was negatively correlated with a 

mass related DF.  For a sample of 11 theoretical images assessed for this thesis, Λ was 

moderately negatively correlated with the DB (r=-0.46; r2 = 0.21).  It is important to 

point out, however, that the relationship is not simple.  In the assessment shown below 

in Figure 8-12, Λ and the DB were strongly correlated when the change in complexity 

was assessed over increasingly complex fractal but not over comparable increasingly 

dense non-fractal patterns.  That is, for a series of simple grids of different calibre, the 

distribution of gaps was relatively uniform, essentially independent of changes in 

complexity as the grids became more densely packed.  For a series of increasingly 
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complex fractal contours, however, as density but also detail increased, clusters of 

different sizes appeared and Λ increased. 

 

Figure 8-12 The Relationship Between Λ and the DB 

 

8.2.1 SHIFTING GRID LACUNARITY 

The general problem noted earlier of the grid’s location affecting the data is also 

relevant for lacunarity.  In principle, variation with grid location is tantamount to 

heterogeneity, and can be measured as coefficients of variation over multiple origins for 

lacunarity or the DB.  The CV for lacunarity over many origins was strongly negatively 

correlated with the DB (r=-0.-74; r2 = 0.55), suggesting that grid location is less 

important with more complex images, but this may also reflect a limited selection of 
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Four simple grid patterns matched in height, width, 
and number of pixels reach an asymptote at the 
expected maximum theoretical fractal dimension of 
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Four 8-segment contours, all the same width and height but 
iterated successively through four levels of complexity, as is 
reflected in the increasing DB, which approaches the 
theoretical DF of 1.5 

A-B. The distribution of gaps is relatively uniform in all the 
grids independently of changes in complexity.  In the 
fractal contours, however, as detail increases, clusters of 
different sizes appear, and Λ increases.   
 
C. Similar trends occur for 32-, 18, and 3-segment 
contours, whereby heterogeneity increases as detail 
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(respectively, DF=1.67, 1.61, and 1.37). 
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images.  Table 8-2 on page 110 compares lacunarity values for various images, 

including values related to translational invariance.  

 

Table 8-2 Measures of Lacunarity for Various Images 

  Measure of Variation* 

Image DB 

I. CV for 
DB over all 
origins 

II. Mean  Λ 
over all 
origins 

III. CV 
for II 

IV. Mean 
A-1 in 
y=Ax-d  

Circle 0.99 0.004 0.19 0.06 0.05 

Horizontal and vertical line 1.03 0.008 0.043 0.10 0.08 

Square 1.07 0.000 0.06 0.04 0.04 

Koch line 1.28 0.030 0.28 0.06 0.05 

Koch flake 1.32 0.002 0.26 0.04 0.02 

9 Koch curves 1.35 0.001 0.25 0.01 0.01 

Multifractal Koch curves 1.36 0.001 0.39 0.06 0.02 

Mixed image 1.42 0.001 0.79 0.01 0.01 

8-segment fractal contour 1.51 0.001 0.33 0.02 0.01 

32-segment fractal contour 1.67 0.001 0.44 0.02 0.01 

8-segment fat fractal 1.85 0.000 0.23 0.01 0.00 

*Column I tells how much the DB depended on grid location (i.e., the CV is the ratio of σ to the mean for 
all locations).  Columns II and III are calculated from the mean CV2 for pixels per box over all box 
sizes.  Column II is the mean of these CVs from all grid locations and Column III, describing how much
the mean depended on grid location, is the CV for the CVs.  For column IV, the power law was
calculated using box size/image size. 

8.2.2 SLIDING BOX LACUNARITY 

Finally, digressing from the box counting approach described here so far, 

lacunarity can also be measured using a “sliding box” rather than a fixed grid algorithm 

(Plotnick, Gardner, & O'Neill 1993).  The general method is to scan images 

exhaustively, moving a box a set increment at a time (e.g., 1 pixel), overlapping rather 
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than fixing them as a grid.  Again, to describe heterogeneity, the distribution of pixels is 

measured and the CV found.  This method also yields a different value at each ε, which 

can be averaged or presented across all scales (see Appendix C for details of the 

calculations).   

These graphs can be used along with multifractal spectra to describe typical 

images.   

Figure 8-13 illustrates the double logarithmic graph of this measure of lacunarity 

against scale alongside of f(α) vs. α multifractal spectra.  As the figure shows, in 

general, multifractals are characterized by diverging f(α) spectra and a typically 

 
Figure 8-13 Characteristic Lacunarity and f(α) vs. α Multifractal Spectra Define 
Typical Images 

 

humped then decreasing lacunarity plot (as scale approaches 1 and ln scale approaches 

0), although the magnitude of lacunarity may differ with the pattern assessed.  

Monofractals converge in the f(α) plot (at least for Q>0 with box counting data), and 
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generally increase in lacunarity.  Non-fractals or Euclidean forms converge over the f(α) 

vs. α plot, and for simple forms usually show low, stable lacunarity. 

Like the DB and other measures of lacunarity, sliding box lacunarity is not a 

unique descriptor.  For the fractal contours analyzed in Figure 8-14, for instance, sliding 

box lacunarity plots show some but little difference between the right figure, iterated 3 

times and the left iterated 1 time (i.e., the right is more complex).  In this case, the value 

of f(α) at Q=0, equivalent to the DB, better tells them apart.  

 

Figure 8-14 Lacunarity Does Not Account For Some Features 

    

Nonetheless, as a supplementary method, sliding box lacunarity offers a way to 

distinguish images based on certain features.  Figure 8-15 below, for instance, illustrates 

an analysis of an image of mixed complexity combining circles, part of a 32-segment 

fractal contour, and a Koch line introduced earlier when local dimensions were  

 

Figure 8-15 Lacunarity and f(α) vs. α Multifractal Spectrum for Mixed Complexity 
 

 

32-SEGMENT QUADRIC FRACTALS (THEORETICAL DF = 1.67) 

Lacunarity plots show some but little difference between these contours, whereas the value of f(α) at Q=0, the 
box counting dimension, better tells them apart.  The right figure, iterated 3 times, is more complex than the left, 
iterated once.  

Nonuniformity yields a 
typically multifractal 
spectrum (right) and 
high lacunarity (left).  
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discussed (review Figure 8-3).  The analysis of local dimensions done earlier for this 

hybrid figure showed the image’s nonuniformity as local variation in the DB and Figure 

8-11 on page 108 showed high lacunarity.  Figure 8-15 shows a nearly typical 

multifractal spectrum, but the lacunarity plot resembles that of detailed or monofractal 

images.  In sum, taken with mono- and multi-fractal analyses, an analysis of lacunarity 

strengthens box-counting methods in describing features of digital images.   

 8.3 FRACLAC ADDRESSES LIMITATIONS AND ADDS 

SUPPLEMENTARY METHODS 
To recap before departing this chapter, box counting underlies several methods 

of pattern analysis.  On the whole, the methods of box counting are elegant and easily 

performed using a computer, but implementing them requires knowledge of certain 

limitations.  FracLac, computer software written as part of this thesis, takes into account 

several of box counting’s inherent limitations, providing a honed tool for analyzing 

patterns in digital images in terms of the DB, multifractal spectra, and lacunarity.
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PART III:   INVESTIGATING 
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Chapter 9 PRACTICAL APPLICATIONS OF 

FRACTAL ANALYSIS TO MICROGLIA: A PILOT 

PROJECT 
How can one apply the methods outlined in the preceding chapters to microglia?  

As grounding for understanding the investigations that follow in the next section of this 

thesis, this chapter answers that question, discussing what has been done so far and 

outlining the expansion of that work undertaken here.  

 9.1 BACKGROUND 
Although many investigators have used fractal analysis to investigate different 

features of different types of glia, few have applied it to microglia in particular, and no 

one has used the DB to characterize microglia in schizophrenia or models of it.  One 

group of researchers has applied a different type of fractal dimension to rodent 

microglia in another context, however, and have found it to be useful, with some 

caveats.  Soltys and coworkers (2001) analyzed outlines of microglia from cerebral 

cortex of lesioned and unlesioned male rats.  Comparing the results to people’s 

subjective classifications of microglia, these investigators found that the dilation fractal 

dimension (DD)‡‡ detected important subtleties people overlooked between ramified 

microglia from compromised and uncompromised animals.  At the same time, however, 

Soltys and colleagues found that the fractal dimension they used did not distinguish 

features that people discriminated visually (i.e., in cells classified as ramified versus 

bushy from uncompromised rat brain).  In addition, these researchers found that 

supplementary measures, such as the ratio of branch tips to primary processes, were 

superior for describing microglia in some circumstances.   

The mixed results may reflect technical factors, such as with staining, image 

acquisition, or the fractal analysis method, and it is not known if they extend to humans.  

In short, taken as a whole, Soltys et al.’s work supports the idea that the DF’s capability 

to discriminate fine differences in complexity might be useful for detecting subtle 

abnormalities in microglia from humans with and without schizophrenia, but also 

                                                 
‡‡ The dilation DF, based on the Minkowski-Bouligand dimension, is calculated by replacing each pixel in 
an outline with differently sized discs (see Smith, Lange, & Marks (1996) for details).  A dilation macro 
is available for NIH Image from http://rsb.info.nih.gov/nih-image/ 
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suggests the matter is not straightforward—many issues warrant consideration when 

applying fractal analysis to microglia in humans.   

To explore some such issues in this thesis, an analysis method using the box 

counting techniques in FracLac was developed and applied to microglia in various 

scenarios.  The method is based in part on Soltys et al.’s work and another model (for 

fractal analysis of neuronal morphology) developed by Jelinek and Fernandez (1998).  

The next section outlines the techniques developed to extract patterns from digital 

images of microglia, and the sections after it discuss the meaning of the method’s 

results. 

 9.2 PATTERN EXTRACTION 
As Section 6.1.1 noted, binary outlines are the accepted fare for box counting.  

Currently, one can acquire binary outlined images of cells in a number of ways, 

including from camera lucida drawings or scanned images, for instance, but always 

ultimately from microscopes.  In their study, Soltys et al. acquired binary contours of 

microglia using a microscope with an attached digital camera and image processing 

software.  Jelinek and Fernandez used published images of neurons scanned from paper 

journals.  The model developed for this thesis used previously published or donated 

photomicrographs of microglia, acquired primarily as high-resolution coloured digital 

images that were then converted to binary contours. 

Soltys et al.’s method of acquiring digital information from multiple focal planes 

was adapted to two methods for processing still images—one using automatic 

thresholding and one using manual tracing.  For both methods, cells were first located in 

the images, then all cells having their processes apparently completely visible in an 

area, amounting to roughly 20% of visualized cells in most cases but frequently 80% or 

higher, were converted to contours.   

To make contours, colour images were first converted to grey-scale, and 

backgrounds were subtracted using automatic filtering.  Then the resulting images were 

overlaid using automatic image processing functions until all processes were clearly 

visible and any unattached parts, presumed not to belong to the cell of interest, were 

removed.  Using several superimposed layers, remaining pixels were either manually 

traced or thresholded, and then the layers were combined to generate the final binary 

contour.   



Karperien 2004 

9.2 Pattern Extraction 

 117 

Figure 9-1 illustrates the overall progress from an original grey-scale image 

through several stages of processing into a contour.  All processing was done using 

ImageJ/ScionImage, Adobe PhotoShop L.E. (Version 5.0)§§, and a Wacom computer 

graphics tablet.  While this method presumably extracts the information relevant for 

fractal analysis, the final contour is not always recognizable by people as the original 3-

dimensional, coloured or grey-scaled image.  

 

Figure 9-1 Steps in Extracting A Contour Using Automatic Thresholding 

  

9.2.1 PRESERVING INFORMATION 

The validity of images acquired by this method merits comment.  First, this 

section discusses potential bias in extracting patterns; then it considers the relationship 

between the original cell and the final binary pattern, addressing how the extracted 

information relates to the original 3-dimensional structure and to known information 

about microglia.   

9.2.1.i Technical issues: Operator Bias 

Digital imaging technology is rapidly evolving and becoming increasingly 

complex and precise.  Nevertheless, where box counting fractal analysis is concerned, 

image processing is ultimately subjective.  Over and above subjectivity in selecting 

images in the first place, additional subjectivity comes into play in preparing outlines.  

This is relevant even with automated thresholding and contouring methods, which are 

subject to the assumptions of at least the computer programmer (Costa & Cesar 2001).   

                                                 
§§ Adobe Photoshop LE is available commercially; ImageJ, a biological analysis tool for all computer 
platforms, is freely available from the National Institutes of Health (United States government) at 
http://rsb.info.nih.gov/ij/; ScionImage for PCs is freely available from Scion corporation 
http://www.scioncorp.com/ and a dilation macro available from http://rsb.info.nih.gov/nih-image/ (here 
you will also find a Macintosh version of the software). 
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Thus, getting an image to the binary outlined stage invariably involves arbitrary 

decisions about which parts of an image plane and image to include in or exclude from a 

final image.  As might be expected, then, the method developed here requires some on-

the-job-training.  There was a noticeable practice effect, for instance, in that the DBs of 

different contours of the same cell made by one person were sometimes initially widely 

different, then much less different with practice.  For each of three operators acquiring 

contours (the author and two volunteers), roughly the first half-hour of work was 

discarded, but consistency improved after that and was retained on subsequent sessions.  

Figure 9-2 illustrates that there was some variability between operators (e.g., both 

methods depend on removing background so are subjective).  This also lessened with 

training, although it is probably the hardest thing to keep constant, as it is inherently 

subjective.   

 

Figure 9-2 Thresholding vs. Tracing Microglia 

 
 

 

The two methods yield similar values, as Figure 9-2 also shows.  Thresholding 

was usually quicker and insignificantly more reproducible than tracing (i.e., DBs were 

slightly closer amongst thresholded than traced versions of the same cell).  Otherwise, 

although they were not visually identical, in terms of the DB, there was essentially no 

difference between the methods.  No difference means at the 0.01 significance level, 

using a paired t-test for means, f-test for variances, the differences were not significant 

for a random sample of 98 pairs of images (e.g., the mean DB from a single origin box 

count for traced contours was 1.44 and for thresholded was 1.43 for these images).        

In addition to practice, some additional technical savvy is required with this task.  

Sometimes thresholding individual cells is virtually impossible within closely 

intertwined groups of cells, for instance.  In addition, certain image features have to be 

Multiples for each cell were traced by different operators. 

1.456 

1.432 

1.443 1.454 1.472 

1.447 1.449 
Underlined=thresholded 
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compensated for in thresholding.  When tracing, the operator makes a one-pixel wide 

contour directly from the pixels remaining after initial processing; but with 

thresholding, the operator creates a silhouette by converting the remaining pixels to one 

value, and then automatically outlines the silhouette.  Figure 9-3 shows how meaningful 

pixels in the original image are sometimes lost with thresholding (e.g., some brighter 

pixels from portions slightly above other portions of a cell in the image plane) and 

appear as “holes” outlined automatically.  The DB can differ for contours made using 

automatic thresholding with corrections as opposed to without.  This changes (usually 

increases) the DB relative to traced contours, but can be corrected by filling holes before 

taking an automatic contour.  The difference in the DB between corrected and 

uncorrected pictured here is slight, but can vary broadly. 

 

Figure 9-3 Thresholding Issues 

 

Overall, traced images tend to be more recognizable to the human eye as the 

original image, but in the end, since the two corrected methods are statistically identical, 

the thresholding method is probably more practical because it saves time unless the cells 

of interest are close together and separating them is desirable, in which case tracing is 

better. 

9.2.1.ii Three Dimensional Information 

Regardless of how the pattern is extracted, it is always true that acquiring an 

image from a complex 3-dimensional cell, then extracting a binary, 2-dimensional 

contour necessarily loses information.  Contours ignore intracellular or nuclear features, 

for example, despite that, as noted in Section 3.1, a distinguishing feature of microglia is 

that they tend to have relatively large nuclei with distinctive chromatin and scanty 

DB =1.57 DB =1.55 

 
Uncorrected and
thresholded (top)

then outlined
(bottom).

Manually 
corrected and 
thresholded (top) 
then outlined 
(bottom). 
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cytoplasm.  Profiles obscure other structural information, too.  Microglia in all of their 

forms may bear long or short, fine bristles or “fringes”.  Fine, wispy branches and spiny 

membrane protrusions, not readily evident in some images and often lost in contours, 

are overlooked in many studies of microglia, although it is not known if these structures 

are critical tools in the microglial repertoire.  Grosser structural information and depth 

are lost, too.  Membrane ruffles can be lost or obscured in contours, for instance, as can 

much about how a cell cuts out its unique volume within the CNS.   

The importance of such information notwithstanding, in the history of fractal 

analysis of cell contours, such lost detail has not generally been considered an obstacle.  

Fractal analysis theory assumes that objects contained in without completely filling 3-

dimensional space are usually adequately represented by projections into 2-dimensional 

space (e.g., theoretically, a contour of a tree’s branches should hold the same 

information as the tree).  This convention has been widely applied to 2-dimensional 

images of other biological cells and was adopted by Soltys et al. (Fernandez & Jelinek 

2001; Jelinek & Fernandez 1998; Nonnenmacher et al. 1994; Smith, Lange, & Marks 

1996; Takayasu 1990; Vicsek 1992).  A problem exists, however, in that Soltys et al.’s 

images were originally compiled from more than one focal plane, whereas the images 

used here were single digital images.   

Accordingly, the general validity of using published images was assessed in two 

ways.  First, to assess whether the images grossly preserved critical information, 

microglia in the images were measured, and the measurements compared to published 

parameters.  Supporting the assumption that the images were reasonably representative, 

nuclear and somata diameter, cell span, and branch length generally agreed with 

estimates from the published literature.   

Then, to assess the information extracted from 2-dimensional images compared 

to that from multiple focal planes, a small sample of human brain and spinal cord tissue 

was analyzed (Fischer Scientific, Illinois, USA, S10245, S12409; Boreal Scientific, 

USA, 69182-05).  Images were acquired using a Nikon Coolpix 4500 digital camera 

attached to a Nikon E200 microscope at 400-x total magnification (4-x optical 

magnification on the camera; 100-x/oil on the microscope) giving images 2,272 x 1,704 

pixels.  For each area assessed, one contour was made from a single image (emulating 

published digital images) and one was compiled over several focal planes.  Only 

apparently intact cells were selected from the unidentified (Nissl stained) human brain 

and spinal cord cells; images being compared were acquired using the same camera 
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settings (e.g., exposure or white balance)  (Thus, they were comparable amongst 

themselves but not necessarily to published images).  The minimum cover slope-

corrected DB from a 4-origin count with a maximum box size of 45% was assessed 

along with other measures using FracLac. 

Several measures did not differ significantly for the single- and multiple-plane 

contours of a cell, including circularity, measured as the ratio of the perimeter of the 

convex hull enclosing the cell to its area, the size of the area spanned by the cell, and Λ.  

However, although the DB was unaffected for some cells, overall it was slightly but 

significantly lower for one compared to many focal planes.  For contours made from the 

published images of microglia, though, DBs were within the same range, generally, as 

Soltys et al.’s results (2001).   

9.2.1.iii From Live Cell to Binary Pattern: The Verdict 

Thus, to summarize this section, the basic tenets of fractal theory support the 

idea that the information available in digital images of branched cells is an appropriate 

sample for fractal analysis.  Testing shows that information in at least some digital 

images of microglia can be reliably extracted for fractal analysis by the method 

developed here, that the published images used are reasonably representative of what is 

known about microglia, and that contours from a single plane (one digital image) 

provide limited but reasonably representative information compared to contours 

compiled over several planes.  The point that while gross structural features remain 

essentially the same as more information is acquired from several nearby focal planes, 

the depth through which an image is compiled can affect the DB for at least some CNS 

cells raises a question of how much information is required to extract a 2-dimensional 

representation of a cell.  The position adopted here is that, for microglia at least, a single 

focal plane, as from a digital image, is not necessarily comparable to all other samples, 

but is, nonetheless, an adequate sample of the essential pattern being assessed by fractal 

analysis. 

  



DEFINING MICROGLIAL MORPHOLOGY: FORM, FUNCTION, AND FRACTAL DIMENSION 
 

 122 

Chapter 10 MICROGLIA IN SILICO: 

MODELLING WITH MICROMOD 

One can interpret an increasing DF as increasing complexity or increasing 

capacity to fill space, where a DF of 2 generally means an image is so complex or 

detailed that it completely fills the space it is embedded in (Smith, Lange, & Marks 

1996; Takayasu 1990).  For the 2-dimensional binary contours from one image plane 

described in the previous chapter, one can think of a DB as sampling the mean rate of 

change in detail with change in resolution within the upper and lower bounds of an 

image or part of an image assessed.  But how does this information relate to the original 

microglia from which a contour was made?  This chapter discusses that question, 

introducing biological modelling software that can help answer it, then describing and 

discussing what modelling microglia using that software has revealed. 

 10.1 MAKING MICROGLIA 
  This section briefly explains the use of MicroMod to generate computer 

simulations of microglia and considers the validity and limitations of such models. 

10.1.1 MICROMOD IN OVERVIEW 

MicroMod is biological modelling software written by the author to model many 

patterns and structures including microglia.  To simulate biological structures, 

MicroMod employs L-systems principles.  L-systems, introduced by Aristid 

Lindenmayer in 1968, are sets of rules or "grammars" specifying strings of symbols that 

can be interpreted geometrically.  In essence, L-systems start with a sequence of 

symbols and then recursively replace the sequence according to the system's rules.  L-

systems have been used to model plant growth (Prusinkiewicz et al. 1996) and cellular 

interactions.  As illustrated in Figure 10-1, a variety of structures at different levels of 

complexity can be generated using L-systems.  Of note here, many fractals—the 32-

segment contour, for example—can be expressed as L-systems. 
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Figure 10-1 Examples of Structures Modelled in MicroMod Using L-Systems Principles  

 

 

MicroMod can be used to generate models of microglia based on recursive L-

systems principles.  The fundamental algorithm for creating a microglial model 

generates sets of symbols to be rendered on a computer screen.  Various rendering 

options (such as the background colour and whether to watch a structure grow or not) 

can be manipulated, but the important information for each cell is stored in sets of 

symbols.  One set specifies elements of one microglial process, and each point within 

each set specifies the size, shape, colour, and location of a structural element of the 

process.   

Rules are applied recursively to evolve each original skeleton set of a microglial 

process into a more complex structure.  The rules for evolving are determined by the 

user and affect several parameters.  That is, the simplest model is a set of points 

representing straight lines branching into a number of straight lines which themselves 

branch, and so on, but this can be altered using three basic types of features:   

 Scaling features include the rate of acquiring branching 

points and the number of smaller sub-branches that 

sprout at each such branching point.  Another scaling 

feature that must be specified is the ratio of the length of 
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sub-branches to the length of the parent.  Similarly, the 

ratio of the sub-branch's diameter to its parent and, in 

addition to this change in diameter with branching, the 

rate at which to taper a process (if at all) also need to 

specified.   

 Gross structural features that the user manipulates 

include the area and general shape of the soma and the 

number, length, and diameter of primary branches.  

 Directional features that are manipulable include the 

probability of a branch continuing in a direction (related 

to the tortuousness of a process) and the angles sub-

branches make with their parent.   

Several parameters, such as branching rate and tortuousness, can be applied as 

probabilities rather than fixed values when structures are modelled with MicroMod 

(e.g., see Figure 10-2).  Thus, the opportunity exists to generate each cell process as a 

statistically identical but unique structure.  This essentially emulates the case with 

microglia in nature.  Accordingly, to explore variation within a cell or compare cells, 

the user can modify processes of a cell separately or generate whole cells using different 

sets of parameters. 

 

Figure 10-2 Statistical Branching Modelled in MicroMod  

 

 

 

To explore overall features of a class of structures, the user can generate groups 

of statistically identical but unique images from a single set of parameters (see Figure 

10-3).  (Details of MicroMod's algorithms are available in the JavaDoc as described in 

Appendix D). 

Nodes show potential branch points along strands of a 
hypothetical structure.  All strands were generated using 
the same probability of branching.  The nodes on the 
right, generated using a fixed probability, are in identical 
positions on all strands.  The nodes on the left, generated 
in the same way except subject to random variation, are 
not evenly spaced but occur, on average, as frequently as 
the nodes on the right.  The left model is more like real 
microglia. 
 

mean 

exact 



Karperien 2004 

10.1 Making Microglia 

 125 

 

Figure 10-3 Cells are Simulated Based on Parameters from Images of Real 
Microglia 

 

10.1.2 ON THE VALIDITY OF MODELLED MICROGLIA 

To analyze a model, a digital image is generated then converted to a binary 

outline using essentially the same steps as for digital images of real cells.  Microglia in 

all their morphologies can thus be modelled using MicroMod, and simulated cells, 

readily available in large numbers and extremely manipulable, increase the 

opportunities to objectively study morphological changes and random variation in 

microglia.  But the question arises of whether these models, based on limited 

morphological features extracted from images of living cells, adequately portray 

microglial morphology.  MicroMod's computer simulations are limited approximations.  

They directly model only the overt manifestations of a host of changes in many aspects 

of cell structure and function.  The simulations used here only suggest some underlying 

cytoskeletal changes, for instance, and do not directly reflect secretory, migratory, and 

phagocytic activity.  

The question of whether MicroMod's models are valid has been formally 

answered.  In work done as part of this thesis and presented as part of a collaborative 

study (Jelinek et al. 2002), it was shown (using microglia from normal and pathological 

elderly human brain) that real microglial morphology can be modelled with high fidelity 

by modifying branching and other parameters using MicroMod.  Additional testing done 

Models of microglia can be made in 
MicroMod using any combination of 
parameters estimated or measured from 
individual or groups of cells. 

MicroMod models of resting microglia generated from one set of parameters based on the above. 

Ramified rat microglia revealed using 
Bandeiiraea simplicifolia lectin histochemistry. 
Reproduced from images published in 
Abraham & Lazar (2000, p. 69) 
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as part of this thesis, using microglia from various species and revealed using various 

protocols, has added further support to the conclusion that microglial morphology can 

be meaningfully modelled using MicroMod (e.g., see Figure 10-4). 

   

 

Figure 10-4 Real and Simulated Activated Microglia 

 
 

 10.2 FRACTAL ANALYSIS IN SILICO 
Cells made using MicroMod were used here to explore the correspondence 

between the original rules specifying morphological features and their measurement as 

reflected in the DB and Λ for simulated microglia.  This section looks at practical results 

for simulated cells for the DB, Λ, and multifractality. 

10.2.1 MODELLING AND THE DB AND Λ 

Effects on the DB and Λ of changing the main types of parameters that are 

manipulable in MicroMod—as listed earlier, scaling features, gross structural features, 

and directional features—were assessed.  Sets of cells were modelled starting from the 

basic set of values and probabilities defining the resting cells that were shown in Figure 

10-3 on page 125, where the values used for each parameter were restricted to a 

plausible range based on real cells and all processes in a cell were generated using the 

same set of parameters.  
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10.2.2 SCALING FEATURES                                  

 Manipulating scaling features of the models in a manner consistent with fractal 

changes yielded generally predictable results.  Figure 10-5 shows, for instance, that the 

DB changed as would be expected for a fractal pattern when the length of sub-branches 

relative to the parent branch was changed but the number of sprouts remained the same.  

Similarly predictable results were obtained for manipulating the scale of sub to parent 

branch diameter and the number of new branches per branch.  A practical point that 

emerged was that changing the scaling of sub-branch diameter had no effect on either 

the DB or Λ for models with narrow branches, owing to the finite limit on the smallest 

possible diameter of a branch.  For models with larger starting diameters, however, the 

ratio of sub-branch to parent diameter affected the DB. 

 

 Figure 10-5 Effect of Scale Factor for Branch Length on the DB and Λ for Models 
of Branched Microglia 

 

 

10.2.3 GROSS STRUCTURAL FEATURES 

10.2.3.i Soma size and shape 

The size and shape of the modelled soma were also manipulated in keeping with 

changes affecting real microglia (e.g., the soma area was enlarged and elongated to a 

greater or lesser extent).  Such manipulations had small or essentially no effect on the 
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DB, but a more noticeable effect on Λ, where in general models with larger and more 

elongated somata had lower values for Λ.  

10.2.3.ii Diameter of primary branches 

 A parameter that more consistently affected the DB and Λ was primary branch 

diameter.  Cells differing only in branch diameter were modelled to emulate process 

swelling in isolation from other changes—i.e., only the diameter of primary branches 

(measured where they leave the soma then allowed to taper according to a fixed rate) 

was manipulated.  Both the DB and Λ were affected by changing this feature, but there 

were some interesting differences in the effects.  For the cells represented in Figure 

10-6, for instance, as long as branch diameter remained relatively narrow compared to 

soma span, the DB rose slightly as branch diameter increased.  As branch diameter 

continued to increase, however, although the fundamental level of complexity put into 

the models did not change, owing to crowding of "swollen" processes, some detail 

disappeared from the final binary patterns extracted from the images.  In contrast, Λ 

decreased without increasing as branch diameter increased, and the effect was more 

noticeable at smaller diameters than it was for the DB. 

 

Figure 10-6 Effect of Branch Diameter on the DB and Λ for Simulated Microglia  

 

N=800 simulated microglia (200 per group); relative soma size = 20 x 50 (polygonal); 4 primary 
branches per cell 
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10.2.3.iii Length of primary branches  

 The overall length of primary branches also affected the DB and Λ.  Figure 10-7 

shows that the DB mainly decreased as the length of primary processes decreased, as 

when microglia withdraw their processes in response to noxious stimuli in their 

environment, for example.  This change in the DB with a change in length is a practical 

reflection of the extent to which primary branches were allowed to grow and elaborate 

on models.  It is analogous to apparently low complexity in graphically represented 

fractals iterated few times.     

 

Figure 10-7 Effect of Branch Length on the DB and Λ and Correlations Between 
the DB and Λ for 3 Models at 3 Branch Diameters  

 

 

 Interestingly, the trends for Λ were somewhat different, essentially reversing the 

disparity between the DB and Λ that was found when primary branch diameter was 

manipulated (see previous paragraph).  Figure 10-8 (page 130) shows that the DB and Λ 

were strongly positively correlated for models with wider branches, but not as strongly 

for models having narrower branches.  Although Λ decreased overall with decreasing 

primary process length, it initially increased for smaller branch diameters (i.e., models 

resembling resting more than activated cells).   

 

 

 

N=2,400 models (200 per group); relative soma size = 20 x 50 (polygonal); 4 primary branches per 
cell 
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Figure 10-8 Effect of Branch Length on the DB and Λ and Correlations Between 
the DB and Λ for 3 Models at 3 Branch Diameters  

 

10.2.3.iv Number of primary branches 

 Both the DB and Λ were affected by changing the number of primary branches 

on a model, as can be seen for models of resting cells in Figure 10-9.  Whereas 

changing the number of branches that are statistically identical but oriented differently 

in space is likely to affect heterogeneity, strictly speaking, from a fractal perspective, 

changing the number of identical displays of a pattern should not affect the DB.  In the 

case of patterns extracted from graphically displayed models of microglia, however, this 

may be comparable to a trend described earlier with respect to small DLAs (see page 

106), which yield DBs below theoretical unless enough particles are aggregated.  This 

may indicate that branching per se is less important than the overall complexity of 

microglia and their models.  

 

Figure 10-9 Effect of Number of Branches on the DB and Λ for Models of Resting 
Cells  
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10.2.4 DIRECTIONAL FEATURES 

10.2.4.i Tortuousness  

For known fractal patterns, the DB for curved branching patterns generally 

deviates more from theoretical than for straight patterns.  Illustrating this, for branched 

structures such as those shown in Figure 7-1 on page 95, the DB strayed ~5.0% for 

curved but 0.5-3.0% for straight structures.  This was also the case with simulated 

microglia, for which the angle of tortuousness affected the DB and Λ (the latter more 

than the former).  In essence, when all other features were kept the same, models with 

curled rather than sprawled processes (e.g., see Figure 10-10) had higher DB and lower 

Λ values. 

 

 

Figure 10-10 Effect of Tortuousness on the DB and Λ for Branched Models of 
Microglia 

 

10.2.5 MULTIFRACTALITY IN SILICO 

Multifractal scaling of microglial models was also considered.  For the most 

part, models generated using the same parameters for all branches did not scale as 

multifractals.  Models made with disparate processes, in contrast, were more likely to 

yield typical multifractal spectra and show variation in the local dimension.  

y = -6.1082x + 8.7631

R2 = 0.9979

0.3

0.6

0.9

1.2

1 1.2 1.4DB

 Λ

The DB and Λ were 
strongly negatively 
correlated for groups 
of models differing 
only in how tightly they 
curled. 
The models 
represented here were 
generated using the 
same parameters 
including the 
probability of twisting 
but a twist angle of 12 
for the top and 50 for 
the bottom structure. 
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 10.3 DISCUSSION 
This chapter has described a way that microglial morphology can be modelled to 

gain insight into the complexity of these cells.  As was explained in earlier chapters, 

microglial activation involves several changes, including in multiple morphological 

features.  In the work cited earlier using MicroMod to model microglia (Jelinek et al. 

2002), it was shown that the progression from ramified to activated (i.e., 

nonpathological to pathological) in microglia can be accurately modelled by 

progressively changing in populations of models a few essential parameters.  The 

present chapter looked in detail at how manipulating individual parameters can affect 

models of microglia and subsequently measures of the DB and Λ.   

The results show that various factors influenced the DB and Λ of simulated 

microglia.  As a measure of complexity, fractal analysis presumably measures changes 

in membrane detail and branching characteristics of microglial processes.  The 

assumption that the DB measures membrane detail can be understood with respect to the 

fractal contours that were introduced earlier in this thesis.  Membrane detail in a 

microglial cell can be described in terms of fringes, ruffling and phagocytic activity, cell 

motility, and changes along the membrane of branches.  Such detail is analogous to the 

detail in fractal contours (such as in the 32-segment quadric contour introduced earlier 

in Figure 5-2 on page 67) which, as already noted, box counting is sensitive to.  Box 

counting is also sensitive to branching per se.  That is, microglial complexity can also 

be described in terms of branching hierarchies as in trees or rivers, or as noted earlier, 

DLAs.   

For perfect patterns extracted from perfect theoretical models, the DB measures 

fundamental complexity and Λ measures heterogeneity.  That box counting can measure 

changes in detail attributable to changes in branching was already noted for some 

computer simulated branching structures (see Figure 7-1 on page 95).  For those simple 

figures, it was assumed that the only information of interest was the ratio of scale and 

new parts.  The relationship between the DB and branching in natural structures is not 

always straightforward, however.  From flow patterns (e.g., rivers) to neurons, 

branching structures that have been studied using fractal analysis have been considered 

by comparing the lengths, diameters, volumes, and numbers of parts in different ways.  

Different paradigms look at the ability of structures to integrate information over space 

and time or seek maximum flow or an energetically favourable state, for instance.    
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As was shown here, despite that a microglial model's inherent complexity is 

specified by known recursively applied rules, an extracted pattern may not necessarily 

convey this fundamental pattern's original information fully and without distortion.  In 

real cells, the underlying mechanisms of morphological transformation are also not 

necessarily conveyed in the DB extracted from real contexts.  Microglial morphology 

could also have been modelling from a different perspective, focussing on details of 

cytoskeletal or other changes, for instance.  But the position taken here is that microglia 

are biological structures we hope to understand and assess ultimately in their natural 

environs.  A fractal analysis that can be used in this way has practical advantages over 

assessment of uncomplicated theoretical models, and modelling, as was shown here, 

helps bridge our knowledge of practical influences on the DB.     

 10.4 CONCLUSION 
In conclusion, based on results using simulated microglia, this chapter has 

revealed some noteworthy practical considerations for interpreting box-counting 

analyses of real microglia.  To summarize, the simulations and analyses described in 

this chapter support the notion that the DB and Λ can be used to measure the types of 

graded changes in microglial morphology typically associated with activation, but that, 

from a practical perspective, when applied to real cells, they will measure at once a 

composite of change in several features.  Because of the considerable morphological 

variation attributable to not only activation but also the space microglia occupy and the 

orientation they assume at any point in time, variation is predictable when finding DBs 

even for cells in equivalent activation states having essentially the same branching 

ratios.  In addition, the models studied here suggest that microglia possessing disparate 

parts may pose a special case of multifractal or nonuniform scaling that deserves further 

consideration in studies of real cells. 
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Chapter 11 PILOT WORK: EXPLORING THE 

DB FOR REAL MICROGLIA 

Three topics were explored to discover what box counting techniques might 

unearth about real microglia.  This section discusses 1) how various measures of 

microglia are related, 2) how the DB and Λ describe different groups and levels of 

activation of microglia, and 3) how a multifractal analysis can be used to describe 

microglia.  

11.1.1 MEASURES USED IN INVESTIGATIONS 

In addition to box counting measures described previously in this document, 

image features and cell size and shape were measured for each contour.  Several 

measures were based on the convex hull enclosing a contour (see Figure 11-1).  All of 

the measures that were used are listed and described below.  These measures are used in 

all of the investigations that follow in this thesis. 

 

Figure 11-1 Convex Hull and Related Measures 

 

 

Box counting 

1. DB as the minimum cover slope-corrected DB from a 4-

origin count with a maximum box size of 45% of the 

pixelated part of the image containing a contour and  

2. Λ as lacunarity from the CV2 for pixels per box. 

 

Circ 
 (circle =1.00) 

0.76 0.78 

Span Ratio 1.99 1.26 

For each contour, a 
convex hull 
(magenta) was made 
from which various 
measures were 
taken, including 
circularity and the 
span ratio.   
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Image features 

3. Pixels as the total foreground pixels in the contour and  

4. Density as the total foreground pixels divided by the area 

of the convex hull in pixels. 

Relative cell size 

5. Span as the greatest distance across a cell measured as the 

largest diameter through the convex hull enclosing the cell 

(i.e., the longest line connecting two contour points of the 

convex hull) measured in pixels and 

6. Area as the area of the convex hull measured in square 

pixels.  

Cell shape 

7. Circularity (circ) as the ratio of the hull’s perimeter to its 

area and 

8. Span ratio as a measure of elongation, the ratio of the 

longest axis through the ellipse fitted to the convex hull to 

its orthogonal axis. 

11.1.2 CORRELATIONS BETWEEN FRACTAL AND OTHER MEASURES 

How the DB correlates with various measures was investigated for a mixed 

sample of microglia from various sources and for groups of cells from single sources.  

As Table 11-1 below outlines, for 78 randomly selected microglia from a variety of 

sources, the DB was moderately positively correlated with pixels and Λ, and weakly 

correlated with some other measures, but not highly correlated with any measure.  Λ 

was more strongly correlated with pixels, and was also moderately correlated with area 

and span, but was not strongly correlated with any measure.  Similar results were 

obtained when microglia from single sources were assessed.  For the sample of cells 

from a human white matter lesion listed in the table, for instance, the DB was generally 

moderately positively correlated with the number of pixels and lacunarity, but not 

highly correlated with any measure (Tomimoto et al. 1996a).    
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Table 11-1 Correlations for the DB and Λ for Mixed Sources of Microglia 

Morphological 
Feature 

DB  Λ 
r p («=<0.01; ««=<0.001)  r p 

78 Microglia from Different Sources (degrees of freedom=76) 

Pixels 0.58 «  0.62 «« 

Density  0.03 NS 0.82  -0.24 0.04 

Circ 0.38 ««  0.04 NS 0.71 

Span Ratio -0.20 NS 0.08  -0.21 NS 0.07 

Area 0.33 ««  0.59 «« 

Span 0.32 ««  0.57 «« 

Λ 0.57 ««  - - 

20 Microglia from a Human White Matter Lesion (degrees of freedom=18) 

Pixels 0.76 ««  0.73 «« 

Density  0.56 «  0.11 NS 0.64 

Circ 0.08 NS 0.73  -0.27 NS 0.25 

Span Ratio -0.05 NS 0.84  -0.07 NS 0.77 

Area 0.58 0.01  0.70 « 

Span 0.54 0.01  0.74 «« 

Λ 0.71 ««  - - 

      

11.1.3 MORPHOMETRICS AND ACTIVATION STATE 

How box-counting techniques describe groups of cells was also explored.  For 

the most part, ranking cells in a mixed sample by the DB generally corresponded to 

visual rankings of activation.  However, cultured cells differed from cells in tissue, and 

some ramified cultured cells in particular were generally out of order in the ranking, 

being less complex than other ramified cells.  The correspondence between the DB and 

perceptions of activation was better when cells were ranked as homogeneous groups 

(e.g., from the same species or staining protocol) and grouping in this way suggested 

some basic principles about the correspondence between the DB and activation state. 

Figure 11-2 on page 137, for instance, while not a complete representation, generally 

quantitates the complexity of the unactivated microglia from part of normal (i.e., 

nonpathological) human CNS.  The silhouettes illustrate that the complexity of 

unactivated microglia as revealed in normal human medulla oblongata is somewhat 
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variable (note that these five cells were revealed using different markers, and details of 

the subjects, such as age and gender, were not available). 

   

Figure 11-2 The DB Varies in Normal Human CNS 

 

 

The DB ranked complexity of microglial form, roughly corresponding to visual 

rankings of the activation state of microglia for several samples of cells.  As shown in 

Figure 11-3 (below), arranging activated rat microglia by the DB generally corresponded 

to visual perceptions of activation.  The higher fractal dimension at the right of the 

figure, for instance, indicates greater complexity compared to the left, in a spectrum 

generally corresponding to a visual and presumably functional trend from cells that are 

reactive on the left to ramified on the right.   

 

Figure 11-3 The DB Ranks Complexity in Activated Rat Striatum  

 

 

CD68 

DB =1.31 

DB =1.34 

MHC-II 

LCF 

DB =1.25 

AIF-1 

MHC-II 

The five cells shown here were revealed using different markers, and details of the subjects, 
such as age and gender, are unknown.  Contours from original images in Mittelbronn et al. 
(2001); no known pathology; monoclonal antibodies against MHC-II HLA-DR;CD68; 
leucocyte chemotactic factor for CD4 (LCF); allograft antiinflammatory factor-1 (AIF-1). 

Images from high-resolution photomicrograph in Canudas et al. (2000); male rats; 
parkinsonism-causing 1-methyl-4-phenylpyridinium injection into substantia nigra (microglia 
from ipsilateral striatum); OX-42 staining.  (Note that an analysis using 1 origin ranked some 
cells slightly differently) 
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Similar results were found for a sample of microglia from human CNS.  Figure 

11-4 illustrates, for microglia immunostained for HLA-DR and generally considered to 

be activated, the DB extending beyond the range for normal cells.  The example shows 

the DB for microglia within a human white matter lesion (noted in Table 11-1 earlier).  

The range is spread out with some clustering of morphological features, typical of 

microglial responses to noxious stimuli.  The array above, showing rodent microglia 

responding to a noxious injection, spread over a similar range.     

 

Figure 11-4 Distribution of Complexity of Microglial Form in Lesioned, Aged 
Human Brain Is Probably Broader Than In Normal Brain 

 

 

The images in Figure 11-5 (page 139), another visual aid showing what the DB 

measures, come from human spinal cord, showing microglia from people who died 10 

days or 4 months after spinal cord injury.  That array cannot necessarily be generalized 

and does not necessarily characterize all spinal cord injury (e.g., it is comprised of 

selected rather than randomly sampled microglia and lacks control images).  Its analysis 

has some use, however, in that as a whole, the array compartmentalizes according to 

features of injury.   

 

 

 

1.12 

 1.38 1.36 1.34 1.32 1.30 1.28 1.26 

1.50 1.48 1.46 1.44 1.42 1.40 

 ~75 yrs; gender unknown; lesion, other pathology 
unknown; antibodies to HLA-DR; white matter near 
anterior caudate.  
 

From Tomimoto et al. 1996 
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Figure 11-5 Complexity Changes After Injury in Human Spinal Cord 

 

 

Such compartmentalization suggests that the DB stays mainly within different 

ranges for control, acute, and chronic responses to injury in spinal cord.  The DB, thus, 

may be a useful tool for monitoring and quantifying different stages of an ongoing 

response.  The trend in the figure could also reflect differences in the source images, 

although the point that the values for 10 days after injury (bottom of the figure) cluster 

together despite that they came from different sources at different magnifications argues 

against differences in the DB being attributable to differences in the images.  

11.1.3.i Other Morphometrics 

Cells were also ranked using other measures.  For most samples, a 

correspondence with activation state was not apparent when cells were ranked using 

circularity, pixels, or density.  For some samples, ranking by size corresponded well 

with obvious changes in activation state.  Ranking cells by Λ corresponded in some 

cases to visual rankings of activation, but less closely than by the DB.  Ranking by Λ 

corresponded well with visual impressions of the changing relationship of process 

length relative to soma size, though, and combining Λ and the DB separated cells with 

very close DBs, as Figure 11-6 demonstrates.  Similar to what was noted for theoretical 

images, Λ was moderately correlated with the DB, but distinguished cells having 

LCA in grey; 
MHC-II with 
CD68 in white 
matter.  Note 
that the 
microglia were 
perineuronal in 
grey matter but 
not in white.  
From 
photomicrograph
s published in 
Schmitt et al. 
(2000) Blue dotted 
line is lower 
magnification, blue 
solid is higher 
(thresholded). 
 

Control, gray matterControl, gray matterControl, gray matterControl, gray matter
4 months after injury, white matter4 months after injury, white matter4 months after injury, white matter4 months after injury, white matter4 months after injury, white matter4 months after injury, white matter

1.22 1.26 1.30 1.34 1.38 1.42 1.461.22 1.26 1.30 1.34 1.38 1.42 1.46

10 days after injury, gray matter10 days after injury, gray matter10 days after injury, gray matter10 days after injury, gray matter
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overlapping DBs (e.g., the arrows identify columns and rows of cells having similar 

measures on one scale but not the other).   

 

Figure 11-6 Lacunarity and the DB for Microglia from Pathological Rat and 
Human CNS 

 

 11.2 MULTIFRACTAL MEASURES 
Preliminary multifractal analyses were equivocal.  Some microglia showed 

somewhat variable and slightly decreasing DQ vs. Q spectra, scaling as 

“pseudomultifractals”, but none showed strictly typical multifractal spectra.  For the 

pseudomultifractals, there was less variation than is generally found with typical 

multifractals.  Similarly, the f(α) spectra were not all clearly converging as with typical 

mono- and non-fractals, and the sliding box lacunarity plots were nontypical.  Yet both 

were also not clearly classifiable as typical multifractals.  Interestingly, many of these 

non-standard measures resembled plots from small DLAs (see page 106) having low 

numbers of pixels to be comparable to the microglia images.  These models had DBs 

lower than theoretical and generally in the same range as microglia, and non-typical 

multifractal spectra and sliding box lacunarity plots resembling those of the microglia. 

Microglia from Figure 11-3 and Figure 11-4.  The minimum and maximum DB for each group are 
purple; the minimum and maximum Λ blue.

0.15 
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 11.3 ASSESSING PATTERNS FROM MICROGLIA USING 

FRACLAC IS PROMISING 
In conclusion, although this thesis has argued that microglial morphology is 

difficult to define and quantify, this pilot work suggested that fractal analysis provides a 

novel and objective way of measuring microglial morphology.  At the early stages of 

fractal analysis, inasmuch as box counting algorithms usually count but do not process 

pixels, considerable onus rests with the investigator to ensure that all and only the pixels 

of interest will be counted in each image analyzed.  The results suggest box-counting 

fractal measures are not redundant with pixel density or other image features, and 

supplement rather than replace some conventional measures of microglial morphology.  

The arrays presented in this chapter are not necessarily comparable, because of potential 

confounders such as species, age, gender, and sample size, and lack control images.  

Nonetheless, together they suggest that fractal analysis can usefully quantitate 

differences in microglial morphology.  This survey also suggested that Λ can serve as a 

useful additional index along with the DB, and that some microglia might be considered 

to scale as pseudo-multifractals.  In sum, this preliminary work suggests that these 

techniques may help with the problem of describing and quantifying microglial 

morphology in health and disease, but considering the small samples analyzed and the 

practical issues affecting fractal analysis, the merits and limitations of this work and the 

roles of supplementary methods need to be established.  These matters are explored in 

more detail in the formal investigations reported in the next chapters. 

  



DEFINING MICROGLIAL MORPHOLOGY: FORM, FUNCTION, AND FRACTAL DIMENSION 
 

 142 

Chapter 12 INVESTIGATION I: FRACTAL 

ANALYSIS OF MICROGLIAL ACTIVATION 

 12.1 ABSTRACT 
This investigation examined the usefulness of box counting fractal analysis for 

quantitating categories of microglia.  It analyzed 277 microglia from multiple sources, 

classified using a four-category system and a three-category system.  Measures of size 

and shape were less sensitive to differences in microglial morphology than measures of 

complexity and visual texture, where the DB was superior to Λ in detecting the subtlest 

changes.  This investigation further showed that the DB and Λ are more effective using a 

four-category system, suggesting that classifying microglia using a three-category 

system ignores important differences in complexity.  

 12.2 BACKGROUND 
The morphological changes microglia undergo have been generalized in the 

literature, with some exceptions.  One is that microglia grown in the laboratory are 

virtually always acknowledged as appearing noticeably different from those found in 

tissue.  Another is that changes in microglial morphology are described as fundamental 

albeit occurring in the context of the species, age, gender, nutritional status, etc., of the 

organism the microglia originally come from.   

Inasmuch as all microglia transform through essentially the same process from 

resting to intermediately activated to fully reactive, these changes are generally 

described as corresponding to unquantified morphological categories.  It is proposed 

here that the fundamental changes in microglial morphology associated with microglial 

activation can be quantified by fractal analysis.  The testable proposition is that the DB 

for cells in each category in a standard classification scheme will be systematically 

different from cells in the neighbouring category regardless of the source of and 

protocol used to reveal microglia.  In addition, how the DB relates to other measures, 

how these measures describe activation-related morphological features, and whether 

some categories of microglia are more likely to scale as multifractals are also 

investigated. 
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 12.3 MATERIALS AND METHOD 
19 groups of images showing a variety of microglial morphologies were tested.  

Cells were classified into one of four categories, then all cells for which contours could 

be traced (N=277) were converted to contours ranging from 38 x 12 pixels to 1,184 x 

1,139 pixels, and were analyzed using FracLac.   

12.3.1 CRITERIA FOR MORPHOLOGICAL CATEGORIES 

The categories, reproduced here from, page 62, are outlined below.  These were 

used throughout all of the investigations reported here except where noted. 

1.  Ramified microglia (Ram) in tissue have small, round or oval cell bodies, 

relatively big nuclei, small volumes of perinuclear cytoplasm, with usually multiple 

highly (at least) secondarily branched, fine processes, relatively long with respect to the 

cell body; in culture, processes are more like filopodia, having expanded ends and often 

being very fine and difficult to detect.   

2. Hypertrophic microglia (Hyp) have larger, frequently elongated cell bodies, 

significantly thicker primary processes, retracting secondary processes, and generally 

greater staining (e.g., with lectins) than ramified cells;  

3. Bushy microglia (Bush) have numerous usually shorter, thicker processes 

having different diameters, arranged in thick bundles around swollen (i.e., usually 

larger) somata, but are distinguishable from hypertrophic microglia because of 

substantial shrinking of the total span of their processes;  

2/3. Intermediate microglia (Int) combined hyp and bush; and 

4.  Reactive/activated/amoeboid microglia (Act) usually show no long, fine 

processes as are found on ramified microglia, have no to few relatively short, thick 

extensions, sometimes a fringe-like or ruffled covering, with a relatively very large 

round to variably shaped cell body often loaded with debris. 

12.3.2 PAIRING 

To make pairs, a cell of each category was randomly selected then paired blindly 

and randomly to a cell in a different category within the same area.  Thus, the pairs were 

matched but the groups unsorted with respect to species, brain region, staining, gender, 

nutritional status, image size, magnification, or any other factor.  Because the relative 
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proportions of different morphological types differed with each image, the numbers of 

pairs in each grouping of matched categories differed.  Examples of paired microglia, 

after being converted to contours, are shown in Figure 12-1.  

 

Figure 12-1 Contours of Categorized and Paired Microglia 

 

12.3.3 STATISTICAL ANALYSIS 

Because variability in morphology attributable to sources other than the level of 

activation was likely to obscure the relationship being tested, paired t-tests, effective in 

removing effects of irrelevant individual differences and sensitive to small changes, 

were used to test the cells.  A significance level (α) of 0.05 was used in all the tests.  

The null hypothesis (H0), μd=0, stated that for various measures, if each category is not 

different from its neighbour, the mean difference will be 0 between pairs of cells 

matched with cells of the neighbouring category regardless of the source of and protocol 

used to reveal microglia.  The alternate hypothesis (Ha), μd≠0, stated that if each 

category is systematically correlated with its neighbour, matched cells in neighbouring 

classes will have systematically different measures.  The rule applied was that if the 

computed t-test value (t) for differences between paired observations exceeds the 

calculated critical t, the null hypothesis should be rejected and the alternate accepted. 

Ram-
Hyp 

Hyp-
Bush 

Bush-
Act
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Multifractal analysis: In keeping with results from known multifractals, cells 

were assumed to scale as multifractals if they had a negative DQ vs. Q slope 

over -20<Q<20, with an r2 >=0.80, and a typical f(α) multifractal spectrum.  Then, 

proportions of cells scaling as multifractals in each category were compared using z-

tests for proportions. 

 12.4 RESULTS 

12.4.1 CORRELATIONS 

As listed in Table 12-1, the DB and Λ were strongly positively correlated with 

each other.  In addition, both were moderately positively correlated with the number of 

foreground pixels.  The DB was not significantly correlated with the relative number of 

pixels per area or density (power=100%), however, although Λ was weakly but 

significantly negatively correlated with density.   

 

Table 12-1 Correlations for 277 Microglia from Mixed Sources 
(275 degrees of freedom; power for correlation>0.30=99%) 
  DB    Λ 

 r p  r p 

Pixels 0.50 ««  0.54 «« 

Density -0.39 NS 0.70  -0.26 «« 

Circ 0.18 «  -0.00 NS 0.93 

Span Ratio -0.21 «  -0.18 «« 

Area 0.23 ««  0.36 «« 

Span 0.33 ««  0.51 «« 

Λ 0.60 ««  - - 

 
 

Some relationships amongst morphological measures were not the same when 

microglia were considered in individual categories, though.  The DB and Λ were 

strongly positively correlated only for the most reactive cells, for instance.  Thus, as 

indicated in Table 12-2, the measures were generally reasonably independent of each 

other. 
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Table 12-2 Strength of Correlations by Category for 277 Microglia from Mixed 
Sources 

(for p>0.05:  W≤0.33<M≤0.66<S≤1.00)
Type and Number Ram 59 Hyp 73 Bush 95 Act 50 Int 82 

DB 
Pixels M M M M M 

Density -W NS NS -M NS 

Circ M M W NS M 

Span Ratio -W NS -W NS -W 

Area NS W NS NS NS 

Span NS NS NS M NS 

Λ M W W S W 

Λ 
Pixels M M M S M 

Density -M -W -M -M -M 

Circ NS NS NS NS NS 

Span Ratio -W -W -W NS -W 

Area M W W M M 

Span M NS M M M 

12.4.2 DIFFERENCES BETWEEN CATEGORIES  

 Despite variability in these heterogeneous samples, fractal analysis consistently 

differentiated most classes of microglia.  As shown in Table 12-3 below, for the four-

category system, the mean DB distinguished all categories.  Using the three categories of 

resting/ramified, intermediate, and activated, however, it did not distinguish 

intermediate from resting cells (p from paired t-test for 33 pairs = 0.43, power=93 %).    

 

Table 12-3 DB for Microglia from Combined Species, Staining, and Brain Area 
Classified Using 4 Categories  
Types  Ram vs. Hyp Hyp vs. Bush Bush vs. Act 
Mean DB  1.38 1.45 1.42 1.35 1.35 1.20 

p-value  0.03 « «« 
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Further, as summarized in Table 12-4, while some other measures were 

significantly different between some categories, only the DB consistently and 

significantly distinguished categories.   

 
Table 12-4  Means and p-values for Paired t-tests for Microglia from Combined 
Species, Staining, and Brain Area 

 DB Λ Density Pixels 
Area (x 
103 pixels2) Circ 

Span 
(pixels) 

Span 
Ratio 

Hyp vs.  
Ram 

1.45 

1.38 

0.47 

0.45 

0.11 

0.10 

3810 

3579 

47 

67 

0.85 

0.81 

302 

360 

1.22 

1.37 

p 0.03 NS 0.55 NS 0.59 NS 0.45 NS 0.22 NS 0.28 NS 0.40 « 

Bush vs.  
Ram 

1.34 

1.41 

0.47 

0.41 

0.07 

0.09 

2355 

3914 

42 

64 

0.81 

0.81 

306 

342 

1.32 

1.40 

p « NS 0.12 NS 0.17 NS 0.11 NS 0.35 NS 0.95 NS 0.45 NS 0.47

Hyp vs.  
Bush 

1.42 

1.35 

0.43 

0.40 

0.08 

0.08 

4683 

4080 

115 

141 

0.82 

0.82 

422 

429 

1.40 

1.36 

p « NS 0.17 NS 0.82 NS 0.45 NS 0.38 NS 0.96 NS 0.91 NS 0.78

Act vs.  
Ram 

1.18 

1.39 

0.27 

0.46 

0.16 

0.08 

304 

4051 

3 

76 

0.85 

0.81 

71 

403 

1.29 

1.38 

p « « 0.03 « 0.02 NS 0.22 0.01 NS 0.32

Act vs.  
Hyp 

1.18 

1.44 

0.27 

0.46 

0.16 

0.11 

304 

3251 

3 

45 

0.85 

0.84 

71 

295 

1.29 

1.22 

p «« «« NS 0.08 «« 0.02 NS 0.88 « NS 0.39

Act vs.  
Bush 

1.20 

1.35 

0.27 

0.38 

0.21 

0.22 

234 

632 

2 

6 

0.84 

0.81 

57 

92 

1.31 

1.32 

p «« «« NS 0.67 « NS 0.13 NS 0.45 0.02 NS 0.93

Int vs.  
Ram 

1.37 

1.38 

0.42 

0.43 

0.14 

0.13 

2114 

3025 

33 

49 

0.78 

0.80 

234 

277 

1.41 

1.43 

p NS 0.43 NS 0.53 NS 0.31 0.04 NS 0.10 NS 0.51 NS 0.09 NS 0.79

Act vs.  
Int 

1.18 

1.35 

0.27 

0.39 

0.16 

0.13 

304 

1426 

3 

17 

0.85 

0.81 

71 

179 

1.29 

1.36 

p « « NS 0.47 0.02 0.04 NS 0.35 0.02 NS 0.46
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 12.5 MULTIFRACTAL ANALYSIS 
For a multifractal analysis, 10% of the cells showed some sign of scaling as 

multifractals (i.e., had negative DQ vs. Q slopes), but only 5% scaled as typical 

multifractals with an r2 >0.80 (see Figure 12-2).   

 

 Figure 12-2 Multifractal Spectra for a Ramified Microglia 

 

 

For the few microglia that scaled as multifractals, the resemblance to typical 

multifractal spectra varied.  The figure above illustrates a typically multifractal 

spectrum obtained from a cell having one long process and one short, stout one.  For 

this cell, clear differences in the DB were evident on scanning for local variation.  Such 

typically multifractal scaling was rare, however, most cells having flatter DQ vs. Q 

graphs and more peaked, converging f(α) graphs.  In the 5%, of cells scaling as typical 

multifractals, the only group that had a significantly different proportion from the 

population as a whole was ramified cells—12% of ramified cells scaled as multifractals, 

5% of hypertrophied, 3% of bushy, and 1% of reactive (4% of intermediate).  

 12.6 DISCUSSION 
Overall, the findings in this investigation were of three types, including 

information about: 1) correlations amongst the DB, Λ, and other measures of microglial 

morphology, 2) differences in morphological categories revealed using these measures, 

and 3) differences revealed using multifractal analysis.   

First, some measures were correlated to varying degrees, where, in general, 

relationships amongst measures depended on the category under consideration.  The DB 

was strongly positively correlated with Λ for the 277 microglia, for instance, but the 

association was strong only for reactive cells (it was moderate with ramified cells, and 

weak with intermediate, hypertrophied, and bushy cells).  In addition, circularity was 
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weakly to moderately correlated with the DB for all but reactive cells.  The DB was also 

correlated with some measures of cell size for some categories, but only weakly or not 

significantly correlated with the relative measure of pixel density.  Λ was more 

consistently affected by both absolute image size and pixel density. 

 The second general finding was that fractal measures corresponded well to 

function-related cell categories.  The DB, was a useful descriptor, and despite the many 

correlations noted above, was not redundant with any other measure.  For the four-

category system, differences in the DB differentiated cells in the same way that people 

classify them.  For a three-category system, it differentiated the intermediate from the 

most reactive but not the resting from the intermediate class.   

Λ was a moderate index, somewhat less useful.  Using both four and three 

categories, Λ was useful for distinguishing reactive cells from all of the other 

categories, but not other cells.  The number of foreground pixels was also a moderate 

indicator of activation state, inasmuch as it distinguished reactive from all other 

categories although no others in the four-category system.  This measure also 

distinguished all three categories in the three-category system.  Other than pixels, in 

general, the measures that assessed the relative and absolute size and shape of the 

expanse of a cell used here were limited.  Such measures distinguished some categories 

but none consistently distinguished all categories in either the three- or the four-

category system. 

The third general finding was about multifractal scaling of microglia.  Overall, 

the multifractal analysis suggested that the number of cells scaling as multifractals is 

relatively small, with significantly more ramified cells scaling as multifractals than cells 

in any other category.  As was noted in the previous chapter, most of the multifractal 

scaling that was found was not typical of most multifractals.  Owing to the small 

number of cells that scaled as multifractals, the meaning of this feature is difficult to 

determine. 

The results of this investigation should be generalizable, because although the 

collection of microglia is itself a convenience sampling of microglial morphology that is 

further subject to selection bias (i.e., nonrandomness as a result of preselection of 

images for publication), the samples were randomly selected from the original 

collection in order to minimize such bias.  Similarly, although this study relies on 

subjective applications of operational definitions, the inter-rater reliability was 

reasonably high (r=0.92 between raters). 
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Pre-existing variability amongst cells was minimized by the statistical method of 

using matched pairs, but it might be argued that certain differences should not be 

ignored.  For instance, people can see differences attributable to the specific location of 

microglia (e.g., perivascular versus parenchymal) or the intensity of staining, and these 

features are often considered important when visually classifying microglia.  This study 

assumed that fractal analysis would detect a fundamental relative pattern not disturbed 

by the orientation of microglia or the intensity of staining.  Those issues may affect the 

DB and that question should be addressed in future studies, but the assumption made 

here that they can be ignored from the most general perspective seems borne out by the 

positive results obtained.  

Why was the four-category system better identified by fractal analysis than the 

three-category one?  That fractal analysis did not differentiate ramified from 

intermediately activated cells in the three-category test is reminiscent of Soltys and 

coworkers’s results.  These researchers also found an inconsistency (albeit using a 

different type of fractal analysis) in differentiating certain morphologically similar 

categories.  Such results are probably not deficiencies of fractal analysis, though.  

In the present investigation, each sample was drawn independently and from one 

test to the other, the ranking of the DB relative to the neighbouring class fluctuated.  As 

shown in Figure 12-3, there was an increase from resting to hypertrophied but not from 

resting to intermediately activated, for instance.  (Although the means themselves from 

this study may not be representative, the relative relationships amongst them are 

important.)  

 

Figure 12-3 Relative Differences Between Categories in the Mean DB and Λ for 
Pairs of Microglia from Mixed Sources 
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The point that the DB for hypertrophied was greater than for bushy and resting 

cells suggests that the reason resting was not differentiable from the intermediate 

category in the three category test was that the bushy component was more prevalent 

than the hypertrophied in the combined sample.  This indicates that the progression 

from resting through to reactive is not a predictable decrease in complexity toward the 

least branched, most reactive cells, but a pattern of increases and decreases in 

complexity that depends on the relative points compared.  Therefore, the apparent 

inability to differentiate some classes depending on how the classes are made likely 

reflects that classifying cells into discrete categories obscures subtle differences that 

fractal analysis is sensitive to. 

 12.7 CONCLUSION 
In conclusion, this study found that for microglia revealed using a host of 

techniques, a box counting analysis quantitated morphological changes associated with 

different categories in a standard classification system.  Expanding the findings from the 

previous chapter, it was found that relationships amongst the DB and Λ and other 

morphometrics vary with microglial activation state, and that while many measures are 

correlated they are not redundant, thus together comprise a rounded and complementary 

view of microglial morphology.  This investigation also found evidence that ramified 

microglia are more likely than other categories to scale as multifractals.  The relative 

amount of cells scaling as multifractals was very small, however, and the pattern most 

often atypical.  Before further conclusions can be made in this regard, therefore, it is 

important to examine multifractal scaling of microglia in more depth. 

It was determined that, compared to several measures, the DB is superior in 

consistently differentiating categories.  The DB was able to differentiate four groups of 

microglia despite the samples being heterogeneous in terms of imaging features and 

containing microglia from culture and tissue, from different CNS areas, from different 

species, and revealed by different methods.  These results suggest that, all other 

variability aside, there is a fundamental pattern of change in the complexity of 

microglial contours that corresponds to the known morphological signs of activation 

and is manifested consistently enough to be reliably detected by fractal analysis 

regardless of what paradigm is being studied.  That pattern in this study appeared as an 

initial increase in the DB from resting, followed by a decrease to reactive, involving 

phases that fractal analysis is exquisitely sensitive to, but some classification systems 
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may overlook.  Thus, the next investigation explores variability in microglial 

morphology, looking deeper at the relationships amongst microglial morphology, the 

DB, and visual classification systems. 
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Chapter 13 INVESTIGATION II: VARIABILITY 

IN MICROGLIAL MORPHOLOGY 

 13.1 ABSTRACT 
This investigation assessed variability in microglial morphology by applying a 

box counting analysis to microglia from rat spinal cord and hippocampus, human brain 

tumour, and elderly human cortex.  Paralleling the previous findings, the DB was a 

superior measure of changes in microglial morphology associated with different classes 

of cells, and Λ was a useful supplementary measure.  The DB worked better in a four- 

than a three-category system, though, and, in general, as activation increased, 

complexity peaked then fell as was found before, but the pattern was slightly altered in 

some paradigms.  These findings are explained by the point that microglial morphology 

is defined along a reversible continuum of complexities wherein classes (chiefly 

ramified and hypertrophied) overlap. 

 13.2 BACKGROUND 
Investigation I showed that the DB differentiates microglial morphology 

according to activation state, regardless of the source of the microglial contour, but also 

suggested there is variability within the categories of classification systems that fractal 

analysis detects.  This agrees with the preliminary results found here and what is known 

about microglia—form and the distribution of form depend on circumstances (e.g., the 

thickness and degree of branching in ramified cells varies with age; the distribution of 

type varies with the distance from a lesion).  This investigation, accordingly, examined 

variability within categories and amongst sources of microglia.  It tested the proposition 

that the value of the mean DB for each category will depend on the source, but that 

within each source the broad relationship amongst categories will be preserved, as in 

Investigation I. 

 13.3 MATERIALS AND METHOD 
Several representative cells from rat and human CNS were analyzed.  The rat 

microglia were from two previously published images from hippocampus and one from 

spinal cord, revealed using lectins and OX-42 (Abraham & Lazar 2000; Watkins, 

Milligan, and Maier 2001).  The human microglia were from one published image of 
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human brain tumour (revealed using the marker Ki-M1P) (Roggendorf, Strupp, & 

Paulus 1996) and six of elderly (70-88 years) human cortex (Sheffield, Marquis, & 

Berman 2000) (three pathological and three control, from three comparable cortical 

areas, all stained according to the same protocol using RCA-1).  In all, there were 30 

cells from rat, 45 from human brain tumour, and 93 from human Alzheimer's disease 

and control cortex.  Cells from each source were classified, and the corresponding 

contours were analyzed using FracLac. 

 13.4 STATISTICAL ANALYSIS 
Rat and human brain tumour microglia:  To control for differences within each 

image for the rat and human brain tumour samples, cells were randomly selected and 

paired within each image.  To minimize variability in morphology attributable to factors 

other than the level of activation, paired t-tests were used to test the DBs.   

Paired t-test: 

H0: μd=0 If the mean DB for each category is not different from that of its 

neighbour, the mean difference will be 0 between pairs of cells matched with cells of 

the neighbouring category. 

Ha: μd≠0 otherwise, the mean difference will not be 0 for neighbouring classes. 

Decision rule:  If the computed t for differences between paired observations 

exceeds the calculated critical value, the null hypothesis should be rejected and the 

alternate accepted for each set of classes.   

Alzheimer's disease microglia:  In the Alzheimer's disease samples, the variety 

of morphological types was limited so all of the pathological and all of the control cells 

were combined and t-tests assuming unequal variances were done.   

t-test assuming unequal variances: 

H0: μa=μb the means will be equal for cells of neighbouring categories. 

Ha: μa≠μb otherwise, the means will differ for neighbouring classes. 

Decision rule: If the computed t exceeds the calculated critical value, the null 

hypothesis should be rejected and the alternate accepted for each set of classes. 
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 13.5 RESULTS 

13.5.1 CORRELATIONS 

For cells from elderly human cortex, neither the DB nor Λ was significantly 

correlated with either measure of shape (circularity or span ratio) in all cases.  Both the 

DB and Λ were positively correlated with size (span and area) overall, but for the DB the 

relationship was stronger in microglia from pathological than control tissue and for Λ it 

was significant only in pathological tissue.  The DB was moderately to strongly 

positively correlated with the number of foreground pixels in all cases. 

Similar to what was found in the previous investigation, however, neither the DB 

nor Λ were strongly correlated with the relative amount of pixels in any case.  As Figure 

13-1 illustrates, the DB and Λ were moderately positively correlated overall but this 

relationship was not consistent for all groups.  It applied to pathological cells, in which 

the features were strongly positively correlated, but for microglia from nonpathological 

cortex, in contrast, the DB and Λ were not significantly correlated.  In human brain 

tumour, the correlation was also weakest in resting cells and strongest in the most 

reactive cells.  

 

Figure 13-1 Correlations between the DB and Λ for Microglia from Elderly Human 
Cortex Combined and Grouped 
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13.5.2 DIFFERENCES BETWEEN TREATMENT GROUPS 

As Figure 13-2 illustrates, the mean DB changed from resting to reactive for all 

of the samples (unrelated groups), where the value at each category depended on which 

source of microglial contours was considered.  The general pattern of change in the DB 

from Investigation I was repeated, as a peak from resting then a drop to reactive, but 

with some variation.  The mean DB increased from resting to hypertrophied for two 

groups of rat microglia and human brain tumour microglia, yet decreased slightly for 

spinal cord rat microglia exposed to gp120 and more markedly for elderly human cortex 

microglia.  For ramified/resting cells, the DB was significantly different in all cases, but 

lacunarity and shape (i.e., circularity and the span ratio) were essentially unchanged 

from one group to the next.  For hypertrophied cells, in contrast, most features were 

different in all cases, except lacunarity was the same for half the comparisons.  For 

bushy cells, the DB was different in all cases, lacunarity and circularity were in most 

cases, but elongation was essentially the same.  For reactive cells, every measure except 

elongation depended on the group tested. 

Figure 13-2 Effect Of Microglial Source on the DB for Unrelated Samples 

 

13.5.3 DIFFERENCES IN CATEGORIES WITHIN TREATMENT GROUPS 

13.5.3.i Rat microglia 

Table 13-1 and Table 13-2 detail the results of the analysis of microglia from rat 

hippocampus and spinal cord.  For the hippocampal microglia, the DB was significantly 

higher from resting to hypertrophied (the only two cell types present), but the evidence 

was not strong enough to differentiate these categories for any other measure.   
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Table 13-1 Number of Microglia Assessed for Two Groups of Rat Microglia 

 

 Type of Cells Ram Hyp Bush Int 

Hippocampus 5 8 - - 

Spinal cord 10 18 15 33 
 

 

Table 13-2 shows that for matched pairs from OX-42-stained rat spinal cord, 

using the four-category system, all present categories were differentiated.  Using the 

three-category system, however, the data were not compelling enough to conclude that 

ramified cells were different in complexity from intermediate cells (for the Int vs. Ram 

row, power=99%) although the differences were significant for visual texture and shape 

(i.e., resting cells had higher Λ and were more elongated).   

  

Table 13-2 Means and Probabilities for Paired t-tests for Two Groups of Rat Microglia 
 DB  Λ Area 

(pixels2x103)
Span 
(pixels)

Circularity Span Ratio 

Lectin-stained Microglia from Rat Hippocampus After Bilateral Carotid Occlusion 

Ram  1.47 0.49 20.2 201 0.83 1.54 

Hyp 1.55 0.49 28.7 216 0.90 1.31 

p 0.01 NS 0.83 NS 0.07 NS 0.43 NS 0.10 NS 0.08 

OX-42-stained Microglia from Rat Spinal Cord Exposed to gp-120 

Ram  1.46 0.48 28.3 237 0.83 1.64 

Hyp 1.44 0.41 21.8 208 0.83 1.64 

p 0.02 0.03 0.02 NS 0.07 NS 0.93 NS 1.00 

Hyp 1.44 0.41 21.7 210 0.82 1.65 

Bush 1.36 0.35 9.4 138 0.83 1.70 

p «« « «« «« NS 0.78 NS 0.67 

Ram 1.46 0.48 28.3 237 0.83 1.64 

Bush  1.36 0.36 8.4 130 0.83 1.76 

p «« «« «« «« NS 0.91 NS 0.48 

Int 1.46 0.40 24.2 213 0.85 1.41 

Ram  1.45 0.48 28.3 237 0.83 1.64 

p NS 0.94 0.02 NS 0.34 NS 0.24 NS 0.44 0.04 
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13.5.3.ii Human Brain Tumour 

Table 13-3 shows the results for brain tumour microglia, in which the DB was 

most consistently useful for distinguishing classes.  All categories for both a three- and 

a four-class system were differentiated from the neighbouring categories by differences 

in the DB, for instance.  Resting cells did not differ from bushy (power = 90%), 

however, although bushy were significantly lower in Λ.   

 

Table 13-3 p-values and DB for Pairs of Lectin-stained Microglia from One Area 
of Human Cerebral Non-Hodgkin’s Lymphoma 

Number of Cells Ram=11 Hyp=10 Bush=19 Act=5 Int=29 
 DB Λ Area (pixels2x103) Span (pixels) Circ Span Ratio 

Ram 1.28 0.44 10.8 168 0.72 1.89 

Hyp 1.36 0.46 10.8 187 0.67 2.37 

p 0.03 NS 0.54 NS 0.99 NS 0.44 NS 0.44 NS 0.22 

Hyp 1.36 0.46 10.8 187 0.67 2.37 

Bush 1.30 0.40 14.2 153 0.75 1.91 

p « NS 0.24 NS 0.55 NS 0.19 NS 0.09 NS 0.19 

Bush 1.32 0.43 14.2 196 0.75 1.96 

Act 1.19 0.28 1.8 61 0.85 1.52 

p « 0.03 « «« 0.01 NS 0.13 

Ram 1.28 0.44 10.6 166 0.72 1.91 

Bush 1.32 0.37 9.1 151 0.77 1.87 

p NS 0.13 0.02 NS 0.45 NS 0.49 NS 0.23 NS 0.90 

Ram 1.35 0.44 11.0 178 0.74 1.96 

Act 1.19 0.28 1.8 61 0.85 1.52 

p 0.02 « 0.02 0.03 NS 0.16 NS 0.39 

Hyp 1.37 0.46 2.1 171 0.72 2.01 

Act 1.19 0.28 1.8 61 0.85 1.52 

p 0.02 0.04 « « NS 0.07 NS 0.28 

Ram 1.28 0.44 10.6 166 0.72 1.91 

Int 1.35 0.43 9.8 155 0.75 1.88 

p « NS 0.65 NS 0.70 NS 0.50 NS 0.28 NS 0.86 

Int 1.40 0.48 14.7 217 0.70 2.16 

Act 1.19 0.28 1.8 61 0.85 1.52 

p « 0.01 «« « NS 0.13 NS 0.35 
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13.5.3.iii Elderly Human Cortex 

The results were similar for microglia from Alzheimer’s and control elderly 

human cortical tissue, in that classification using the DB corresponded well to visual 

classification for most cells.  This is demonstrated in Figure 13-3 by the ordered 

separation of red, orange, and brown bands, showing that complexity closely 

corresponded to subjective classifications, with some overlap.  The differences were not 

as clear for ramified cells, which were interspersed throughout the same level of 

complexity as hypertrophied cells. 

 

Figure 13-3 Complexity of Microglia in Pathological Tissue Corresponds Well 
With Subjective Classifications 

 

 

Table 13-4 lists means for the different morphological categories for microglia 

form elderly human cortex.  As indicated, there were differences in size but not shape 

amongst some categories, and significant differences in lacunarity amongst most 

groups, too.  But, repeating the earlier results for the DB, all categories were most  

Table 13-4 Means for Microglia from Alzheimer's Disease and Control Cortex 

Type and Number of 
Cells 

DB Λ Area 
(pixels2x103)

Span 
(pixels x102) 

Circ Span 
Ratio 

Ram 39 1.41 0.47 30.79 2.68 0.77 1.66 

Hyp 38 1.38 0.46 34.44 2.75 0.79 1.66 

Bush 13 1.28 0.40 14.30 1.88 0.76 1.70 

Act 2 1.07 0.21 1.52 0.57 0.82 1.51 

Int 51 1.35 0.44 29.31 2.53 0.78 1.67 

        

For each cell from Alzheimer's disease cortex, a band 
was coloured according to the cell's visually assigned 
category (red=act, brown=bush, 
orange=hypertrophied, green=ram).  Then the bands 
were arranged in order by the DB for the corresponding cell, the least complex at the left (red end) 
and the most complex at the right.
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consistently distinguished from each other based on significant differences in 

complexity.  Table 13-5 shows the results of statistical comparisons.  

 

Table 13-5 p-values for Microglia from Alzheimer's Disease and Control Cortex 

Ram vs. Hyp 0.02 NS 0.26 NS 0.36 NS 0.65 NS 0.28 NS 0.98 

Hyp vs. Bush «« « « «« NS 0.20 NS 0.74 

Bush vs. Act «« «« « «« NS 0.26 NS 0.36 

Ram vs. Bush «« «« «« «« NS 0.56 NS 0.75 

Ram vs. Act «« «« «« «« NS 0.26 NS 0.57 

Hyp vs. Act «« «« 0.01 «« NS 0.50 NS 0.59 

Ram vs. Int «« 0.02 NS 0.69 NS 0.37 NS 0.52 NS 0.93 

Int vs. Act «« «« 0.02 «« NS 0.38 NS 0.52 

 

These cells were also evaluated in other groupings.  Overall, cells in the 

pathological group were less complex than cells in the control group (p<0.001), owing 

in part to only ramified and hypertrophied cells being found in control tissue.  This 

change in morphological types is evident in the distribution of the DB.  The overall 

distribution of complexity was broader and the peak shifted toward lower complexity 

for microglia from pathological compared to non-diseased elderly human cortex, as 

illustrated in Figure 13-4.  Λ was also significantly lower in control (p=0.01), but no 

other measure was significantly different. 

 

Figure 13-4 Distribution of Complexity in Elderly Human Cortical Tissue 
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In addition, however, the presence of pathology and the brain region affected the 

DB for some categories.  Ramified cells were significantly less complex in pathological 

tissue than control (p=0.03), but hypertrophied cells were not significantly different.  

The direction of change in the mean DB from ramified to hypertrophied cells within an 

area depended on the sample and, as is shown in Figure 13-5, the cortical area mattered, 

too.  While no other measure was significantly different for cells in the same category 

from different areas, some small differences in the DB were significant between 

hypertrophied cells in different pathological areas, and between ramified cells in 

different control areas (in both cases, primary motor cortex differed from association 

cortex).  There were few or no cells of some categories in some areas, though, so a 

comprehensive comparison was not possible. 

Figure 13-5 The Mean and the Direction of Change from the DB with Change in 
Activation State Depend on Where Cells Are 

  

13.5.4 MULTIFRACTAL ANALYSIS 

None of the rat hippocampus microglia and 2% of both the human brain tumour 

and the rat spinal cord microglia scaled as multifractals.  For the more numerous elderly 

human microglia, the percentage of cells scaling as multifractals was slightly higher 
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(8% overall), more like the other investigations reported here.  In contrast to the 

previous investigation's indication that ramified cells were more likely to scale as 

multifractals, however, there was no evidence to indicate that the small difference in 

ramified (7%) and hypertrophied (8%) cells was anything more than sampling error.  

There were few such cells, so it was not possible to determine if there was an effect of 

brain area on the likelihood of multifractal scaling.  As Figure 13-6 illustrates, the 

multifractal scaling seen in this investigation was best described as differences in local 

dimensions attributable to heterogeneous cell processes.   

 

Figure 13-6 Multifractal Scaling of a Resting Cell from Control Elderly Human 
Cortex 

  

 13.6 DISCUSSION 
This investigation assessed variability in microglial morphology in various 

pathological paradigms and how it is described by box-counting methods.  When used 

in conjunction with standard categories, the DB was a good objective measure of 

changes in activation level and Λ was found to be a useful supplementary measure for 

classes that were not distinguished by their DB.  Compared to the other measures, the DB 

was an especially good measure, sensitive to differences in microglial morphology 

associated with not only differences in activation, but also brain location.  It was beyond 

the scope of this investigation to determine the usefulness of this measure for defining 

A. Multifractal spectra for this resting cell resembled those for typical multifractals. 
B. There were differences in the distribution of the local DB, as evident by the differently 
colour-coded soma and process. 

 
Colour coding shows local dimensions over 12 blocks for this 
resting microglia.  Colour scale shows the local DB per block.  
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specific microglial subtypes, but these results suggest this is an area of research that 

should be pursued further.   

This investigation also looked at multifractal scaling of microglia.  Although the 

results did not agree directly with the previous results indicating that ramified cells are 

more likely to scale as multifractals than other classes, they can be reconciled with those 

results.  That is, all of the cells in this investigation that were multifractal were either 

ramified or hypertrophied.  Thus, this investigation’s results can be reconciled with the 

previous results inasmuch as both suggest that multifractal scaling is more likely at 

lower levels of activation.  As was illustrated here, multifractal scaling revealed by this 

method may reflect overt differences in parts of a cell (e.g., as when a single process 

remains in transition between states or perhaps is the only visible process). 

It is worth discussing that although the DB proved especially sensitive to 

potentially meaningful morphological differences in microglia, fractal analysis did not 

distinguish all categories of microglia all of the time.  It was better at determining 

differences in cells using a four-category system than a three-category system, for 

instance.  Similarly, the relative change in the DB with increasing activation (i.e., in 

terms of which category a cell was in) paralleled the pattern from the previous 

investigation only part of the time and was not always the same in the groups assessed 

here.   

What can account for such discrepancies?  The DB describes the change in detail 

with scale of a contour—but what does this number mean for a living cell?  Inasmuch as 

the most highly reactive cells usually have lower complexities than resting cells, 

decreasing complexity is ostensibly associated with retracting processes as when 

microglia respond to activating stimuli.  Microglial activation is animated in many ways 

that still images freeze in time, however.  Microglia move, for instance.  Certainly, fine 

processes retract as cells transition from resting, but those tendrils swell, and stouter 

ones extend in the course of a response to noxious stimuli.  Moreover, depending on the 

paradigm, ruffles or fringes may appear as microglia become reactive.  In general, 

fluctuating relative differences in complexity with increases in activation level are in 

accordance with other evidence that morphology depends on multifarious features (e.g., 

the age of the organism the microglia were found in, the type of brain tumour, or the 

distance of a microglia from a lesion) (Roggendorf, Strupp, & Paulus 1996).   

This multifariously affected continuum does not necessarily render fractal 

analysis unreliable, however.  Rather, keeping in mind that the DB was shown here to be 
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very sensitive to subtle differences in microglial morphology and was able without 

using any categories to distinguish entire samples of generally pathological from control 

cells when other objective measures could not, one possible interpretation of the 

vacillating results for categories is that the cells were binned into too few categories.  

Figure 13-7 illustrates this. 

 

Figure 13-7 Combining Pathological and Nonpathological Microglia Illustrates A 
Double Loop 

 

 

Microglia from pathological and normal elderly human cortex were arranged by 

complexity in two loops to make the figure.  It is assumed here that the cells adequately 

represent the variety of microglial morphology in elderly adult human cortex as 

revealed by one protocol.  Clusters and gaps appear showing respectively where cells 

tended to have a similar complexity and where no cells were found having complexities 

in certain ranges.  

1.00 

1.20 

1.35 

1.45 
1.50 

Indices 
along the 
loop show 

the DB. 

1.40

1.25 

1.30 

1.48 

Microglial contours on the 
outside are from pathological 

and on the inside are from 
control elderly human cortex. 

Microglial morphology can be 
conceived of as looping from 
simple (DB = 1.00) to a peak of 
complexity (DB = 1.49 in this 
case) and back.  As it loops, it 
traverses the same path of 
changing complexity but in 
reverse.  Thus, there is overlap 
in the DB for resting ramified 
(inner loop) and responding 
hypertrophied cells.   
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As the figure shows, ordering the cells by their DBs and preserving the 

difference between pathological and control cells makes a double loop, a continuum 

shadowing the cycle of morphological change microglia undergo.  It ranges through a 

cycle from rounded contours having no appendages, to smaller bodies having few stout 

appendages, then to progressively more and more complicated fine appendages, 

doubling back through thicker appendages that start to shorten, and eventually to the 

simplest amoeboid structure.  Hence, this explains why measures of complexity do not 

always coincide with visual categorizations.  For instance, cells with many medium to 

long, hypertrophied processes tend to have high DBs similar to resting cells because 

there is an area of overlap where the DB increases before decreasing as cells become 

hypertrophied to bushy.  In general, if cells being compared are from the higher limits 

of one category and the lower limits of the next, or from overlapping inner and outer 

parts of the loop, differences can be obscured.  Fractal and other morphological analyses 

may suffer, accordingly, if they do not account for these possibilities. 

 13.7 CONCLUSION 
In conclusion, this investigation offered further support for the notion that fractal 

analysis is a useful measure of activation-related differences in microglial morphology.  

While a fundamental pattern of peaking then falling complexity was associated with 

increasingly activated categories of microglia, the actual pattern found depended on the 

paradigm being considered.  This likely reflects weaknesses of standard classification 

systems that do not account for overlapping and gaps within the reversible continuum of 

complexity that describes dynamic microglial morphology.  Owing to this inherent 

variability, therefore, studying distributions of complexity and other measures may be 

more informative than studying only discrete visually assigned categories.  To fully 

reconcile fractal analysis with standard classification systems, it may be necessary to 

supplement fractal measures with other measures, such as Λ and multifractal measures, 

to make distinctions amongst categories clear.  The utility of such measures has not 

been established, though, and multifractal scaling in particular is rare.  The next two 

investigations, accordingly, look in more depth at changes in complexity and other 

morphological features with changes in activation of microglia. 
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Chapter 14 INVESTIGATION III: 
DIFFERENTIATING GRADES OF 

ACTIVATION
*** 

 14.1 ABSTRACT 
Using box counting and other measures, this investigation examined 

morphological changes during graded activation in cultured microglia.  Confirming the 

work of previous chapters, the DB and Λ were good indices of activation for these 

cultured microglia, corresponding well to visually applied classification systems.  

Going beyond that work, however, as a complement to visual classification systems that 

describe broader differences in microglial activation, the DB in particular was 

exquisitely sensitive to morphological differences associated with even subtle and 

visually undetectable stimulation differences that may be important in some 

pathological scenarios and, in particular, in drug-responses. 

 14.2 BACKGROUND 
As the previous chapter explained, as microglia become more or less activated 

or simply respond to their environment, microglial morphology evolves continuously 

and at different rates on several fronts, such as size, shape, and complexity.  Yet 

microglia are generally categorized into only a few functional groups.  Because of this, 

it is possible that when comparing microglia in different settings, the same numbers of 

cells in various classes would be found despite there being subtle but important 

differences in what the cells are doing.  Subtle morphological differences may be 

detectable, however, by methods that evaluate morphological features at a finer level 

than standard categories permit.  Thus, to explore this possibility, in this investigation, 

morphological features were assessed for cells grouped into 1) standard categories and 

2) different grades of stimulation.    

Much useful research is done using models of human disease, and Investigation 

I of this thesis suggested that fractal analysis could be applied to any model of 

                                                 
***The work described in this chapter was accepted for publication in the proceedings of Complex 2004, 
the 7th Asia-Pacific Conference on Complex Systems in Cairns, Australia, as Fractal Analysis Quantitates 
Overt and Subtle Effects of Naloxone and Lipopolysaccharide on Cultured Rat Microglia, A. Karperien , 
H. Jelinek , and T. Bossomaier and Differentiating grades of microglia activation with fractal analysis, 
H.F. Jelinek, A. Karperien, T. Bossomaier, and A.Buchan. 
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microglial activation.  Yet, so far, this discourse has not directly assessed fractal 

analysis’s usefulness for cultured microglia, which have very different morphologies 

from cells in tissue.  Accordingly, the cells investigated here were cultured microglia. 

 14.3 MATERIALS AND METHOD 
Two basic models of cultured cells were considered.  The first cells were from 

previously published images of cultured mouse microglia marked by 

immunohistochemistry for microglial αMβ2 integrin (cells were from newborn mice 

and grown in astrocyte co-cultures as published in Bohatschek et al. 2001).  These cells 

were activated to graded degrees by being exposed to varying concentrations of a 

stimulus, brain cell membranes, in one setting, and followed over time after exposure to 

and removal of that same activating stimulus in another setting.   

The second group were OX-42 immunoreactive cultured rat microglia exposed 

to activating and inhibiting stimuli.  These images were graciously provided by Dr.  Jau-

Shyong Hong at the National Institutes of Health; details of the culture and staining 

method are published elsewhere (Liu, Du, & Hong 2000).  The activator was bacterial 

lipopolysaccharide (LPS), a well-known treatment that causes neuroinflammation, 

including visibly detectable microglial activation.  The inhibitor was naloxone, a 

nonspecific opioid receptor antagonist known to reduce cytotoxic effects of stimulated 

microglia without affecting people’s perceptions of microglial morphology (Liu et al. 

2000; Lu, Bing, & Hagg 2000; Terrazzino et al. 2002).   

The mouse and rat microglia were classified and counted to get overall pictures 

of differences in activation under the various conditions being assessed.  Classifying 

them entailed accounting for two main differences between the groups.  The mouse (see 

Figure 14-1) but not the rat microglia, first, were grown under conditions that induce 

ramification of resting cells and, second, included typically highly reactive cells.   

Figure 14-1 Typical Morphologies of Cultured Mouse Microglia 
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Moreover, the most “activated” rat cells were not fully and typically the most 

reactive of microglia.  On the whole, the intermediate to activated rat microglia were 

generally large and irregular, with considerable membrane detail, but few were typically 

highly reactive cells with withdrawn processes, as illustrated in Figure 14-2.   

 

Figure 14-2 Typical Morphologies of Cultured Microglia 

 

 

The activated rat cell shown in the figure is typical of those assessed, but not of 

the most reactive state microglia adopt and that were found in abundance, in contrast, as 

the most activated, small, round to amorphous mouse microglia.  Hence, the mouse cells 

were classified using the criteria from Section 12.3.1 but the rat cells using modified 

criteria.  For the rat microglia:  

 Unactivated cells were small with round bodies, small nuclei, and fine to 

wispy or no projections visible;   

 Intermediate were darker staining cells with small to medium nuclei, large, 

irregular bodies, and usually shorter and broader, easily seen projections; and   

 Activated rat microglia were classified as darker staining cells with the 

largest bodies and nuclei, and very large irregular projections.   

For the first group, mouse microglia, 303 cells were counted and 197 contours 

analyzed from six groups exposed to different levels of stimulus and 423 cells were 

counted and 264 contours analyzed from the groups followed over time after being 

exposed to the stimulus, then after having it removed.  For the second group, rat 

microglia, images were selected from a control group, one exposed to LPS, one exposed 

to naloxone (Nal), and one pretreated with naloxone prior to being exposed to LPS 

(Nal+LPS).  From these 321 cells counted and classified, 284 contours were extracted.  

Overall, these proportions of useable contours were reasonably high (62% and 65% for 

the mouse and 88% for the rat).  There was no evidence suggesting the relative 

Images of cultured rat microglia 
illustrating typical morphologies of 
activated (large bodied) and unactivated 
(small bodied) cells.  These cells, grown 
under different conditions and from 
different species, were different from 
the cells Figure 14-1.  From original 
images provided by Dr. Jau-Shyong 
Hong, NIEHS/NIH, MD, USA. 
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proportions of cells analyzed from each category differed from those in the original 

samples (z-test for proportions; p≥0.05).  In addition, the proportion of cells in each 

category became progressively more activated in accordance with the original published 

results.  Figure 14-3 shows this for the mouse cells exposed to graded levels of a 

stimulus and for the rat cells.   

 

Figure 14-3 Relative Amounts of Morphological Categories of Cultured Microglia  

 

 

Figure 14-4 illustrates that for the rat cells, proportions were essentially 

unchanged by naloxone only, but activated cells increased with LPS exposure, and the 

increase was attenuated by naloxone exposure. 

 

Figure 14-4 Relative Amounts of Morphological Categories of Cultured Microglia  

 

 

For all cells, various parameters were measured using FracLac (all cells had r2 

>0.98 and the average SE were between 0.07 and 0.08; see Section 6.2.1.ii).  To 

establish a baseline for comparing the cultured cells to, morphological features of the 

cells from tissue evaluated in the previous chapters of this thesis were summarized.  For 

each set of cells previously analyzed and the cultured cells described here, the category 
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having the highest mean DB was placed at the top of a column, then the remaining 

categories were placed below in descending order (cells were placed in different ranks 

only if differences were significant as determined in the previous investigations).  For 

each morphological feature, each member of each column was scored according to its 

relative position, and the columns for all of the different sets were tallied to summarize 

relative relationships amongst various morphological features. 

 14.4 STATISTICAL ANALYSIS 
 To broadly assess the measures used, correlations amongst the DB and Λ and 

various measures were calculated and assessed using t-tests for correlations.  Then, the 

basic question asked was whether groups of cells differed on certain morphological 

features.  As described in detail in the results section, this question was answered from 

several perspectives using ANOVA, t-tests assuming equal variances, and paired t-tests.  

Throughout this investigation, probabilities less than or equal to 0.05 were considered 

significant. 

 14.5 RESULTS  
14.5.1.i Correlations 

 For the mouse and rat cells in intact groups, some measures were strongly 

correlated.  As shown in Table 14-1, circularity and the span ratio, for instance, were 

significantly negatively correlated—strongly for both mouse microglia but moderately 

for the rat microglia, which generally included a different range of shapes.  In addition, 

for all groups, the DB and Λ were strongly positively correlated with each other and to 

 

Table 14-1 Correlations for Cultured Microglia 

Astrocyte Co-Cultured Mouse Microglia (time series; N=263) Cultured Rat Microglia (N=284) 
 DB Λ DB Λ 

 R p r p r p r p 

Pixels  0.77 «« 0.77 «« 0.75 «« 0.71 «« 

Density -0.41 «« -0.64 « -0.15 0.01 -0.50 «« 

Circ -0.22 «« -0.28 «« 0.04 NS 0.48 -0.15 « 

Span Ratio 0.22 « 0.20 « -0.07 NS 0.24 -0.07 NS 0.27 

Area 0.65 «« 0.74 «« 0.64 «« 0.68 «« 

Span 0.70 «« 0.77 «« 0.65 «« 0.71 «« 

Λ 0.70 «« - - 0.68 «« - - 
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 varying degrees with other measures (e.g., size and pixels more than density), generally 

more strongly than was found previously here.   

The evidence suggests that the DB and Λ were not surrogates for other features, 

however, including image-related features.  When the cells were considered in 

subgroups, relationships amongst measures depended on how the groups were 

assembled.  In Table 14-2, this can be seen in the relationship between the DB and Λ 

and between these measures and other measures by group.  Correlations for the DB and 

Λ with cell shape and size and pixel number and density depended on the category.  

Whereas shape was a better predictor of complexity for hypertrophied, bushy,  

 

 

and activated cells than for ramified cells (for which it was not significantly correlated), 

density was a significant predictor (moderate correlation) only for ramified cells.   

In both mouse microglia samples, the association between the DB and Λ for 

ramified cells was weak to not significant, yet for all other cells was moderately positive 

and significant.  As shown in Figure 14-5, for the entire sample in the time series, the 

DB and Λ were strongly positively correlated, but that overall correlation was broken 

down into a positive one for bushy and essentially none for ramified cells.  

Figure 14-5 The Relationship Between the DB and Λ Depends on the Cell Category 
for Cultured Mouse Microglia Exposed to Brain Cell Membrane 

  

Table 14-2 Correlations for the DB and Λ for Cultured Microglia Depend on the Group

Rat Mouse (time series) 
 r p  r p  r p 

ALL 0.68 ««    ALL 0.71 «« 

Nal 0.59 «« Unactivated 0.49 «« Ramified -0.13 NS 0.52

Control 0.64 «« Intermediate 0.42 «« Hypertrophied 0.49 «« 

Nal+LPS 0.74 «« Activated 0.36 « Bushy 0.55 «« 

LPS 0.47 ««    Activated 0.55 «« 
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14.5.2 DIFFERENCES BETWEEN CATEGORIES 

14.5.2.i Mouse Cells 

For the mouse cells, on most measures, activation-related categories were 

significantly different.  The categories cells were assigned to coincided with certain 

ranges of size, shape, complexity, and visual texture, with, for the graded series, two 

exceptions.  Resting and hypertrophied cells, although they had significantly different 

DBs, were not significantly different on all of the other measures (e.g., Λ was identical 

p=0.92; power=95%; see Table 14-3).   

 

Table 14-3 Means and Probabilities for Paired t-tests for Classes Of Cultured Mouse 

Microglia Exposed to Graded Levels of a Stimulus 

 DB Λ Density Pixels Area Circ Span Span Ratio 
Ram 1.33 0.36 0.25 308 1284 0.73 54 1.92 

Hyp 1.37 0.36 0.26 357 1503 0.76 44 1.78 

p 0.05 NS 0.92 NS 0.70NS 0.37NS 0.49NS 0.38NS 0.82 NS 0.52 

Hyp 1.37 0.36 0.26 356 1503 0.76 55 1.78 

Bush 1.31 0.30 0.27 227 877 0.82 40 1.48 

p 0.02 « NS 0.52 « 0.03 0.02 « NS 0.10 

Bush 1.31 0.30 0.27 227 877 0.82 40 1.48 

Act 1.12 0.15 0.34 57 178 0.87 17 1.34 

p «« «« «« «« «« « «« NS 0.14 

Ram 1.33 0.36 0.25 308 1284 0.73 54 1.92 

Bush 1.31 0.30 0.27 227 877 0.82 40 1.48 

p NS 0.29 « NS 0.28 0.01 « « «« 0.02 

Ram 1.33 0.36 0.25 308 1284 0.73 54 1.92 

Act 1.12 0.15 0.34 57 178 0.87 17 1.34 

p «« «« «« «« «« «« «« « 

Hyp 1.37 0.36 0.26 357 1503 0.76 55 1.78 

Act 1.12 0.15 0.34 57 178 0.87 17 1.34 

p «« «« «« «« «« «« «« 0.01 
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In addition, the temporally somewhat distant resting and bushy cells were 

significantly distinguished by the breadth, shape, area, circularity, and Λ of the two 

dimensional space they covered, but were not clearly differentiated by their DBs 

(p=0.29, power=95%).  For the cells followed over time, however, each category was 

clearly distinguishable from all others by the DB and Λ as well as by most measures of 

size and shape.   

14.5.2.ii Rat Cells 

The categories used for the rat cells also consistently corresponded to sets of 

quantifiable morphological features.  Intermediate and activated cells differed on all of 

the measures, and the other categories were consistently and significantly different from 

each other in the DB and all other measures except circularity and the span ratio (these 

measures were moderately negatively correlated with each other for the entire sample).  

Results from the t-tests for these cells are outlined in Table 14-4. 

 

Table 14-4 Means and p-values for t-tests Means for Morphological Measures of 

Classes of Cultured Rat Microglia 

 DB Λ Density Pixels Area Circ Span 
Span 
Ratio 

Unactivated 1.22 0.26 0.31 124 421 0.83 27 1.47 

Intermediate 1.34 0.33 0.28 271 1002 0.83 42 1.45 

Activated 1.39 0.38 0.22 571 2680 0.81 72 1.58 

p-values 
Unactivated vs. 
Intermediate 

«« «« «« «« «« NS 0.48 «« NS 0.73

Intermediate vs. 
Activated 

«« «« «« «« «« 0.02 «« 0.04 

Unactivated vs. 
Activated 

«« «« «« «« «« NS 0.29 «« NS 0.13

14.5.3 DIFFERENCES WITHIN CATEGORIES  

14.5.3.i Mouse Cells 

 Despite being validated as broadly separable categories of morphological 

differences, when viewed from an alternative perspective, within themselves the 

categories were remarkably variable.  As Figure 14-6 illustrates, comparing groups of 

cells within a category but exposed to different stimuli revealed that categories 

overlapped to different degrees on different features, some more than others.  
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Figure 14-6 For Cultured Mouse Microglia, the Mean DB Depended on the 
Treatment 

 

   In many cases, cells exposed to different levels of stimulation were classified 

in the same category, but the category could be further distinguished according to the 

level of stimulation.  Results for all categories of mouse cells are illustrated in Figure 

14-7 and summarized in the following paragraphs: 

 

Figure 14-7 Effects of Stimulation Level on Morphological Features for Different 
Categories of Cultured Mouse Microglia 

 

 

Ramified Cells:  Ramified cells slowly changed with increasing stimulation.  In 

the graded series, no differences were significant between unstimulated ramified cells 
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and ramified cells at the first level of exposure, but some were (density, size, and shape, 

both circularity and the span ratio) between cells in the unstimulated and second level 

groups.  From the second level to the third, changes in size and shape and small 

decreases in the DB and Λ were significant, too.  

For the time series, similarly, various features of ramified cells changed 

significantly over time.  Overall, ramified cells that were de-ramifying were 

significantly different in size, shape, and complexity from ramified cells that were re-

ramifying, but there were also differences between distinct periods.  Cells that were 

classified as ramified 24 hours after removal of the stimulus were significantly different 

in shape, size, and complexity from unstimulated ramified cells, for instance, and cells 

at 48 hours were smaller, less complex, and had lower Λ values than at 96 hours.  In 

addition, many cells at 96 hours after removal of the stimulus were classified as 

ramified, but looked subtly different from unstimulated resting cells, and these vaguely 

discernible differences were quantitated as the re-ramifying cells being slightly larger, 

less elongated, and, most pertinent here, more complex than the unstimulated ramified 

cells.   

Hypertrophied Cells:  For the graded series, hypertrophied cells fluctuated on 

different measures significantly (increasing and decreasing in the DB, Λ, and circularity) 

between some nearby low levels of stimulation as well as between more distant levels.  

For the time series, the results for hypertrophied cells were similar to those for ramified 

cells in that hypertrophied cells differed (in Λ and size) overall in the responding and 

recovering groups.  Cells initially changed significantly in the DB between the earlier 

stages just after the stimulus was removed, then as time went on, changes were less 

significant between stages. 

Bushy Cells:  For the graded series, for the most part, cells that were classified 

as bushy were the same on measures of size and complexity regardless of the level of 

stimulation.  Bushy cells that were not very highly stimulated had slightly significantly 

higher Λ and circularity, however, than bushy cells in the highly stimulated groups.  For 

the time series, the DB peaked then decreased as time went on after the stimulus was 

added, then, in essentially the reverse pattern, increased to a peak with a small decrease 

after it was removed.  Overall, bushy cells that were responding had significantly lower 

DBs compared to bushy cells that were recovering, although no other differences were 

significant. 



DEFINING MICROGLIAL MORPHOLOGY: FORM, FUNCTION, AND FRACTAL DIMENSION 
 

 176 

Activated/Reactive Cells:   Activated or reactive cells were present in three of 

the groups in the graded series.  In the second and third most highly stimulated groups, 

they differed significantly from each other only in size and pixel density.  Reactive cells 

in the most highly stimulated group, however, were different from both other groups 

(e.g., they were significantly smaller, more circular, less complex, and less 

heterogeneous).  In the time series, activated cells were present in five of the groups, not 

appearing until 24 hours after the stimulus was added.  They dropped slightly in 

complexity as time went on, then rose again after the stimulus was removed; as was the 

case with the graded series, differences were most notable between the most and the 

least highly stimulated groups. 

14.5.3.ii Rat Cells 

Similarly, for the rat microglia, some cells exposed to different treatments but 

classified in the same category differed from each other on several measures.  The 

overall trends for the DB and Λ, for instance, are presented in Figure 14-8.   

 

Figure 14-8 Effect of Treatment on the Mean DB for Resting, Intermediate, and 
Activated Categories of Cultured Rat Microglia 
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Effects of the different treatments on rat microglia in each category are shown in 

more detail in Figure 14-9 below and summarized in the following: 

Unactivated Cells:  Naloxone affected morphological features (e.g., decreased 

the complexity) of unstimulated and stimulated cells that remained in the resting 

category.  Compared to untreated resting cells (N=60), cells that had been treated with 

naloxone only and remained classified as resting (N=47) were smaller, less circular, less 

complex, and less heterogeneous (i.e., the trends were significant for all measures).    

Figure 14-9 Effects of Treatment on Different Measures for Three Categories of 
Cultured Rat Microglia 

  

 In contrast, cells that were treated with the activating stimulus LPS yet 

remained resting were slightly larger and less dense, but no different in shape, 

complexity, or lacunarity from resting cells having no treatment.  When pretreated with 

naloxone before being exposed to LPS, however, the cells that remained resting (N=14) 

were less complex (lower DB and Λ) than those treated directly with LPS, and less 

elongated (i.e., had a significantly lower span ratio) and less complex (lower DB and Λ) 

than untreated resting cells (N=60).   

Intermediate Cells:  Regardless of the treatment, all cells classified as 

intermediate were consistent in circularity, span ratio, and the DB (ANOVA; p≥0.35; 
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power ≥ 72%).  There were significant differences in other measures (e.g., the number 

of pixels, pixel density, size, and Λ), though.  To elaborate, cells classified as 

intermediate had significantly lower Λ values and were smaller in span and area with 

naloxone (N=22) than without (N=30).  Cells classified as intermediate after LPS 

exposure were larger than their counterparts exposed to naloxone first; they were also 

less dense and larger than both cells that were untreated and cells exposed to naloxone 

only. 

Most Reactive/Activated Cells:  Cells classified as activated did not differ in 

shape (circularity or span ratio) with different treatments.  However, activated cells that 

had been pretreated with naloxone (N=23) did differ significantly from cells exposed to 

LPS that were classified as activated (N=28) on all the other measures.  There were few 

activated cells in the control and naloxone only groups, N=3 and 2, respectively, so the 

differences for these groups were not evaluated. 

14.5.4 MORPHOLOGICAL DIFFERENCES BETWEEN TREATMENT GROUPS 

14.5.4.i Mouse Cells 

Morphological differences were also evident with differences in the level of 

stimulation.  How the concentration of added stimulus affected the means for various 

morphological measures is summarized in Figure 14-10.   

 

Figure 14-10 Various Measures of Astrocyte-Cocultured Mouse Microglia from 6 
Grades of Activation  
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For both groups of mouse cells, the DB and to a lesser extent Λ were better than 

other measures in distinguishing the smallest differences between categories.  The 

results of t-tests evaluating differences by stimulation level for successive levels of 

added membrane are listed in Table 14-5. 

   

 

 

At a rather subtle level, between control and the lowest level of stimulation, for 

instance, the DB was the only measure for which differences reached significance.  Of 

note, in the original article, no difference was found in the amount of activated cells 

between the lowest level of stimulation and control, but the current analysis quantitated 

a subtle difference in the morphologies of cells in those groups. 

Table 14-5 Means and p-values from t-tests for Morphological Features of Cultured 

Mouse Microglia Exposed to Successively Greater Concentrations of Membrane  

μg of 
membrane DB  Λ Density Pixels Area Circ Span 

Span 
Ratio 

0.00 1.33 0.33 0.25 289 1209 0.77 49 1.66 

0.74 1.37 0.34 0.25 345 1461 0.77 55 1.79 

p1 «« NS 0.49 NS 0.82 NS 0.08 NS 0.18 NS 0.97 NS 0.12 NS 0.43

0.74 1.37 0.34 0.25 345 1461 0.77 55 1.79 

2.22 1.31 0.31 0.28 229 912 0.69 48 2.30 

p2 «« 0.05 NS 0.10 «« « « NS 0.06 0.04 

2.22 1.31 0.31 0.28 229 912 0.69 48 2.30 

6.67 1.22 0.24 0.31 137 512 0.80 30 1.66 

p3 «« «« 0.04 «« « «« « « 

6.67 1.22 0.24 0.31 137 512 0.80 30 1.66 

20.0 1.17 0.23 0.27 121 485 0.80 30 1.63 

p4 0.02 NS 0.84 «« NS 0.40 NS 0.76 NS 0.96 NS 0.89 NS 0.79

20.0 1.17 0.23 0.27 121 485 0.80 30 1.63 

40.0 1.12 0.16 0.32 62 206 0.87 18 1.36 

p5 «« «« «« «« «« «« « « 
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Whereas the DB and Λ were most successful in discriminating between subtle 

morphological differences, most measures differed when comparing groups of cells at 

stimulation levels that were far apart, as outlined in Table 14-6. 

 

Table 14-6 p-values from t-tests Comparing Cultured Mouse Microglia in Groups 

Exposed to Distant Levels of Stimulus 

μg of membrane DB Λ Density Pixels Area Circ Span 
Span 
Ratio 

0.00 vs. 2.22 NS 0.26 NS 0.22 NS 0.09 0.05 NS 0.08 « NS 0.64 « 

0.00 vs. 6.67 «« «« «« «« «« NS 0.22 « NS 0.99 

0.00 vs. 20.00 «« «« NS 0.09 «« «« NS 0.28 «« NS 0.79 

0.00 vs. 40.00 «« «« «« «« «« «« « « 

0.74 vs. 6.67 «« «« «« «« «« NS 0.19 «« NS 0.39 

0.74 vs. 20.0 «« «« NS 0.11 «« «« NS 0.24 « NS 0.25 

0.74 vs. 40.00 «« «« «« «« «« «« «« «« 

40.00 vs. 6.67 «« «« NS 0.46 «« «« «« «« «« 

2.22 vs. 20.00 «« «« NS 0.61 «« «« «« «« «« 

2.22 vs. 40.00 «« «« «« «« «« «« «« «« 

 

Different morphological features of cells evolved differently as the level of 

stimulation progressively increased and as time from addition or removal of the 

stimulus increased.  As evident in Figure 14-11, for instance, cells exposed to the third 

level of stimulation were markedly less circular, on average, than any other group, but 

were also more variable, spreading over a broader range of circularities than at other 

levels of stimulation.  Moreover, the variation in some other morphological features 

(e.g., Λ) similarly broadened at this level, whereas for others (the DB) it did not.  
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Figure 14-11 Distributions of Morphological Features for Cultured Mouse 
Microglia Exposed to Graded Levels of Stimulation 

  

Also of note, in keeping with the point already noted that there were significant 

differences in comparable cells that were deramifying as opposed to reramifying, the 

trends during reramification only partly paralleled the changes during deramification 

and activation.  The trends in Figure 14-12 highlight that the changes were nearly but 

not quite symmetrical for both the DB and Λ. 

 

Figure 14-12 The DB and Λ for Microglial Activation and De-Activation Over Time  

 

 

14.5.4.ii Rat cells   

For the rat cells, in addition to individual cells, groups of cells were thresholded 

and scanned using the local DB function in FracLac to get an overview of the variation 

in the DB with treatment, without regard to morphological category per se.  As indicated 

by the differences in colour amongst groups of cells exposed to different treatments 

shown in Figure 14-13, each treatment group differed in the mean DB. 
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Figure 14-13 Localization of Complexity in 4 Groups of Cultured Rat Microglia 

 
For these rat microglia, 

morphological changes in each treatment 
group going from naloxone to control to 
naloxone with LPS then finally LPS alone 
were similar to the patterns seen when cells 
were grouped as unactivated to intermediate 
to activated.  Both views showed generally 
increasing size and complexity, for example, 
with increasing activation, as illustrated in 
Figure 14-14. 

 

Figure 14-14 A Comparison of Overall Trends by Treatment Group and 
Morphological Category for Cultured Rat Microglia 
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All of the p-values comparing measures for the rat microglia are listed in Table 

14-7.  As the table shows, overall, measures of shape were not consistently different 

with different treatments, although some groups did differ slightly but significantly in 

circularity.  Measures of size were the best indices of change, the differences for cell 

span and area reaching significance between all groups including, somewhat 

surprisingly, naloxone treated and control cells.  The number of pixels and pixel density 

were also good indices for this sample, as were the DB and Λ.  The only comparison for 

which cells were not clearly distinguishable by the DB and Λ was between control and 

naloxone pretreated LPS-exposed cells (p=0.76 and 0.68; power=88% and 38%).  

Table 14-7 p-Values from t-tests for 4 Groups of Cultured Rat Microglia 

 DB Λ Density Pixels Area Circ Span Span Ratio

Naloxone 1.24 0.25 0.32 133 442 0.85 27 1.39 

Control 1.30 0.33 0.30 240 858 0.82 38 1.46 

p «« «« NS 0.08 «« «« 0.02 «« NS 0.24 

Control 1.30 0.32 0.30 209 744 0.81 36 1.51 

N+LPS 1.31 0.32 0.26 298 1211 0.84 45 1.44 

p NS 0.76 NS 0.68 «« « «« NS 0.09 « NS 0.30 

N+LPS 1.31 0.32 0.26 297 1213 0.84 45 1.45 

LPS 1.37 0.36 0.23 480 2238 0.82 63 1.51 

p «« «« « «« «« NS 0.10 «« NS 0.23 

Naloxone 1.24 0.25 0.32 133 442 0.85 27 1.39 

N+LPS 1.31 0.32 0.26 297 1213 0.84 45 1.45 

p «« «« «« «« «« NS 0.24 «« NS 0.19 

Naloxone 1.24 0.25 0.32 133 442 0.85 27 1.39 

LPS 1.37 0.36 0.23 480 2238 0.82 63 1.51 

p «« «« «« «« «« «« «« 0.04 

Control 1.30 0.33 0.3 240 858 0.82 38 1.46 

LPS 1.37 0.36 0.23 480 2238 0.82 63 151 

p «« 0.04 «« «« «« NS 0.74 «« NS 0.39 

 

Similar to what was noted with the mouse cells, the overall distributions of 

features changed in different ways, some changing markedly and others negligibly.  For 
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example, in contrast to measures of size, indices of shape (circularity and the span ratio) 

were more subtly affected by the different treatments.  This is evident in Figure 14-15 

on page 184, which shows small, progressive changes in circularity in contrast with 

more variable shifts and changes in area in).  Adding to the results of the t-tests, Figure 

14-15 illustrates shifting and peaking in the distribution of the DB (i.e., convergence on 

a certain morphology) with LPS compared to control cells.  It also shows how LPS’s 

typically activating effects were attenuated with naloxone pre-treatment (i.e., with 

naloxone pre-treatment, the distribution for the DB was shifted and flatter, suggesting 

that the numbers and features of cells were brought closer to that of the control sample).  

 

Figure 14-15 Distributions of Measures for Rat Microglia 

 

14.5.5 MULTIFRACTAL ANALYSIS 

For the rat cells, examining areas containing several cells showed differences in 

the distribution of local dimensions indicating that cells closer to each other tended to 

have DBs that were more similar (e.g., this was evident in Figure 14-13 on page 182).  

But for individual cells, somewhat differently than what was found for other cells 

analyzed in this thesis, in a multifractal analysis of both the mouse and rat groups, all 

cells had positive DQ vs. Q slopes for -20<Q<20.  A sliding box lacunarity analysis of a 
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random sample of 16 cells from each group confirmed these results, none of the cells 

scaling as multifractals.   

14.5.6 COMPARISONS TO OTHER CELLS  

All of the categories were ranked for each measure and the mouse cells, as a 

group, were compared to the combined cells from the other investigations reported in 

this thesis (the rankings are presented in Table 14-8 on page 185).  As the table shows, 

the relative differences in the means for all morphological features measured were 

similar for cultured and other cells.  In both cases, for instance, the DB was highest for 

hypertrophied, then ramified, then bushy, then activated cells.  For all of the 

morphological features, activated cells were in the same relative position (either the 

highest or the lowest) in both cultured and other cells.  Similarly, when activated and 

bushy cells were combined in one group and hypertrophied and ramified in another, the 

cultured and noncultured microglia were ranked identically.  The only differences were 

in hypertrophied compared to resting and bushy compared to reactive cells, which were 

reversed between groups or ambiguous in some cases.   

 

Table 14-8 Rankings of Morphological Features of Microglia  
Both mouse cell groups are combined in the bottom 4 rows of the table; all of the other cells (not cultured 
cells) assessed so far in this thesis are combined in the top.  (H=hypertrophied; R=ramified/resting; 
B=bushy; A=activated/reactive; categories that appear together were ambiguous and could not be ranked 
further.) 

DB Λ Density Area Circ Span 
Span 
Ratio 

H H A 
H, R 

A R R 

R R B B H H 

B B 
H, R 

B 
H, R 

B 
B, A 

A A A A 

H R A R A R H 
R H B H B H R
B B H B R B B 
A A R A H A A 
   
   

 14.6 DISCUSSION 
This investigation looked at morphological changes as cultured microglia 

became activated or de-activated to varying degrees.  The detailed results for each group 
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will be discussed shortly.  First, some general limitations and a comment on the 

measures are outlined.   

One limitation is related to differences between the two groups of cultured cells.  

For the mouse microglia, gross and subtle morphological features—the DB, in 

particular—changed generally as expected.  After addition of an activating stimulus, 

with deramification, the DB rose somewhat initially then fell, and cells progressively got 

smaller, then this essentially repeated in reverse with reramification after removal of the 

activating stimulus.  For the rat microglia, however, as a matter of differences in how 

the cells were grown and imaged as well as the extent of activation present, cell size and 

the DB increased with increasing activation, without decreasing.  The resting rat cells 

were small-bodied (as is normal), but full processes as were seen in the mouse cells 

were often barely evident, sometimes seen only as wisps, and in many cases, their 

extent was probably not recorded well in the extracted pattern.  Moreover, as was noted 

previously, the most activated cells present did not have features of the most reactive 

microglia.  These differences and limitations contributed to differences in 

morphological measures for these two groups of cells, presumably lowering the resting 

DB, for instance, and exaggerating the relative increase in cell span with activation.   

A limitation with which these differences compound is related to the point that 

cultured cells are known to be different from other microglia, particularly in 

morphology.  Potentially illustrating this, in both groups of cultured cells investigated 

here, no cultured cells scaled as multifractals, despite that small percentages of 

microglia from the other investigations in this thesis did.   

Thus, owing to the nature of the cells and how they were imaged as well as the 

portion of the spectrum of activation that was captured for each sample, the detailed 

results for the mouse and rat groups are limited and not necessarily comparable with 

each other or applicable to cells imaged directly from tissue samples.  Nonetheless, as 

was outlined, the relative results of this investigation of cultured cells generally agreed 

with most trends found for other cells.  At the broadest level, then, apart from the actual 

values obtained here, the relative results and overall trends should be broadly 

generalizable to other cells. 
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14.6.1 THE DB AND Λ ARE NOT REDUNDANT WITH OTHER 

MORPHOLOGICAL AND IMAGE-RELATED FEATURES 

Another point to mention before discussing the primary results of this 

investigation is what the DB and Λ measured.  Granted, over each sample, the DB and Λ 

were strongly positively correlated with each other and were also correlated with pixel 

density and measures of cell size and shape (more with size than shape).  Nevertheless, 

overriding these trends, as was found in the previous investigations, for each treatment 

and category, the strength and presence of correlations varied.  Thus, this suggests that 

the DB and Λ were not redundant with strictly image-related or other morphological 

features.   

14.6.2 SUPPLEMENTING CLASSIFICATION SYSTEMS BY QUANTIFYING 

SUBTLE DIFFERENCES  

This investigation measured several morphological changes associated with 

different degrees and types of stimulation, focusing on how complexity and visual 

texture evolved as cells became activated and de-activated or inhibited.  Four features of 

the results that were especially noteworthy are discussed here.   

The first is that although visually assigned categories corresponding to 

presumptive activation states were well-distinguished by morphological features, in all 

of the groups studied, cells in the same category differed from each other depending on 

the level or type of stimulation they were exposed to.  The assessments done here 

quantify how features changed concomitantly but not always in regular correspondence 

with each other.  This investigation quantitated that resting cells at lower levels of 

stimulation first became less complex with a lower Λ, then grew smaller and changed 

the overall shape of their span before they could be classified as hypertrophied; 

hypertrophied cells jumped around somewhat in shape and complexity with different 

levels of stimulation; bushy cells were generally less variable on most measures 

including complexity although they did vary in shape at different stimulation levels; and 

reactive cells were very different in complexity and all measures when most highly 

stimulated compared to when less stimulated.  In addition, for the rat cells, several types 
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of changes were also quantified, although, owing to the limitations already discussed, 

that sample did not include as much morphological variety. 

This variability within categories adds to the findings of the previous chapters, 

wherein cells of the same category were found to be significantly different depending 

on where in the brain they were found, for instance.  Moreover, this investigation also 

found a deeper nuance to consider with respect to differences within categories.  For the 

time series, cells recovering after removal of an activating stimulus differed on several 

measures from their presumably actively responding morphologically similar 

counterparts.  This suggests that the differences between cells that are winding in and 

cells that are newly extending processes may be measurable by fractal and other 

morphological analyses.  This finding stands out in that such differences could have 

important functional implications, but are generally ignored when microglia are 

classified. 

The second noteworthy finding also generally agreed with but added to the 

findings in the previous investigations.  It was that the DB in particular but also Λ were 

sensitive to most changes associated with different activation levels.  Whereas cells 

separated by greater differences in stimulation could generally be distinguished by 

many measures (usually including measures of size), the DB stood apart as the only 

measure consistently sensitive to the smallest changes in stimulation overall.   

The third noteworthy feature had to do with a weakness of using morphological 

categories.  It was shown that for both groups, subtle changes along the continuum of 

changing microglial morphology could be important indicators of microglial activation 

yet are sometimes missed by standard classification systems.  For the graded series of 

mouse cells, for instance, assessing the level of activation in terms of the number of 

ramified as opposed to unramified cells missed a difference between control cells and 

mildly stimulated cells.  The difference was evident on inspection as a difficult to define 

mildly swollen or hypertrophied state with 0.74 μg of brain membrane added, but with 

no obvious changes in size or overall shape.  This difference was, however, significantly 

detected by the DB (but no other measure).  

Analysis of the rat group also turned up a somewhat surprising instance of 

overly general classification systems neglecting important implications.  Similar to what 

was found when more distant levels of stimulation were compared for the mouse 

microglia, for the cultured rat cells (in which stimulation levels were abruptly 

contrasting), several measures were good indices of activation.  Cells in the different 
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treatment groups did not consistently differ in the overall shape of the convex hull 

describing the space they occupied, but they did differ in density, area, and the size of 

that space.  Most groups differed from each other in complexity and visual texture, too.  

Yet, naloxone pretreated LPS-exposed cells and control cells, despite that they differed 

in measures of size, were not, on the whole, separated by differences compelling enough 

to be considered significant for either the DB or Λ.  In particular, naloxone pre-treatment 

prior to LPS exposure affected the complexity (but not size) of cells that remained 

resting, the size of cells that became intermediately activated, and both the size and 

complexity of cells that became activated.  In sum, this suggests that naloxone has 

multiple inhibitory effects on different events during activation.  

Somewhat surprising effects of naloxone alone that generally agree with this 

notion were also seen.  Despite that equal numbers of cells in each category were found 

in the control and naloxone treated groups, there were subtle but meaningful differences 

in morphological measures between them.  As Figure 14-16 below shows, naloxone 

slightly decreased some aspects of cells; in particular, it affected the complexity, 

lacunarity, and shape, as well as other features of otherwise untreated resting cells, and 

the size and lacunarity of intermediate cells.   

 

Figure 14-16 Naloxone’s Effects on Unactivated Cultured Rat Microglia 

   

Naloxone’s affecting morphological features of otherwise untreated cells was 

surprising in the light of people’s usual perceptions of there being no patent effect of 

naloxone on unactivated cells.  The results are reasonable, though, inasmuch as a 

A 

A. The subtle but significant difference in the morphology of cells exposed to naloxone is evident in 
a scan highlighting small differences in the DB. B.  Naloxone's effect on otherwise untreated cells, 
undetectable or only vaguely definable visually, was quantitated by a slightly lower mean DB.   
Naloxone's effects were significant only for ramified cells 
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treatment able to reduce traditional measures of activation as well as measures of 

morphological complexity in the presence of noxious stimuli could also subtly affect 

morphology in the absence of noxious stimuli.  These trends may further reflect that 

naloxone’s effects are less important on events during intermediate stages of activation 

than other events, but this idea needs further research.  

 14.7 CONCLUSION  
In this investigation, the importance of subtle details that might be overlooked in 

broad analyses of microglial activation was explored.  Two approaches were taken to 

measuring activation of cultured cells.  First, cells were classified and counted and 

variability within classes along several morphological features was quantified; and, 

second, an alternative to classifying individual cells, quantitating morphological trends, 

was tried.  The categories used in this investigation were validated by quantifiable 

differences in morphological features, but significant variation within those categories 

and with different types of stimuli and response stages, supported the argument that 

details can matter.    

In general, measures of the size and shape of the 2-dimensional space occupied 

by a cell were useful in describing different levels of activation, but measures of 

complexity and heterogeneity were sensitive to even very subtle features of changes in 

that space with changes in stimulation.  In this regard, a noteworthy finding was that 

responding and recovering cells in comparable stages of activation differed in ways that 

were measurable by the DB and Λ.  Such differences should be studied in more depth.  

In addition to that broader finding, this investigation turned up an especially interesting 

specific finding with respect to the drug naloxone.  It showed that the DB is a good 

indicator of not only naloxone’s more obvious inhibiting effects on activation, but also 

of visually undetectable effects on cells that do not appear to enter the activation 

sequence.  It should be noted, however, that despite some similarities to other 

investigations, these results were for cultured cells, and some features of this 

investigation indicate that extrapolation to microglia in vivo is limited. 

 On the whole, if these results with cultured cells can be combined with the 

previous investigations and apply in vivo, they are promising.  The repeating results for 

the DB in particular merit consideration in this regard.  They suggest that with further 

honing of the methods tried here, a detailed analysis of microglial morphology may, for 

instance, help determine if a cell is “resting” as opposed to newly awakened and rousing 
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itself for action, or is perhaps already acting subtly in some capacity, or is in the process 

of stopping acting.  Especially relevant to this thesis, the finely discriminating capacities 

of the DB as a monitor of changes in microglia may be a powerful tool for gauging 

subtle changes in microglial activation in areas such as incipient or ongoing responses 

associated with disease, trauma, and drug use.   
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Chapter 15 MICROGLIA IN SCHIZOPHRENIA 

A particular instance where being able to quantitate microglial morphology may 

be important is schizophrenia.  This chapter outlines some of the broad reasons 

microglial dysregulation has been proposed to occur in schizophrenia, and then 

discusses results from animal and human studies suggesting that a detailed study of 

subtle changes in microglial morphology may offer special clues to this devastating 

disorder. 

 15.1 GUILT BY ASSOCIATION? 
Microglia are suspects when virtually anything establishing, maintaining, or 

restoring CNS structure and function goes wrong.  That general argument has been used 

to suggest that microglial dysregulation may be important in the specific puzzle of CNS 

disruption that is schizophrenia (Cotter, Pariante, & Everall 2001).  To elaborate, 

schizophrenia is a group of diseases having early and later neuroimmunological 

significance (see Box 15-1).  Microglia, similarly, are integral CNS cells having early 

and later neuroimmunological significance.  Not surprisingly, then, the circumstantial 

evidence implicating microglia in schizophrenia is overwhelming.   

 

Box 15-1 Schizophrenia: A Human Disorder 

 

 

This section outlines three types of evidence (relating to neurodevelopmental 

influences, structural anomalies, and drug use) implicating microglia as worthy targets 

for therapeutic manipulation in the schizophrenias.  It also explains, however, that for 

• Schizophrenia is a spectrum of acute and chronic disorders thought to have a 
global prevalence of 1%.  

• Socially devastating, these disorders disrupt thought, affect, will, and 
behaviour, leaving hardest hit victims hallucinating, deluded, and withdrawn.   

• Its onset is variable.  Sufferers usually show symptoms first in early 
adulthood, females later than males.  Still, some people develop it in 
childhood, adolescence, or late adulthood.   

• In some patients, cognition falters; in some of those, it slowly worsens.   
• Some people’s symptoms improve with drugs but causes and cure elude 

humankind. 
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various reasons, no roles of microglia in mediating any of these features of 

schizophrenia have been conclusively identified. 

15.1.1 NEURODEVELOPMENTAL INFLUENCES 

The first type of circumstantial evidence implicating microglia relates to 

neurodevelopmental influences.  A host of early events proposed to be important in 

schizophrenia are likely to affect or be affected by microglia.  These include, for 

instance, placental insufficiency (affecting males but not females), genetic defects, and 

intrauterine or childhood CNS infection.  For many events, various effects could ripple 

or remain latent for some time.  Either way, many influences attributable to the earliest 

stages of development and potentially involving microglia could be linked with other 

features of schizophrenia that are noticeably problematic only later in life, such as 

various hormonally linked characteristics, increased blood brain barrier permeability, 

and chronic immunological abnormalities (e.g., abnormal cytokine levels).  (Cyr et al. 

2002; Falke, Han, & Arnold 2000; Harrison 1999; Hollis 2000; Hornig 1999: Hultman 

et al. 1999; Illowsky et al. 1988; Llorca et al. 2002; Sharpley et al. 2001; Spreen, Risser, 

& Edgell 1995; Wright et al. 1999; Zigmond 1999) 

15.1.2 STRUCTURAL FEATURES 

One particularly relevant feature of the schizophrenias that early events affecting 

microglia might explain is certain types of structural abnormalities associated with the 

schizophrenias.  These are the second type of circumstantial evidence implicating 

microglia.  Some such changes occur on a macroscopic level.  Recent metareviews of 

years of conflicting neuroimaging studies suggest that the brains of schizophrenic 

people show gross differences globally (e.g., grey matter atrophy and ventricular 

enlargement) and regionally, although perhaps differently from one population to the 

next (e.g., some evidence indicates differences in corpus callosum depend on gender 

(Highley et al. 1999)).   

Structural changes implicating microglia also occur on a finer level (some 

probably underlying certain gross changes).  To illustrate, evidence suggests cortical 

subplate neurons, neuronal circuitry (Benes 2000), neuronal morphology (Zaidel 1999), 

and neurotransmitter function can all be disrupted in the schizophrenias.  Electron 
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microscopy and histochemistry have revealed lost synapse proteins and lost dendritic 

spines (e.g., in hippocampus, dorsolateral prefrontal cortex, thalamus, and striatum) but 

also abnormal dendritic spines (e.g., shorter and wider than normal) in the brains of 

schizophrenics.  (Cyr et al. 2002; Larsson et al. 2002) 

Structural abnormalities in schizophrenia are not necessarily related to early 

events, and, like other features, might affect and be affected by microglia.  It has been 

proposed that subtle activities of unusually acting microglia could mediate structural 

abnormalities at any time without eliciting astrogliosis, for instance.  Such abnormalities 

might progress or not (at least after some point).  In keeping with the known course of 

schizophrenia, effects of some structural abnormalities might be manifested 

behaviourally only after some threshold (e.g., hormonal changes, stress, or changing life 

role) is eventually achieved.  (Munn 2000; Rothermundt, Arolt, & Bayer 2001)  

One particular structural abnormality brought about by microglia and having 

functional consequences in neurons is abnormal dendritic spine pruning.  It has been 

proposed that abnormal pruning occurs in the developing CNS up until adolescence in 

some schizophrenics and may be important in the development of the disease.  How 

neuronal abnormalities come about is not known, though, and evidence incriminating 

microglia over some other cell as the main character is lacking (e.g., evidence 

suggesting microglia are nearly innocent bystanders shows that some schizophrenias are 

correlated with overexpression of a gene presumably expressed only in neurons and 

oligodendroglia that affects neurite and nerve terminal growth) (Novak et al. 2002).  

(Arnold 1999; Larsson et al. 2002) 

15.1.3 DRUG USE 

The third type of circumstantial evidence implicating microglia in schizophrenia 

involves drug use.  Various drugs, unprescribed as well as prescribed, will likely have 

affected the brains of people with schizophrenia.  Substance abuse (e.g., alcohol, 

cannabis, or opioid abuse), for instance, has been shown to trigger or coexist with the 

schizophrenias (Soyka 2000; Yui et al. 2000), and many of the likely substances, in 

turn, are known to affect the immune system and microglia (Chao et al. 1996, 1997; 

Dlugos & Pentney 2001; Liu et al. 1996).  Of special note for the ongoing clinical 

scenario of schizophrenia, it has been shown that chronic neuroleptic ingestion, which is 
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likely in schizophrenics, may alter both glial and overall CNS structure and function.  

(See Box 15-2) 

 

Box 15-2 Schizophrenia, Microglia, and Drugs 

 

 

Specific evidence describing effects of drugs on microglia in schizophrenia is 

lacking, but at least one study is suggestive, albeit inconclusive.  Selemon, Lidow, and 

Goldman-Rakic (1999) showed that treating nonhuman primates with antipsychotics 

induced glial activity.  Their study revealed cells using Nissl staining, however, so glial 

types were not discriminated and whether microglia in particular were affected was not 

decided.  (Appendix B offers further discourse on the interactions amongst microglia 

and different type of drugs in schizophrenia.)  

Many studies, like Selemon, Lidow, and Goldman-Rakic’s study, have not 

explicitly addressed microglial roles.  This has happened largely when investigators 

have looked at degenerative changes in schizophrenia.  To elucidate, whether or not 

changes in schizophrenia are degenerative seems to depend on the schizophrenia in 

question, or perhaps the period examined.  While some studies have found that gross 

structural abnormalities did not progress, a few longitudinal studies in certain 

populations (e.g., young children) have found that structural abnormalities did change 

with time.  Similarly, different researchers have reported either an absence of or an 

Microglia from many species are affected by 
a variety of drugs that may be relevant in the 
bigger picture of schizophrenia.  Drug effects 
are important for two reasons:  1) 
schizophrenics are likely to have a history of 
prescription drug use related to the disorder; 
and 2) in at least some cases, substance abuse 
has been linked with schizophrenia.  Sorting 
out the effects of a multitude of substances is 
challenging.  Evidence from animal studies 
suggests chemotaxis of microglia, critical for 
normal immunological function, for instance, 
may be impaired by opioids.  Other evidence 
suggests microglia are chronically activated 
with ethanol exposure, but how ethanol might 
further affect microglia is unknown.  In general, 
how microglia might mediate effects of and be 
affected by prescription and non-prescription 
drugs in people is largely unknown. 
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increase in neurodegeneration, but, as others have pointed out, these reports have 

differed in features such as the areas of the brain assessed, the patient groups examined, 

and the methods of detecting neurodegeneration (e.g., GFAP staining sometimes but not 

always being used to detect a neurodegenerative response).  (Cotter, Pariante, & Everall 

2001; Harrison 1999; Nichols 1999)  A few studies of microglia in schizophrenia will 

be reviewed here shortly, but it is pertinent to note that microglia have, in keeping with 

the broad trend noted in Chapter 2, historically been ignored or only cursorily 

investigated in schizophrenia research.  (Radewicz et al. 2000) 

 15.2 WHAT IS THE EVIDENCE FROM ANIMAL STUDIES? 
Despite the relative neglect, some investigators have found solid evidence 

strengthening the speculation and circumstantial evidence showing that microglia are 

important players in schizophrenia.  No one has yet demonstrated that schizophrenia’s 

features cause or are caused by microglial features, but three studies in rodents have 

shown especially noteworthy results. 

15.2.1 INTRAUTERINE IMMUNE CHALLENGE LED TO MICROGLIAL 

DISRUPTION AND SCHIZOPHRENIA-LIKE BEHAVIOUR IN RODENTS 

In two studies, researchers speculating that early events were important in 

models of schizophrenia in rodents immunologically challenged developing animals and 

investigated the effects (Borrell et al. 2002; Cai et al. 2000).  These investigators found 

that intrauterine immune challenge (as mentioned, a risk factor for schizophrenia in 

humans) can disrupt microglia in rodents.  In both studies, rats were exposed in utero to 

lipopolysaccharide (LPS; a Gram-negative bacterial endotoxin).  Then, after they were 

born, the rats’s serum cytokine levels as well as their amoeboid and ramified microglia 

were abnormal (the published articles did not describe morphological changes in 

microglia in detail).   

Both studies support the idea of there being “abnormal” effects on microglia 

after intrauterine immune challenge.  There were, however, some odd and disparate 

results.  There were differences in the changes noted, for instance.  In one of the studies, 

Cai et al., challenging mothers briefly before testing 8-day-old pups, found decreased 

complement receptor staining, unchanged tomato lectin staining, and increased astroglia 

staining.  Decreased inflammatory receptor expression with unchanged carbohydrate 
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expression on presumably microglia, yet apparently increased numbers of astroglia, 

suggests an unusual response, but is even more confusing taken along with the results of 

the other study.  In that second study, Borrell et al., challenging mothers longer and 

testing adult rather than pup offspring, found increases in both MHC-II and tomato 

lectin staining.   

Such differences in immunological measures between these two studies may be 

attributable to the challenges being administered during different periods and for 

different lengths of time during neurodevelopment (i.e., for a longer duration in the 

second study), perhaps to differences in the ages or diets or other features of the tested 

rats, or to differences in the staining methods and brain regions that were used.  

Alternatively, perhaps they reflect different stages of an evolving long-term effect of 

intrauterine challenge.  At any rate, further study is required to understand the 

ambiguity and complexity implied by these immunological changes.   

Intriguingly, immunological changes were not the only salient finding linking 

microglial disruption to schizophrenia in these studies.  Borrell et al. found behavioural 

changes in intrauterinely challenged rats that could in several ways be compared to a 

behavioural change often seen in humans with schizophrenia.  In rat offspring, immune 

challenge before birth preceded an increase in a schizophrenia-like behaviour called 

pre-pulse inhibition.  That increase, moreover, was modifiable by neuroleptics: 

antipsychotics reversed it, as they do in schizophrenics.  The increase can be linked to 

microglial changes, inasmuch as, after intrauterine immune challenge, the researchers 

also discovered activated microglia in brain locations assumed to govern pre-pulse 

inhibition (Schall et al. 1996).  Furthermore, they found, in keeping with known trends 

for schizophrenia, that immunological changes depended on gender and increased with 

age. 

15.2.2 METHAMPHETAMINE AFFECTED RAT MICROGLIA 

A third study demonstrated that a drug known to induce psychosis in humans 

alters microglial as well as neurotransmitter and neuronal features in rats.  Escubedo and 

colleagues (1998) showed that methamphetamine, which in humans can lead to long-

lasting, recurring symptoms of schizophrenia (Yui et al. 2000), affects rat microglia.  In 

this study, rats given methamphetamine showed degenerated dopamine terminals 

paralleled by briefly increased peripheral benzodiazepine receptor (PBR) activity in 
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striatum.  The PBR, sometimes used to reveal microglia, is potentially a binding site for 

some drugs (Zhao, Hertz, & Code 1996), and is known to be upregulated on microglia 

in some species when the CNS is compromised, even diffusely such as with ethanol 

exposure, ischemia, or thiamine deficiency.  PBR levels are often quantitated in live 

imaging studies in humans (Banati et al. 2000) and presumed to indicate what microglia 

are doing.  Specifically what upregulation represents is unknown (Carson et al. 1998), 

however, and some evidence suggests the PBR may be expressed on astroglia in 

addition to microglia (at least in vitro).  Nevertheless, the authors of this study 

interpreted their results as suggesting microglia were phagocytosing degenerated 

terminals.  (Escubedo et al. 1998) 

 15.3 WHAT IS THE EVIDENCE FROM HUMAN STUDIES? 
Rodent experiments do not prove that various challenges alter microglia or elicit 

microglial activity or that microglia are involved in any of the schizophrenias.  But 

taken with the results of some studies in humans, they add weight to the proposition that 

microglia have an important role.  At least four such studies, one of living people and 

three of post mortem human material, offer substantial evidence that microglia are 

affected in schizophrenia. 

15.3.1 ABNORMAL CSF MACROPHAGES IN ACUTE SCHIZOPHRENIA 

One study suggesting microglia are abnormal looked at cerebrospinal fluid 

(CSF) from people with schizophrenia.  Nikkila and colleagues (1999) published 

observations supporting the idea that microglia are altered in the CNS of these people, 

at least during acute schizophrenia attacks.  They found that CSF from schizophrenics 

(males and females averaging in their early 30s) contained more amoeboid macrophage-

like cells than did fluid from comparable nonschizophrenics.  In addition, relevant to the 

point made earlier that drug use is important to consider with microglia, these 

researchers found that in patients taking neuroleptics, the abnormality normalized after a 

few weeks.  Although this study suggests there is increased immune activity in the CNS 

of schizophrenics during acute attacks, it only loosely implicates microglia in particular.  

Based on a generalized method, the investigators suggested the cells were microglia, but 

these investigators did not confirm that the cells were not, for instance, other 

macrophages or dendritic cells (McMenamin 1999; Pashenkov et al. 2001).  



Karperien 2004 

15.3 What is the Evidence from Human Studies? 

 199 

15.3.2 INCREASED ACTIVATION IN SOME POPULATIONS IN SOME POST-

MORTEM BRAIN AREAS 

Adding weight to this study, the authors of three articles investigating tissue 

from the brains of people who had schizophrenia in life also found abnormalities in 

microglia.  These authors identified microglia more conclusively than did Nikkila and 

colleagues, but as the three studies differed in definitions of microglial activation, 

patient categories, brain areas assessed, staining, counting, and tissue preparation, the 

findings are not directly comparable.  Nonetheless, as a whole, these studies offer 

intriguing insights.  Bayer et al. (1999) and Radewicz et al. (2000), for instance, found 

increased microglial activity in certain brain areas in schizophrenics.  In addition, 

Radewicz et al. and the third authors, Falke, Han, and Arnold (2000), found that 

microglia age abnormally in schizophrenics. 

To elaborate, in the first study, Bayer et al. (1999), defining activation as 

“significant” staining with antibodies to HLA-DR, found activation in hippocampus and 

cortex, in white and grey matter in schizophrenics averaging 64 years old (compared to 

controls averaging 57 years).  The authors did not comment on microglial morphology, 

but a photomicrograph published with the article shows many intensely stained 

intermediately reactive and ramified cells in schizophrenic tissue compared to less 

intensely stained, less reactive looking cells in control tissue.  Oddly, the only people 

whose brains showed activation in this study were schizophrenics first diagnosed at 40 

or more years.  This may be a technical issue (see Section 4.2.1 ), however, because the 

tissue was archival paraffin-embedded brain tissue, so perhaps fresher tissue would have 

revealed activation in all the schizophrenics.  (Bayer et al. 1999)  

The second set of investigators, Radewicz et al., using antibodies to HLA-DR 

(LN3) and similar criteria for activation (increased numbers and altered morphology of 

microglia), looked at frozen post-mortem tissue.  They found activation in temporal and 

frontal cortex, but in contrast to the study by Bayer and colleagues, the difference 

applied to the whole group of schizophrenics.  Tissue processing was not the only 

difference between the two studies, however.  These investigators used tissue from the 

brains of chronic, predominantly paranoid schizophrenics 16 years older than the 

patients in the first study (i.e., they were, on average, 80 years old).   
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15.3.3 ALTERED ACTIVATION AND ABNORMAL AGING 

Radewicz and colleagues assessed cells in schizophrenics as “predominantly 

resting ramified” with more intensely stained cells being intermediately activated rather 

than amoeboid.  These results seem similar to the first study, but are hard to confirm as 

the same because of differences in the studies.  Images published with both articles 

show microglia at different magnifications and are difficult to compare visually but 

seem to indicate similar results.  Radewicz et al. found that microglia comprised 7% of 

all cells in control but 12% in schizophrenic cortex (115 versus 89/mm2 in Brodman’s 

area 9; 139 versus 88/mm2 in area 22), and found more intense staining in white than 

grey matter.  They found no astrogliosis, no tissue destruction, no inflammatory cell 

infiltration, and no effect of recently used drugs.  Surprisingly, they found no effect of 

age on microglia in schizophrenics, but found predictable (Rozovsky, Finch, & Morgan 

1998) effects of age in the comparison populations.  (Radewicz et al. 2000) 

Relevant to this finding, the third group that looked at post mortem material, 

Falke and colleagues (2000) found a similar phenomenon—an age effect in controls but 

not in schizophrenics.  Surprisingly, however, this group did not find an overall 

difference in microglial activation in schizophrenics compared to controls.  Two 

features of this third study may explain why the investigators found no activation.  First, 

the tissue and population were not comparable to the first two studies: the investigators 

looked at recent post-mortem tissue from patients averaging 80 years old, all chronically 

hospitalised for severe, degenerating cognitive and functional deficits.  Second, the 

definition of “microglial activation” was noticeably different.  This team looked for 

something different from what the others looked for, using a different marker (CD68) 

and looking in different brain regions compared to the first two studies.  They counted 

stained cells without commenting on morphology, finding 80.8 microglia/mm2 in 

schizophrenic compared to 50.3/mm2 in normal thalamus, but did not find the difference 

statistically significant.  They counted a slight but not significant difference in the 

caudate, which was also where this team found a significant positive correlation of 

microglial numbers with age in control but not schizophrenic subjects, similar to what 

Radewicz and colleagues found in the other 80-year-old group.  (Falke, Han, and 

Arnold 2000)   

These researchers concluded, because they found no significant increase in the 

number of microglia revealed by CD68 and no changes in astroglia, that 
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neurodegeneration and presumably, microglial abnormalities were absent.  These results 

do not, however, preclude the possibility of subtle activation or other microglial 

abnormalities occurring without extensive proliferation.  Other studies have shown, for 

instance, that compared to MHC-II staining, CD68 staining reveals lower amounts of 

resting microglia in thalamus (Mittelbronn et al. 2001).   

Moreover, changing CD68 expression probably underlies changing microglial 

function, rather than neurodegeneration per se (see page 45).  Failure to detect CD68 

does not prove there was no neurodegeneration, nor does it prove that microglia were 

unaffected, especially in the light of these experimenters having found that age-related 

changes in microglia were not the same in schizophrenic and control tissue in one area.  

Perhaps these results reflect that only some populations of microglia are affected in 

schizophrenia, or perhaps there were differences too subtle to be detected by the 

methods these researchers used.  At any rate, further investigation is required to 

determine if there are no microglial abnormalities in some areas in this population of 

schizophrenics or if CD68 insensitive abnormalities occur, and to elucidate the 

significance of differences in microglial aging in schizophrenics. 

15.3.4 A FINAL WORD ON ENVIRONMENTAL FACTORS 

Although these recent studies of microglia††† suggest there is something unusual 

about at least some microglia in at least some people having schizophrenia, certain 

potentially confounding factors should be addressed before drawing conclusions.  

Nutritional status, for instance, was not addressed in these studies.  Drug use over the 

lifespan was not satisfactorily addressed, either, but because the schizophrenia patients 

in these studies probably chronically took therapeutic doses of or perhaps used other 

drugs, long-term drug use may have affected microglia.  Accordingly, what can be said 

of these studies is that some microglia in tissue from some people with schizophrenia 

age abnormally, and that some appear subtly activated, depending on disease subtype 

and brain area, but the causes of these changes are unknown. 

                                                 
††† The abstract to another article, published in 1979, indicates that researchers found structural 
abnormalities in and greater activity of microglia in female schizophrenic and mentally ill patients than in 
controls.  The article itself is written in Russian and no translation was available.  (Solov'eva & 
Orlovskaia 1979) 
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 15.4 AN OBJECTIVE AND SENSITIVE MORPHOMETRIC FOR 

COMPLICATED STRUCTURES IS REQUIRED 
To wrap up this chapter, then, microglia are implicated in schizophrenia.  The 

circumstantial evidence tells us that these cells emerge according to schedules and 

patterns suggesting they profoundly influence neurodevelopment, and that they can be 

affected by and affect many events in the nervous system that are probably relevant to 

schizophrenia.  To the circumstantial evidence is added more solid evidence that 

microglia are subtly affected in some people with schizophrenia.  The idea supported by 

that evidence, that microglia are subtly abnormal and may be affected abnormally by 

age depending on disease subtype and brain area, fits well with diagnostic categories 

and epidemiological and neuropathological findings in the schizophrenias.  Nonetheless, 

whether microglia are affected in early development or later life, how these cells might 

affect the ongoing plasticity of the CNS, and what might be the specific anatomical or 

behavioural correlates to specific types of microglia being disrupted remain only 

speculative.  Moreover, the abnormalities that have been documented in people with 

schizophrenia could reflect disturbances ultimately traceable to cells that microglia 

interact with or any combination of various environmental influences such as age, 

gender, diet, and drug use.  Overall, causes and meanings of unusual microglial features 

in schizophrenia remain a mystery clouded by many yet unsatisfactorily documented 

factors.   

If, however, subtle immunological changes affecting the CNS are embodied at 

least in part in microglial changes in schizophrenia, a question to ask in this 

morphologically oriented paper is: Are such subtleties quantifiable in terms of the 

morphology of microglia?  This question is addressed in the next chapter.
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Chapter 16 INVESTIGATION IV: THE 

ANTICIPATED FINAL QUESTION-CAN THE DB 

DIFFERENTIATE POPULATIONS OF 

MICROGLIA IN ACUTELY AND SUBTLY 

RESPONDING PARADIGMS, IN 

SCHIZOPHRENIA IN PARTICULAR? 

 16.1 ABSTRACT 
This investigation looked at microglia in schizophrenia and some other human 

disorders.  A fractal analysis of microglia from people with these disorders detected 

differences in microglial morphology compared to control in all the diseases 

investigated.  Further, specific disease profiles were identified, differentiating microglia 

in schizophrenia from microglia in some other diseases based on morphological 

features. 

 16.2 BACKGROUND 
Methods currently in use for classifying microglia generally depend on 

subjective assessments.  The previous investigations in this thesis showed that fractal 

analysis is exquisitely sensitive to differences in microglial morphology associated with 

differences in stimulation, being more sensitive to some changes than standard methods 

of categorizing microglia visually.  Expanding that work, this investigation explored the 

power of fractal analysis as a tool for differentiating disorders based on morphological 

features of microglia.  First, this investigation quantitated subjective assessments of 

subtle differences in microglia in cortex of post mortem brain tissue.  Then it assessed 

the usefulness of fractal analysis in distinguishing several human disorders including 

schizophrenia based on features of microglia. 

 16.3 MATERIALS AND METHOD 
Contours of microglia were obtained from published digital images of temporal 

and frontal cortex and hippocampus in brains of people with no apparent pathology 

versus schizophrenia in one set of images (Radewicz et al. 2000) and versus 

Alzheimer's disease, affective disorder, or schizophrenia in another set (Bayer et al. 
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1999) (reviewed on page 200).  In both sets of microglia, the cells had been revealed 

using HLA-DR, but there were differences in the particular protocols used and other 

differences such as in magnification and brain area.  For the first group, microglia in 

schizophrenia cortex had been assessed as being more numerous than in control cortex, 

resembling ramified microglia but being “typically more ramified” (Radewicz et al. 

2000) (see Figure 16-1).  This qualitative assessment was examined here in terms of the 

fractal dimension.  For the second group, microglial activation in the three disorders had 

been noted as a matter of “significant staining” compared to control; for this group, 

differences in individual morphological features and constellations of features 

characterizing large groups of cells were examined. 

 

Figure 16-1 Microglia in Schizophrenia Compared to Control Brain 

 

16.3.1 STATISTICAL ANALYSIS 

In general, the testable proposition in this investigation was that morphological 

measures differentiate microglia in control tissue from microglia in different 

pathological scenarios.  Correlations amongst morphological features were assessed and 

features were compared using ANOVA, paired t-tests, and z-tests for proportions, 

where, to summarize, rejecting the null hypothesis of equality would support the 

argument that pathological microglia can be objectively distinguished from other 

microglia by the features in question. 

 16.4 RESULTS 

16.4.1 SCHIZOPHRENIA VS. CONTROL 

 For the first set of cells, the DB was strongly positively correlated with the 

number of foreground pixels in the extracted patterns overall (r=0.79, p<0.01) as well as 

SchizophreniaControl 

Pictured here are contours made from 4 representative microglia from each of control and 
schizophrenic brain from Radewicz et al. (2000).  Microglia in schizophrenic brain were 
more numerous and morphologically different compared to control brain, although the 
differences were difficult to characterize.   
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for control and pathological cells separately.  The DB and pixel density were moderately 

to strongly correlated in all cases.  The DB and Λ were moderately negatively correlated 

in microglia from control but were not correlated in microglia from schizophrenia 

tissue. 

As outlined in Table 16-1, compared to control, microglia from schizophrenia 

cortex were slightly but significantly larger in area of the convex hull they occupied, 

and differed significantly in the number of pixels in the extracted pattern.  In addition, 

cells from the pathological group had a significantly higher DB compared to control.   

 

Table 16-1 Means, Standard Deviations, and p-values from Paired t-tests for Microglia 
from Control and Schizophrenia Cortex (N=14 pairs) 
 DB Λ Density Foreground 

Pixels (x 1000)

Area (x 
1000 

pixels2
) 

Span Circularity Span Ratio 

Control 1.39 0.47 0.09 18 19 200 0.82 1.46 
 0.03 0.07 0.01 0.5 6 43 0.05 0.32 

Schizophrenia 1.41 0.46 0.09 2 24 216 0.83 1.43 
 0.03 0.04 0.01 0.6 8 40 0.04 0.24 
p « NS 0.34 NS 0.19 0.01 0.03 NS 0.13 NS 0.39 NS 0.42 

 

16.4.2 SCHIZOPHRENIA, AFFECTIVE DISORDER, AND ALZHEIMER'S 

DISEASE 

16.4.2.i Correlations 

Table 16-2 shows that for the second set, in all of the groups combined as well 

as individually, the DB was strongly positively correlated with the total number of  

 

Table 16-2 Correlations for Morphological Features of Microglia from 3 Pathological 
Groups and 1 Control Group 

Morphological  
Feature 

Alzheimer's Disease Schizophrenia Affective Disorder Control All  

Correlation of Morphological Feature With the DB 
Weak=0-0.33; Moderate=0.33-0.66; Strong=0.66-1.00 

Λ  NS NS NS NS W 
area NS M M M M 
span NS M M NS M 
circ NS W M M W 
span ratio NS -W -M NS -W 
pixels S S S S S 
density NS NS NS NS W 
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foreground pixels, but was not strongly correlated with the density of pixels in any case.  

For the other measures, as was found in the previous investigations, many correlations 

depended on the group, presumably as a matter of the extent of activation.  Circularity 

and the DB were more strongly correlated in control and affective disorder than in the 

other cases, for instance.  Overall, the span ratio was moderately negatively correlated 

with the DB, but significantly only in affective disorder.  In contrast to other results 

reported here, Λ was not significantly correlated with the DB in any group. 

16.4.2.ii Differences between Groups 

For the second set of cells, on most measures, microglia in all of the pathological 

groups differed from the control group.  In particular, the pathological groups were all 

significantly larger in span and area, more complex, and had higher mean Λ values and 

numbers (but not densities) of pixels than control cells.  Compared to each other, the 

pathological groups also differed in certain ways.  Especially pertinent to this thesis, the 

only measures on which all of the pathological groups differed significantly from each 

other were the number of pixels and the DB (ANOVA, p=0.007; Figure 16-2 outlines the 

distribution of the DB in each group).   

 

Figure 16-2 Distributions of Morphological Features 

   

 

There were, in addition to this consistent difference in all cases, several other 

differences between certain pairs of pathological groups.  Overall, microglia from 

affective disorder, for instance, were less elongated, with a significantly lower span 

ratio, than microglia in either Alzheimer's disease or schizophrenia.  Interestingly, 
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though, cell shape was distributed over essentially the same range in Alzheimer's 

disease as in schizophrenia, and differences between these groups were not significant. 

Different clusters of objective morphological features were also identified in 

different pathological scenarios.  The cells shown in Figure 16-3 below, for instance, 

were present in different amounts in different groups.  Both groups represented in the 

figure contained cells that were classifiable as hypertrophied to bushy.  The top cell in 

the figure is from a group having greater DB and lesser Λ values than the average for 

control cells, and falling within a narrow range for circularity.  They presumably 

represent moderately active cells.  They were present in (significantly) the highest 

proportion in Alzheimer's (32%), then schizophrenia (12%), in which they were also in 

significantly different amounts compared to all other groups, then in essentially the 

same low amount (5%) in affective disorder and control.   

 

Figure 16-3 Proportions of Cells Defined by Constellations of Morphological 
Features Differed for Different Diseases 

 

The cells represented by the bottom contour presumably are a generally less 

active cadre of cells than the top group.  This group of cells had DBs greater than one σ 

above the mean for control cells and Λ between the maximum and the mean for control 

cells, and were not larger than the largest control cells.  This type was found in the same 

proportion in schizophrenia and affective disorder (26%), which was, in both cases, 

significantly higher than in both Alzheimer's disease and control (where, in both 

instances, they made up 5% of microglia). 

 16.5 DISCUSSION 
This investigation looked at morphological differences in microglia in overtly 

pathological and less overtly pathological scenarios.  There were two sets of findings, 

The top contour is typical of microglia found in 
greater proportions than normal in both 
schizophrenia and Alzheimer's disease but not in 
affective disorder.  The one on the bottom is 
typical of statistically definable cells found in 
greater than normal proportions in schizophrenia 
and affective disorder but not in Alzheimer's 
disease. 
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both expanding the work of the previous investigations to human disorders, including 

schizophrenia.  There were some differences in this investigation compared to others 

reported in this thesis, and some minor inconsistencies in comparing groups (i.e., there 

were differences in correlations amongst various features).  Overall, these differences 

do not affect the main results, however, and likely reflect the point emphasized 

previously that differences in how microglia are revealed can influence the absolute 

results of morphological analyses.  In general, both sets of findings agreed with 

previous findings presented in this thesis in that the DB and Λ were useful measures of 

microglial morphology.   

Specifically, the first results showed that a subtle difference in the morphology 

of microglia from schizophrenia cortex compared to control could be objectively 

quantitated by the DB.  In the original study from which the cells analyzed were drawn, 

the presence of neuropathological disorder in schizophrenia was quantitated as 

increased numbers of cells, as well as increased staining with HLA-DR compared to 

control.  While the role of microglia in schizophrenia has yet to be elucidated, it can be 

argued that changes in microglial number are not the only changes of import in that 

disorder.  That study also noted, for instance, that microglia were “not drastically 

altered” in schizophrenia but were, nonetheless, more ramified than in control tissue, 

with potentially important functional correlates to those morphological differences.  In 

the present investigation, the DB offered a practical and sensitive method of quantitating 

that subtle, difficult to pinpoint, but potentially important morphological change.   

The second set of results developed this theme further.  Two of the pathological 

scenarios from that group represent severe psychiatric disorders and the other, 

Alzheimer's disease, involves well-known overt neurodegeneration.  The presence and 

nature of neuropathological and microglial changes in some psychiatric disorders 

including schizophrenia are controversial and only beginning to be explored.  Often the 

measure of microglial activation is an increase in cell numbers, but, as was explained 

earlier, this limited measure may overlook significant differences in microglial activity.  

The morphological analysis done here revealed clear differences in morphology 

separating microglia in all of the pathological cases from control.  Moreover, it also 

highlighted differences peculiar to different pathological scenarios.  Further study is 

required to determine in detail what such subtle but objectively quantifiable 

morphological differences mean, but this finding’s significance is compounded by the 

previous investigations reported here, wherein the DB was shown to be a good indicator 
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of graded changes in morphology associated with even small differences in stimulation 

and, presumably, in tandem, activation. 

 16.6 CONCLUSION 
Morphological complexity was reconfirmed here as a measure differentiating 

disease from control microglia in not only overtly but also less overtly abnormal tissue.  

With fractal analysis, differences in microglial morphology were objectively quantitated 

to show even changes only subtly afield of what might be considered normal.  In 

keeping with other investigations reported in this thesis, fractal analysis stood out as a 

meter of microglial morphology.  Although it is beyond the scope of this thesis to 

ascribe specific functional correlates to subtle morphological changes the DB can 

quantitate, it is within the scope to point out that the ability to quantitate very subtle 

morphological changes in microglia offers a new and potentially powerful way to view 

neuropathological events that may be especially relevant to understanding various 

disorders involving the human CNS. 
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Chapter 17 PUTTING IT ALL TOGETHER 

This final chapter’s purpose is to synthesize in one location the critical features 

of this thesis.  It summarizes the essential thread of this thesis’s argument, distils 

overriding principles from the work done, explicitly outlines the key new contributions 

of this work, and, finally, points to future directions.  

 17.1 THE ESSENCE OF THE ARGUMENT 
This thesis sought to measure microglial morphology.  It explained why this is 

an important problem, starting by explaining that microglia are themselves important.  It 

explained that although microglia were historically dismissed as a relatively 

uninteresting component of “brain glue”, they are now considered much more than 

sticky stuff holding the human brain and spinal cord together.  These tiny wielders of 

formidable power can maintain, disrupt, or destroy central nervous system structure and 

function.  Distinct populations of multiform, multifunctional, motile, and potent 

immune effector cells, microglia may help form, stand guard in, be recruited to, and 

bear arms in the human CNS, thus have potentially profound influences on CNS 

structure and function throughout the lifespan.  

Next, this thesis explained why microglial morphology should be measured at 

all.  That is, having such profound influences, microglia are potential targets of study or 

manipulation with virtually anything that might be awry in the CNS.  Learning what 

microglia are doing or manipulating them in medical interventions in any circumstance 

would generally require monitoring them.  One way already used to assess microglial 

function is by assessing their morphology, because microglial form and function are 

linked.  

To elaborate, there is an essential range of morphologies microglia may adopt.  

That range includes at first rounded, then ramified, then again potentially deramified 

and possibly reramified forms, along a reversible continuum.  Evolution through that 

basic range can be followed in developing CNS, in culture, and in adult CNS, including 

in the cases of resident but also replenished microglia entering the CNS from the blood.  

As was explained, this range is traditionally classified as some variation on a theme of 

ramified to reactive, roughly corresponding to a functional spectrum from maintaining 

to modifying brain structure and function.  In normal adult human brain and spinal cord, 
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ramified microglia—small-bodied with long, finely branched processes—are considered 

to be “resting”, a bit of a misnomer for cells that are actively monitoring and helping to 

maintain the microenvironment.  In contrast, in pathological CNS, activated cells—very 

bushy or reactive cells swelling and winding in their processes or having already 

completely lost them—are presumably mopping up debris or blatantly destroying tissue. 

Microglia change form along this basic range in response to several variables, 

the best known of which are pathological.  Indeed, the shifting of shape in microglia 

heralds or follows so many pathological hallmarks that microglial morphology is 

generally considered virtually a proxy for microglial activity, and, consequently, an 

indicator of at least some of what is happening in the CNS as a whole.   

Evidence suggests that although microglial morphology is thus patently affected 

in several disorders, in at least one disorder, schizophrenia, microglial morphology may 

be chronically but only subtly unusual.  Why that is so and how it relates to the disease 

is unknown.  Several people have suggested that immune activation occurs in and 

underlies at least some features of schizophrenia.  Some studies, having found no 

obvious pathology of or no increase in microglia detected by certain staining methods in 

certain brain areas, have been interpreted as suggesting microglia are not abnormally 

activated in at least some forms of schizophrenia.  But that interpretation is weakened 

by the points that microglia can be active without proliferating, and not all visualization 

methods reveal microglia equally at all stages of activation or in all brain areas.     

The notion of being “subtly unusual” is at the crux of this thesis, and can be 

explained in the context of categories of microglial activation.  At the margin where the 

resting category merges with activated, branches are shorter and thicker, somata are 

bigger than in normal microglia, but cells are not clearly activated.  Microglia in this 

state may be behaving properly (e.g., responding mildly or returning to a resting state), 

but in schizophrenia, and perhaps other cases such as ethanol or other drug exposure, 

may be committing chronic, subtle misdemeanours.  Moreover, in general, during 

activation in any paradigm, microglial morphology evolves on several fronts and along 

different schedules.  To people applying objective criteria in order to classify microglia, 

shifts and overlaps in categories are often evident but difficult to quantify.  Thus, this 

suggests that assessing not just broad categories, but also subtle details of microglial 

morphology is important.   

Along with emphasizing the importance of objectively measuring categories and 

details of changes in microglia, this thesis pointed out that there is currently no standard, 
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objective way of measuring microglial morphology in all its complexity.  Many authors 

assess microglia using techniques and categories insensitive to certain subtle variations 

and disruptions that may be easily overlooked, yet may have grave consequences for 

people harbouring them.  Thus, a lack of an objective meter for defining the complexity 

of microglial morphology was deemed a notable problem, the resolution of which could 

have important applications in theoretical and ultimately clinical situations.   

Hence, this thesis introduced fractal analysis.  The fractal dimension has been 

used to detect visually imperceptible or difficult to characterize differences amongst 

some biological cells, but previously no one had applied fractal analysis to defining 

microglia in humans with and without various disorders.  That was done here.  Tools for 

modelling and analyzing microglial morphology using box counting fractal analysis 

were introduced and several investigations were done. 

 17.2 GENERAL PRINCIPLES 
From those investigations, various overriding principles can be drawn: 

1. The DB, supplemented by Λ and other measures such as of size and 

shape, objectively and usefully measures changes in microglial 

morphology associated with function related categories.  

2. On its own, the DB is an especially sensitive index of subtle differences 

in microglial morphology associated with subtle differences, as in 

stimulation level and presumably activation as well as associated with 

brain area.  It was the most consistently useful measure of, and in some 

cases, the only measure refined enough to detect, the most subtle and 

difficult to identify changes.  

3. The results here suggest that beyond traditional morphological 

categories, specific morphological features of individual cells and 

distributions of cells having individual features or constellations of 

features as assessed by the method developed here can tell important 

information about events in the CNS. 

4. Compared to other measures, the DB is not superfluous.  It was 

significantly correlated with some measures, but generally not 

consistently correlated with most measures.  For instance, the DB was 

moderately to strongly correlated with Λ in some of the investigations, 

but only for cells at certain levels of activation.  The only measure the DB 
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was consistently correlated with was the number of pixels in an extracted 

pattern.  Nonetheless, the DB was not redundant with the number of 

pixels, in that it offered information not available in a simple pixel count.  

This practical difference can be understood with reference to theoretical 

fractal images.  Patterns can be made having both increasing numbers of 

pixels and increasing DBs, but for fractals, any correlation is incidental.  

The DB in such cases measures not the change in the number of pixels 

per se, but the change in their arrangement, as an indicator of a 

represented pattern’s complexity.  This principle was evident in the 

practical results that 1) the DB for microglia was generally not strongly 

correlated with the density of pixels, and 2), despite that the number of 

pixels and the DB were correlated, the number of pixels was not as useful 

an index of function-related change as was the DB.  

5. Fractal analysis as applied here provided, rather than an absolute, 

universal standard for microglial morphology and activation in any 

paradigm, a sensitive and useful tool that must be applied under 

controlled conditions.  As alluded to above, in the most drastic reaction 

from resting to reactive, certain features of microglia, such as cell span, 

soma size, membrane detail, and branching characteristics change in 

essentially the same way regardless of the paradigm under consideration.  

However, that general model is simplified.  Deciding whether microglia 

are helping or harming is often a matter of fitting together pieces of a 

puzzle.  That puzzle includes data about changing biochemical markers, 

increased numbers, and altered morphology of these small cells, and 

becomes rather complicated because the biochemical repertoire, 

numbers, and morphology of microglia depend on a host of factors.  

Those factors, including species, age, diet, brain location, hormones, 

pathology, and tissue processing, can affect the baseline state of 

microglia, the response (e.g., whether it will be local or diffuse, transient 

or aggressive), and the final representation of a cell from which 

inferences about these features are drawn.  That microglia themselves as 

well as the gamut of changes known as activation and the resulting 

representation in an extracted pattern are subject to many variables was 

evident in this thesis in several ways.  There was, for instance, variation 
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from one investigation to the next in not only the values for the DB and 

other measures but also in how measures related to each other.   

6. The scaling in some patterns extracted from microglia resembles the 

multifractal scaling in small diffusion limited aggregates, which some 

microglia resemble.  In addition, there was some indication that ramified 

microglia are more likely than others to show multifractal scaling, but 

multifractal scaling was rare overall. 

 17.3 CONTRIBUTIONS 
Within the essential thread and inferences just outlined, this thesis contributes 

certain important elements of new knowledge.  For clarity, they are explicitly outlined 

here:  

17.3.1.i Objectively Quantitating Functional Categories 

The problem of lacking a way of objectively quantitating microglial morphology 

to relate it to functional categories was solved.  It was shown that a controlled box 

counting fractal analysis, which assesses complexity or detail, a feature of microglial 

morphology that presumably changes with function but is not accounted for by 

traditional measuring methods, provides a meter for objectively identifying function-

related categories of microglial morphology.  

17.3.1.ii Objectively Quantitating Subtle Morphological Details 

The related problem of objectively quantitating subtle changes in microglial 

morphology was also solved.  It was shown that such an analysis reveals and quantitates 

potentially significant morphological changes that are easily overlooked by other 

methods, especially methods that rely on morphological categories as indicators of 

microglial function.   

17.3.1.iii Identifying Drug Effects, Functional Correlates, and Disease-Specific 
Profiles 

At a different level, certain other elements of new knowledge were added.  

Specifically, controlled box-counting analyses done here objectively: 

1. quantitated otherwise virtually undetectable effects of the drug 

naloxone on cultured microglia,  

2. distinguished between cells that were in similar morphological 

categories but either in different brain areas or progressing in 
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different directions (i.e., entering as opposed to recovering from a 

more reactive state), and 

3. identified disease-specific profiles of microglial morphology, 

including 

4. Subtle and difficult to describe changes in microglia in 

schizophrenia. 

17.3.1.iv A Practical Toolset for Studying and Analyzing Microglial Morphology 

This thesis also provided a practical toolset.  It described a method of extracting 

patterns from digital images of microglia and introduced an accessible and practical 

software solution for the biological scientist, FracLac, developed to control and 

automate box counting of binary contours and provide other measures for objectively 

describing microglial morphology.  Those other measures included, along with the DB, 

lacunarity, multifractality, the number and density of foreground pixels in an extracted 

pattern, and the 2-dimensional size and shape (i.e., span ratio and circularity) of the 

convex hull a cell covers.  This software was tested using images created with 

MicroMod, another computer program developed as part of this thesis for generating 

fractals and modelling microglia.   

 17.4 FUTURE DIRECTIONS FOR FRACTAL ANALYSIS OF 

MICROGLIA 
Where does the work of this thesis lead?  As important as any particular 

inference or contribution is the future research that this thesis points to.   

17.4.1.i Fractal Analysis May Play a Key Role in the Further Study of Schizophrenia   

This investigation did not fully characterized microglial abnormalities in 

schizophrenia, and behavioural or neuroanatomical consequences as well as causes of 

morphological differences in microglia in schizophrenia remain to be elucidated.  The 

results found here suggest that fractal analysis can contribute to these ends.  In 

particular, perhaps the methods used here can help answer some currently vexing 

questions raised by the work of other investigators.  It would be interesting, for instance, 

to add to animal studies of early immunological disruption a fractal analysis of 

microglia, to determine if they are abnormal in ways that have been missed by other 

methods.  Such analyses may also be useful in determining if there are subtle 

differences in microglia in certain brain areas, such as hippocampus, certain cortical 

areas, caudate, and cerebellum over the lifespan in schizophrenia.  Sensitive 
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morphological analyses may help determine to what extent schizophrenia is a disorder 

of subtle fundamental immunological disruption, as well as whether abnormal microglia 

in adults are responding to factors such as drug use and diet.  Extending the work of 

Nikkila et al. (1999), the sensitivity of fractal analysis to morphological differences may 

prove especially useful in analyzing and monitoring subtle effects of drugs on cells in 

CSF in living people with schizophrenia.     

17.4.1.ii Applications to Microglia in General 

All of these examples have broader corollaries that might be applied outside of 

schizophrenia.  As an example, a fractal analysis of microglia might prove informative 

in virtually any study visualizing these cells in early development of the CNS.  In 

addition, fractal analysis as applied here may help resolve several other more general 

problems in the study of microglia that were mentioned in this thesis.  One problem that 

was mentioned in several places is the vexing problem of positively identifying 

microglia.  This one area may benefit especially from the exquisite sensitivity of the DB.  

Perhaps the DB, supplemented by multifractality, lacunarity, and other measures, can 

augment more traditional methods in distinguishing microglia from other glia or, in 

particular, from macrophages and dendritic cells.  Taking this general idea further, this 

type of analysis may also help in identifying meaningful or distinctive differences 

amongst microglia from different species or subpopulations.   

17.4.1.iii Technical Issues and Advances in Imaging and Computer Technology 

From a methodological perspective, it may also be informative to critically 

assess effects on the DB of different staining and, especially in these times of rapid 

technological change, computer-aided imaging techniques.   

17.4.1.iv Multifractality 

A question brought to light in this thesis that should be illuminated further 

concerns the role of multifractality in assessing microglia.  The prospect of some 

microglia scaling as multifractals is intriguing, but the results here were not conclusive.  

Further work, perhaps using larger images than the ones assessed here, is required to 

characterize and discover the significance of pseudo-multifractal scaling that was found 

in some patterns extracted from microglia.  In this respect, in addition to a formal 

multifractal analysis, it may be helpful to look in more detail for relationships amongst 

local and global DBs.  Relationships amongst the DB associated with branching, or 

perhaps isolated aspects of branching, and the DB associated with other membrane 
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details might be explored in this regard.  In particular, it would be interesting to clarify 

the nature of multifractal scaling in microglia, and pursue the potential for multifractal 

analysis to reveal cells in a transitional state having elements of more than one typical 

level of activation. 

17.4.1.v Single Cells versus Overall Profiles 

Relationships amongst overall distributions of types of cells is another topic that 

should be developed in more detail.  In addition, an analysis of global versus local 

dimensions as well as formal multifractal analysis may also be useful in understanding 

events over larger areas, such as in graded responses or aggregates of microglia.  In 

general, it might be worthwhile to develop methods for processing images in this way 

rather than extracting individual cell contours. 

17.4.1.vi Addressing the Information Issue 

In the bigger picture, a challenge for the future is to standardize and integrate 

information gained about microglia.  An accessible database of microglial distribution 

and morphology in humans and other animals would prove indispensable in future 

analyses.  Such a database could include measures such as the DB, as well as other 

functional and morphological features of normal and pathological states from 

developmental through old age.  It would be prudent to catalogue the database 

according to tissue processing, brain area, marker, age, gender, nutritional status, etc., as 

much as possible.  Given what appears to be a reasonably good source of published 

images in the scientific literature, overall, the extension of Jelinek et al.’s approach 

made here may be a way to broadly apply fractal analysis to the study of microglia and 

potentially build such a database.  

 17.5 CONCLUSION 
In closing, microglia are physically and functionally integral residents of the 

CNS receiving increasing attention for their roles in human health and disease.  For 

these potent effectors of change in the human CNS, links between form and function are 

exquisitely important.  Paradoxically, however, neither the roles microglia play in 

human health and disease nor the relationships between form and function are clearly 

defined.  Steps toward understanding these issues may be found in efforts to objectively 

quantitate features of microglial morphology.  The work presented in this thesis 

suggests that rigorous analysis of microglia using fractal and other disciplined methods 
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may offer ways to monitor progression of or susceptibility to several pathological 

scenarios, as well as responses to drugs.  This may prove indispensable in diagnosing 

and treating a spectrum of pathology across the lifespan, including trauma, infection, 

developmental disorders, neurodegenerative disorders, and psychiatric disorders such as 

schizophrenia.  The challenge for the future is to further develop and apply these 

methods to help open our eyes to the workings of this enigmatic CNS workhorse, the 

microglial cell. 
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Appendix A LIST OF SYMBOLS AND 

ABBREVIATIONS 
  
« <0.01 
«« <0.001 
Act activated/reactive/amoeboid microglia 
AD Alzheimer's disease 
AIF allograft inflammatory factor  
ANOVA analysis of variance 
Bush bushy microglia 
CD cluster of differentiation 
Circ circularity from FracLac 
CNS central nervous system 
CR3 Complement receptor 3 
CSF cerebrospinal fluid 
CV coefficient of variation = σ divided by the mean; may be multiplied by 

100 to be expressed as a percentage; measures relative dispersion 
DB  box counting fractal dimension 
DC capacity dimension 
DD dilation dimension 
DF fractal dimension 
DQ fractal dimension at some arbitrary Q (multifractal measure) 
DS  similarity dimension 
DT topological dimension 
GFAP glial fibrillary acidic protein (used for astroglia) 
HLA Human leukocyte antigen 
Hyp hypertrophied microglia 
Int intermediate microglia 
LPS lipopolysaccharide 
MHC Major histocompatibility complex 
MRF Microglia response factor 
N number of items 
NS not significant 
OX-42 Anti OX-42 antibody marks microglia, macrophages, dendritic cells, 

and granulocytes in the CNS 
p or p-value actual probability in a statistical test 
PBR Peripheral benzodiazepine receptor 
Pi probability of a box containing pixels; subscript denotes the ith box in 

multifractal analysis  
r correlation coefficient; also r2 
Ram ramified microglia 
RCA-1 The lectin Ricinus communis agglutinin-1 
SE Standard error 
α statistical tests: level of significance 

multifractal analysis: exponent that varies over an image for each ε; 
used in calculating multifractal spectra 

ε box size 
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Λ lacunarity measured as the cv2 for the number of pixels per box at an ε 
μ the mean 
σ standard deviation 
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Appendix B MICROGLIA AND DRUGS 

INTERACT 
Species/cell/preparation Substance Summary of 

relevant effect 
Comment/Reference 

16- to 22-week-old 
human foetal microglial 
cultures 
 

morphine inhibited directed 
migration; cells 
constitutively 
express  and  
opioid receptors 

Opioids have anti-
inflammatory potential 
in humans (Chao et al. 
1994, 1996, 1997)  
 

Murine BV2 cultures naloxone  Reduced 
superoxide 
production 

Opioid receptor 
antagonist (Chang et al. 
2000) 

Adult rat naloxone Reduced LPS 
induced death of 
dopaminergic 
neurons without 
evidence of effect 
on microglia 
morphology  

Microglia were 
revealed by 
complement receptor 3 
and assessed 
semiquantitatively, but 
criteria were not 
outlined clearly (Lu, 
Bing, & Hagg 2000) 

Seventeen male rhesus 
monkeys, 3–5 years of 
age 
In the initial analysis, 
post-hoc analysis of drug-
treated 
 

daily doses of 
antipsychotic drugs 
or placebo 
for 6 months 
chlorpromazine, 
haloperidol, 
pimozide, 
clozapine, 
olanzapine, 
risperidone 

Glial density 
increased in drug 
compared to 
placebo group; 
laminar specific 
effect differed 
with medication 
type; in area 46 of 
prefrontal cortex; 
not in neuronal 
density, though 

Did not differentiate 
types of glia; using 
Nissl staining, glia were 
distinguished from 
neurons on the basis of 
their smaller size, the 
absence of visible 
cytoplasm, a darker 
nuclear membrane, and 
the presence of a 
dispersed pattern 
of nuclear chromatin so 
no conclusions can be 
drawn about glial type 
affected.  (Selemon, 
Lidow, & Goldman-
Rakic 1999) 

Neonatal Wistar rats 
 

Thyroid hormone 
T3 

During late 
development, T3 
stimulates growth 
of processes and 
prevents cell 
death; shorter 
processes in 
hypothyroid rats 

Process-bearing 
microglia, defined as 
cells with at least one 
thin process three times 
longer than the cell 
body (usually >100 m) 
(Lima et al. 2001) 
 

1-2 day old rat cultures 
and N9 myc-
immortalized mouse 
microglia line  

estrogenic steroids  
estriol, -estradiol, 
and progesterone 
 

inhibited 
production of NO 
and TNF- 
 

Biphasic response may 
be important, where 
concentration 
determines benefit or 
harm in gender related 
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Species/cell/preparation Substance Summary of 
relevant effect 

Comment/Reference 

diseases (Drew & 
Chavis 2000) 

6–8 week old CBA/T6 
mice  
 

dexamethasone 
administered to 
malaria infected 
mice 

Earlier treatment 
associated with 
less severe 
neurological 
symptoms and less 
microglial reaction 

Maybe indirect 
prevention of activation 
rather than direct 
influence on microglia 
(Medana et al. 2000) 

3 month old male F-344 
Harlan Sprague–Dawley 
rats 

daily peripheral 
administration of 
nonsteroidal 
antiinflammatories 
with chronic LPS 
infusion to brain 
 

nitroflurbiprofen 
decreased number 
and reactive state 
of microglial cells; 
nitroaspirin had 
less of an effect  
 

Aspirin diffuses poorly 
across while ibuprofens 
rapidly cross the blood 
brain barrier (Hauss-
Wegrzyniak et al. 1999) 

from 1-day neonatal 
Wistar rats primary 
microglial cultures  
 

Caffeine, 
paracetamol, and 
acetylsalicylic acid 
 

No comment on 
morphology; all 
inhibited 
prostaglandin E2 
(PGE2) synthesis; 
caffeine inhibited 
COX-2 activity 
 

Synergistic effects at 
therapeutically relevant 
doses (Fiebich et al. 
2000) 

Male Sprague–Dawley 
rats 
 

Schedules of 
treatment with 
minocycline after 
focal cerebral 
ischaemia 

prevented 
microglial 
activation and 
appearance; 
reduced infarct 
size; decreased 
PGE2, COX-2, 
and IL-1-
converting 
enzyme 

Looked at CD11b 
reactive microglia; did 
not affect early 
astrogliosis 
(Yrjanheikki et al. 
1999) 
 

Male Sprague–Dawley 
rats 
 

methamphetamine Dopaminergic loss 
in striatum; 
microgliosis in 
striatum, 
cerebellum, and 
hippocampus  

Microgliosis measured 
by increased PBR may 
have underlain 
permanent 
dopaminergic terminal 
loss (Escubedo et al. 
1998) 

adult male Sprague 
Dawley rats 
 

recombinant gp120 
 

Increased 
microglial 
activation in 
spinal cord  

Assessed percent of 
black in binary image 
field to determine 
staining differences; 
associated with pain 
mediation linked to 
proinflammatory 
mediators from 
microglia (and 
astroglia) (Milligan et 
al. 2001) 

male F344 rats 
 

40 weeks chronic 
ethanol diet 

No increase in 
microglial 

Method of qualitative 
assessment was not 
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Species/cell/preparation Substance Summary of 
relevant effect 

Comment/Reference 

proliferation; 
qualitative 
assessment 
showed no effect 
on microglial 
morphology; 
vacuoles and 
secondary 
lysosomes suggest 
past phagocytosis 
in microglia in 
molecular layer 

specified; authors 
speculate that dendritic 
spines that are lost with 
long term exposure may 
be phagocytosed by 
microglia (Dlugos & 
Pentney 2001) 

Snail, frog Morphine, 
naloxone 

Morphine inhibits 
cell movement 

Putative microglia 
resemble their own 
species’s immunocytes 
(Sonetti et al. 1994) 
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Appendix C FRACLAC 

PROGRAM OVERVIEW AND SPECIFICATIONS 

 FracLac is software written in Java by Audrey Balay-Karperien, using the 
NetBeans IDE 3.5 on the Java 2 Platform v1.4.2.  It has been tested on 
WindowsXP Pro, Windows2000, Windows98, and SUSE Linux.   

 
 FracLac is available as a plugin for http://rsb.info.nih.gov/ij/ or a limited stand-

alone Java application.  It analyzes digital images for specialized measures of the 
box counting fractal dimension, the generalized dimension spectrum, different 
types of lacunarity, and other morphometrics.  

 
 The algorithm is outlined in the JavaDoc for the main driver class, 

FracLac_2004E.  The software is packaged as an automatically installed .jar file.  
Thus, it is installed simply by placing a copy of the jar file in the plugins folder of 
ImageJ, and then invoked from the ImageJ menu.  

 
 It is suitable for analyzing images of biological cells and textures, for instance.  It 

has been tested extensively on control images, including various quadric fractals, 
Koch fractals, Sierpinski and Menger fat fractals, multifractals (Henon Maps), 
diffusion limited aggregates, and Euclidean forms, with typically low deviations 
from expected and high r2 values for the fractal dimension.  It works on only 
black pixels on a white background, or white pixels on a black background, so 
images must be thresholded prior to analysis to ensure that only the pixels of 
interest are assessed.  

 
 FracLac contains 9,384 lines of code, 4,944 non-comment lines, and 3,315 

comment lines of code.  
 

USE AND FEATURES 

It is suitable for analyzing patterns, as from images of biological cells and textures, for 
instance.  It has been tested extensively on control images, including various quadric 
fractals, Koch fractals, Sierpinski and Menger fat fractals, multifractals (Henon Maps), 
diffusion limited aggregates, and Euclidean forms, with typically low deviations from 
expected and high r2 values for the fractal dimension.  It works on only black pixels on a 
white background, or white pixels on a black background, so patterns must be extracted 
and images must be thresholded prior to analysis to ensure that only the pixels of 
interest are assessed.  FracLac shows some results and graphs, but also delivers raw 
data and results in a text file that can be opened in a spreadsheet. 

Box Counting 

o standard box counting fractal dimensions  
o graphs and regression statistics  
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o Average fractal dimensions and measures of variability over multiple 
scans  

o a correction for the lack of prior knowledge of the scaling ratio  
o a more efficient cover dimension  
o automatically optimized scans of each image  
o data for mass related dimensions  

Multifractal Spectra and Generalized Dimensions 

 distributions of local dimensions over an image, including colour coding 
showing how the distribution of complexity changes with the scale at which it is 
assessed (in addition to multifractal spectra)  

 Multifractal spectra data and graphs: DQ, τ, α, f(α)  
 customized sampling over different orientations and shifted positions  
 pseudorandom mass sampling (for example, manipulable with respect to pixels 

sampled, image edges, and so on)  

Lacunarity 

 lacunarity based on the prefactor  
 lacunarity based on the coefficient of variation in pixel density and a binned 

probability distribution  
 lacunarity based on a sliding box scan  

Other Morphometrics 

FracLac delivers various morphometrics based on the pixelated part of an image:  

o circularity based on the convex hull  
o vertical (bottom and top) and horizontal (left and right) axes  
o and the width and height of the enclosing rectangle  

HISTORY AND DEVELOPMENT 

FracLac was conceived and developed by Audrey Karperien at Charles Sturt University 
in 2002-2004 as part of a master's project supervised by Dr. Herbert Jelinek, 
Neuroscience Department, School of Community Health, Charles Sturt University, 
Australia.  FracLac is available for download from the ImageJ website.  The intent was 
to develop a practical tool for biological cell morphology analysis, addressing several 
inherent problems associated with box counting.  The box counting algorithm was based 
originally on ImageJ's function and an NIH Image plugin by Dr. Jelinek.  The convex 
hull algorithm was provided by Thomas R. Roy, University of Alberta, Canada.  The 
basic techniques represented can be found in the references listed at the end of this page.  
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RELATED DOCUMENTATION 

o FracLac and its user's guide are available through the ImageJ website at 
the National Institutes of Health at http://rsb.info.nih.gov/ij/plugins/frac-
lac.html   

o The source code is available on request. 
o JavaDoc is available online at 

http://www.geocities.com/akarpe@sbcglobal.net/FracLacJavadoc/overvi
ew-summary.html  

o ImageJ, its documentation, user's guide, and source code are available 
online at http://rsb.info.nih.gov/ij/docs/index.html 

o For a Java overview see the Sun MicroSystems Website at 
http://java.sun.com/j2se/ 
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MicroMod models 

Appendix D MICROMOD 

PROGRAM OVERVIEW AND SPECIFICATIONS 

 MicroModV6.0 is biological cell and fractal structure 
modeling software written in Java by Audrey Balay-
Karperien, using the NetBeans IDE 3.5 on the Java 2 
Platform v1.4.2.  It has been tested on WindowsXP Pro, 
Windows2000, Windows98, and SUSE Linux.  It is 
available as a stand-
alone Java application 
from the author's 
home page at Charles 
Sturt University at 
http://athene.riv.csu.e

du.au/~akarpe01/ as MModLE.jar  Java 
source code is available on request.  

 
 MicroMod contains 28,456 lines of code, 

19,313 non-comment lines, and 7,818 
comment lines of code.  

 

Packages in MicroMod 
 

MicroModsrc Main package 

MicroModsrc.GUI Makes the graphic user interface 

MicroModsrc.Help User's guide in html for swing browser 

MicroModsrc.MakeStructure
Contains methods for generating random and 
deterministic fractals as well as branching structures for 
cell modelling 

MicroModsrc.Utils Utilities 
 

   

USE AND FEATURES  

This standalone application renders statistical or deterministic, skinny or fat fractals 
including quadric, Koch, Menger, and Sierpinski fractals as well as multifractals such as 
various Henon Maps and other iterated fractals (e.g., ferns), and diffusion limited 
aggregates.  It also models various biological structures. 
 

Random Walk 
Generated with 
MicroMod 

Quadric Fractals
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Sierpinski 
Triangle 

generated 
with 

MicroMod 

Diffusion 
Limited 
Aggregate 

Coloured, shaded, gray-scale and binary 
structures can be generated, modified, 
viewed, and loaded on a display screen.  
Images are saved as jpgs or pngs.   
 
Fractals and other structures are generated 
according to built-in models, loadable 
models provided with MicroMod, or using 
parameters set by the user.  Built-in, loaded, 
and newly made models can be saved, 
reloaded, modified, and used to generate 
multiple copies (from the on screen image or 
as batches of files) of statistically identical 

but unique structures.  Images can also be loaded directly.   
 
MicroMod also includes a fractal analysis function, including gray-scaling and 
binarizing capabilities.  Structures can be assessed on the screen as they are generated or 
in batches of images from the user's hard drive.  The analysis is delivered on screen and 
in detail in a text file that can be loaded in a spread sheet. 

HISTORY AND DEVELOPMENT 

MicroMod was originally developed as a standalone application for modeling fractals 
and further developed to apply fractal and Lindenmayer-system principles to microglia, 
a neuroimmunological cell.  It was used to model neural cells as presented by H. 
Jelinek, A. Karperien, D. Cornforth, R. Cesar, J. Leandro (2002). "MicroMod - an L-
systems approach to neuron modeling." In Sarker, McKay, Gen and Namatame (eds.), 
Proceedings of the sixth Australia-Japan Joint Workshop on Intelligent and 
Evolutionary Systems, Canberra, Australia, pp 156-163.  The development of various 
algorithms is explained in detail in the JavaDoc available on request or online (see 
below).  

RELATED DOCUMENTATION 

o The MicroMod User's Guide is accessible online at 
http://www.geocities.com/akarperien@sbcglobal.net/Help/help.html and 
is available along with the JavaDoc for download at 
http://www.geocities.com/akarperien@sbcglobal.net  

o For a Java programming language overview, see the Sun MicroSystems 
Website (http://java.sun.com/j2se/) 
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 Willi-Hans Steeb, The Nonlinear Workbook: Chaos, Fractals, Cellular 
Automata, Neural Networks, Genetic Algorithms, Fuzzy Logic with C++, 
Java, Symbolic C++, and Reduce Programs, World Scientific, US, 1999 
(Reprint 2001). 

 David Green, Fractals and Scale, webpage available at  
http://www.complexity.org.au/vlab/tutorials/l_systems 

 

Fern generated 
using David Green’s 
algorithms used in 
MicroMod.  

Fractal branching structure model 
generated with MicroMod.  



DEFINING MICROGLIAL MORPHOLOGY: FORM, FUNCTION, AND FRACTAL DIMENSION 
 

 230 

Appendix E  REFERENCE LIST  
 

Aarum, J, Sandberg, K, Haeberlein, SLB & Persson, MAA 2003 'Migration and differentiation of neural 
precursor cells can be directed by microglia', PNAS, vol. 100, no. 26, pp. 15983-15988. 

Abraham, H & Lazar, G 2000, 'Early microglial reaction following mild forebrain ischemia induced by 
common carotid artery occlusion in rats', Brain Res, vol. 862, no. 1-2, pp. 63-73. 

Alliot, F, Godin, I & Pessac, B 1999, 'Microglia derive from progenitors, originating from the yolk sac, 
and which proliferate in the brain', Brain Res Dev Brain Res, vol. 117, no. 2, pp. 145-52. 

Aloisi, F, Serafini, B & Adorini, L 2000, 'Glia-T cell dialogue', J Neuroimmunol, vol. 107, no. 2, pp. 111-
7. 

Ambrosi, G, Virgintino, D, Benagiano, V, Maiorano, E, Bertossi, M & Roncali, L 1995, 'Glial cells and 
blood-brain barrier in the human cerebral cortex', Ital J Anat Embryol, vol. 100 Suppl 1, pp. 177-
84. 

Andjelkovic, AV, Nikolic, B, Pachter, JS & Zecevic, N 1998, 'Macrophages/microglial cells in human 
central nervous system during development: an immunohistochemical study', Brain Res, vol. 814, 
no. 1-2, pp. 13-25. 

Angata, T, Kerr, SC, Greaves, DR, Varki, NM, Crocker, PR & Varki, A 2002, ‘Cloning and 
characterization of human Siglec-11 a recently evolved signaling molecule that can interact with 
SHP-1 and SHP-2 and is expressed by tissue macrophages, including brain microglia’, J Biol 
Chem, vol. 277, no. 27, pp. 24466-74. 

Antel, JP & Owens, T 1999, 'Immune regulation and CNS autoimmune disease', J Neuroimmunol, vol. 
100, no. 1-2, pp. 181-9. 

Arnold, SE 1999, 'Neurodevelopmental abnormalities in schizophrenia: insights from neuropathology', 
Dev Psychopathol, vol. 11, no. 3, pp. 439-56. 

Badie, B & Schartner, J 2001, 'Role of microglia in glioma biology', Microsc Res Tech, vol. 54, no. 2, pp. 
106-13. 

Baker, CA, Lu, ZY, Zaitsev, I & Manuelidis, L 1999, 'Microglial activation varies in different models of 
Creutzfeldt-Jakob disease', J Virol, vol. 73, no. 6, pp. 5089-97. 

Baker, CA & Manuelidis, L 2003, 'Unique inflammatory RNA profiles of microglia in Creutzfeldt-Jakob 
disease', Proc Natl Acad Sci U S A, vol. 100, no. 2, pp. 675-9. 

Banati, RB, Goerres, GW, Myers, R, Gunn, RN, Turkheimer, FE, Kreutzberg, GW, Brooks, DJ, Jones, T 
& Duncan, JS 1999, '[11C](R)-PK11195 positron emission tomography imaging of activated 
microglia in vivo in Rasmussen's encephalitis', Neurology, vol. 53, no. 9, pp. 2199-203. 

Banati, RB, Myers, R & Kreutzberg, GW 1997, 'PK ('peripheral benzodiazepine')--binding sites in the 
CNS indicate early and discrete brain lesions: microautoradiographic detection of', J Neurocytol, 
vol. 26, no. 2, pp. 77-82. 

Banati, RB, Newcombe, J, Gunn, RN, Cagnin, A, Turkheimer, F, Heppner, F, Price, G, Wegner, F, 
Giovannoni, G, Miller, DH, Perkin, GD, Smith, T, Hewson, AK, Bydder, G, Kreutzberg, GW, 
Jones, T, Cuzner, ML & Myers, R 2000, 'The peripheral benzodiazepine binding site in the brain 
in multiple sclerosis: quantitative in vivo imaging of microglia as a measure of disease activity', 
Brain, vol. 123 ( Pt 11), pp. 2321-37. 



Karperien 2004 

Reference List 

 231 

Barger, SW & Basile, AS 2001, 'Activation of microglia by secreted amyloid precursor protein evokes 
release of glutamate by cystine exchange and attenuates synaptic function', J Neurochem, vol. 76, 
no. 3, pp. 846-54. 

Bartlett, PF 1982, 'Pluripotential hemopoietic stem cells in adult mouse brain', Proc Natl Acad Sci U S A, 
vol. 79, no. 8, pp. 2722-5. 

Bayer, TA, Buslei, R, Havas, L & Falkai, P 1999, 'Evidence for activation of microglia in patients with 
psychiatric illnesses', Neurosci Lett, vol. 271, no. 2, pp. 126-8. 

Becher, B, Prat, A & Antel, JP 2000, 'Brain-immune connection: immuno-regulatory properties of CNS-
resident cells', Glia, vol. 29, no. 4, pp. 293-304. 

Bechmann, I & Nitsch, R 2000, 'Involvement of non-neuronal cells in entorhinal-hippocampal 
reorganization following lesions', Ann N Y Acad Sci, vol. 911, pp. 192-206. 

Becker, L, Mito, T, Takashima, S & Onodera, K 1991, 'Growth and development of the brain in Down 
syndrome', Prog Clin Biol Res, vol. 373, pp. 133-52. 

Benes, FM 2000, 'Emerging principles of altered neural circuitry in schizophrenia', Brain Res Brain Res 
Rev, vol. 31, no. 2-3, pp. 251-69. 

Bernhardi, RV & Nicholls, JG  1999, 'Transformation of leech microglial cell morphology and properties 
following co-culture with injured central nervous system tissue', J Exp Biol, vol. 202 (Pt 6), pp. 
723-8. 

Berthelsen, CL, Glazier, JA & Skolnick, MH 1992, 'Global fractal dimension of human DNA sequences 
treated as pseudorandom walks', Phys Rev A, vol. 45, no. 12, pp. 8902-8913. 

Beschorner, R, Adjodah, D, Schwab, JM, Mittelbronn, M, Pedal, I, Mattern, R, Schluesener, HJ & 
Meyermann, R 2000a, 'Long-term expression of heme oxygenase-1 (HO-1, HSP-32) following 
focal cerebral infarctions and traumatic brain injury in humans', Acta Neuropathol (Berl), vol. 100, 
no. 4, pp. 377-84. 

Beschorner, R, Engel, S, Mittelbronn, M, Adjodah, D, Dietz, K, Schluesener, HJ & Meyermann, R 
2000b, 'Differential regulation of the monocytic calcium-binding peptides macrophage-inhibiting 
factor related protein-8 (MRP8/S100A8) and allograft inflammatory factor-1 (AIF-1) following 
human traumatic brain injury', Acta Neuropathol (Berl), vol. 100, no. 6, pp. 627-34. 

Bodeutsch, N & Thanos, S 2000, 'Migration of phagocytotic cells and development of the murine 
intraretinal microglial network: an in vivo study using fluorescent dyes', Glia, vol. 32, no. 1, pp. 
91-101. 

Bohatschek, M, Kloss, CU, Kalla, R & Raivich, G 2001, 'In vitro model of microglial deramification: 
ramified microglia transform into amoeboid phagocytes following addition of brain cell 
membranes to microglia-astrocyte cocultures', J Neurosci Res, vol. 64, no. 5, pp. 508-22. 

Borrell, J, Vela, JM, Arevalo-Martin, A, Molina-Holgado, E & Guaza, C 2002, 'Prenatal immune 
challenge disrupts sensorimotor gating in adult rats. Implications for the etiopathogenesis of 
schizophrenia', Neuropsychopharmacology, vol. 26, no. 2, pp. 204-15. 

Brown, DR 2001, 'Microglia and prion disease', Microsc Res Tech, vol. 54, no. 2, pp. 71-80. 

Cai, Z, Pan, ZL, Pang, Y, Evans, OB & Rhodes, PG 2000, 'Cytokine induction in fetal rat brains and brain 
injury in neonatal rats after maternal lipopolysaccharide administration', Pediatr Res, vol. 47, no. 
1, pp. 64-72. 

Calingasan, NY & Gibson, GE 2000a, 'Vascular endothelium is a site of free radical production and 
inflammation in areas of neuronal loss in thiamine-deficient brain', Ann N Y Acad Sci, vol. 903, pp. 
353-6. 



DEFINING MICROGLIAL MORPHOLOGY: FORM, FUNCTION, AND FRACTAL DIMENSION 
 

 232 

Calingasan, NY & Gibson, GE 2000b, 'Dietary restriction attenuates the neuronal loss, induction of heme 
oxygenase-1 and blood-brain barrier breakdown induced by impaired oxidative metabolism', Brain 
Res, vol. 885, no. 1, pp. 62-9. 

Calingasan, NY, Park, LC, Calo, LL, Trifiletti, RR, Gandy, SE & Gibson, GE 1998, 'Induction of nitric 
oxide synthase and microglial responses precede selective cell death induced by chronic 
impairment of oxidative metabolism', Am J Pathol, vol. 153, no. 2, pp. 599-610. 

Carson, MJ, Reilly, CR, Sutcliffe, JG & Lo, D 1998, 'Mature microglia resemble immature antigen-
presenting cells',  Glia, vol. 22, no. 1, pp. 72-85. 

Chang, RC, Rota, C, Glover, RE, Mason, RP & Hong, JS 2000, ‘A novel effect of an opioid receptor 
antagonist, naloxone, on the production of reactive oxygen species by microglia: a study by 
electron paramagnetic resonance spectroscopy’, Brain Res, vol. 854, no. 1-2, pp.224-9. 

Chao, CC, Gekker, G, Hu, S & Peterson, PK 1994, 'Human microglial cell defense against Toxoplasma 
gondii. The role of cytokines', J Immunol, vol. 152, no. 3, pp. 1246-52. 

Chao, CC, Gekker, G, Hu, S, Sheng, WS, Shark, KB, Bu, DF, Archer, S, Bidlack, JM & Peterson, PK 
1996, 'kappa opioid receptors in human microglia downregulate human immunodeficiency virus 1 
expression', Proc Natl Acad Sci U S A, vol.  93, no. 15, pp. 8051-6. 

Chao, CC, Hu, S, Shark, KB, Sheng, WS, Gekker, G & Peterson, PK 1997, 'Activation of mu opioid 
receptors inhibits microglial cell chemotaxis', J Pharmacol Exp Ther, vol. 281, no. 2, pp. 998-
1004. 

Chhabra, AB & Jensen, RV 1989, ‘Direct Determination of the f(α) singularity spectrum’, Phys Rev Lett 
vol. 62, no. 12, pp. 1327-1330.  

Chhabra, AB, Meneveau, C, Jensen, RV & Sreenivasan, KR 1989, 'Direct determination of the f(α) 
singularity spectrum and its application to fully developed turbulence', Phys Rev A, vol. 40, no. 9, 
pp. 5284-5294. 

Colton, CA, Chernyshev, ON, Gilbert, DL & Vitek, MP 2000, 'Microglial contribution to oxidative stress 
in Alzheimer's disease', Ann N Y Acad Sci, vol. 899, pp. 292-307. 

Columba-Cabezas, S, Serafini, B, Ambrosini, E, Sanchez, M, Penna, G, Adorini, L & Aloisi, F 2002, 
'Induction of macrophage-derived chemokine/CCL22 expression in experimental autoimmune 
encephalomyelitis and cultured microglia: implications for disease regulation', J Neuroimmunol, 
vol. 130, no. 1-2, pp. 10-21. 

Costa, LdF & Cesar, RM 2001, Shape analysis and classification : theory and practice, Image processing 
series: Image processing series, CRC Press, Boca Raton, FL. 

Cotran, RS, Kumar, V, Collins, T & Robbins, SL  1999, Robbins pathologic basis of disease, 6th ed  edn, 
Saunders, Philadelphia. 

Cotter, DR, Pariante, CM & Everall, IP 2001, 'Glial cell abnormalities in major psychiatric disorders: the 
evidence and implications', Brain Res Bull, vol. 55, no. 5, pp. 585-95. 

Cross, AK & Woodroofe, MN 2001, 'Immunoregulation of microglial functional properties', Microsc Res 
Tech, vol. 54, no. 1, pp. 10-7. 

Cross, SS 1997, 'Fractals in pathology', J Pathol, vol. 182, no. 1, pp. 1-8. 

Cuadros, MA & Navascues, J 1998, 'The origin and differentiation of microglial cells during 
development', Prog Neurobiol, vol. 56, no. 2, pp. 173-89. 

Cyr, M, Calon, F, Morissette, M & Di Paolo, T 2002, 'Estrogenic modulation of brain activity: 
implications for schizophrenia and Parkinson's disease', J Psychiatry Neurosci, vol. 27, no. 1, pp. 



Karperien 2004 

Reference List 

 233 

12-27. 

D'Souza, SD, Bonetti, B, Balasingam, V, Cashman, NR, Barker, PA, Troutt, AB, Raine, CS & Antel, JP 
1996, 'Multiple sclerosis: Fas signaling in oligodendrocyte cell death', J Exp Med, vol. 184, no. 6, 
pp. 2361-70. 

Dailey, ME & Waite, M 1999, 'Confocal imaging of microglial cell dynamics in hippocampal slice 
cultures', Methods, vol. 18, no. 2, pp. 222-30, 177. 

De Groot, CJ, Montagne, L, Janssen, I, Ravid, R, Van Der Valk, P & Veerhuis, R 2000, 'Isolation and 
characterization of adult microglial cells and oligodendrocytes derived from postmortem human 
brain tissue', Brain Res Brain Res Protoc, vol. 5, no. 1, pp. 85-94. 

DeBartolo, SG, Gabriele, S & Gaudio, R 2000, 'Multifractal behaviour of river networks',  Hydrology and 
Earth System Sciences, vol. 4, pp. 105-112. 

Debbage, PL, O'Dell, DS & James, DW 1981, 'Affinity of chick microglia in vitro for ricin 120', Cell 
Tissue Res, vol. 220, no. 2, pp. 313-23. 

DeFife, KM, Jenney, CR, Colton, E & Anderson, JM 1999 'Cytoskeletal and Adhesive Structural 
Polarizations Accompany IL-13-induced Human Macrophage Fusion', J. Histochem. Cytochem., 
vol. 47, no. 1, pp. 65-74. 

DeGirolami, U, Crowell, RM & Marcoux, FW 1984, 'Selective necrosis and total necrosis in focal 
cerebral ischemia. Neuropathologic observations on experimental middle cerebral artery occlusion 
in the macaque monkey', J Neuropathol Exp Neurol, vol. 43, no. 1, pp. 57-71. 

Deininger, MH, Weller, M, Streffer, J, Mittelbronn, M & Meyermann, R 1999, 'Patterns of 
cyclooxygenase-1 and -2 expression in human gliomas in vivo', Acta Neuropathol (Berl), vol. 98, 
no. 3, pp. 240-4. 

Dickson, DW 1986, 'Multinucleated giant cells in acquired immunodeficiency syndrome encephalopathy. 
Origin from endogenous microglia?', Arch Pathol Lab Med, vol. 110, no. 10, pp. 967-8. 

Dickson, DW 1999, 'Microglia in Alzheimer's disease and transgenic models. How close the fit?', Am J 
Pathol, vol. 154, no. 6, pp. 1627-31. 

Dlugos, CA & Pentney, RJ 2001, 'Quantitative immunocytochemistry of glia in the cerebellar cortex of 
old ethanol-fed rats', Alcohol, vol. 23, no. 2, pp. 63-9. 

Dobrenis, K 1998, 'Microglia in cell culture and in transplantation therapy for central nervous system 
disease', Methods, vol. 16, no. 3, pp. 320-44. 

Dowding, AJ, Maggs, A & Scholes, J 1991, 'Diversity amongst the microglia in growing and regenerating 
fish CNS: immunohistochemical characterization using FL.1, an anti-macrophage monoclonal 
antibody', Glia, vol. 4, no. 4, pp. 345-64. 

Dowding, AJ & Scholes, J 1993, 'Lymphocytes and macrophages outnumber oligodendroglia in normal 
fish spinal cord',  Proc Natl Acad Sci U S A, vol. 90, no. 21, pp. 10183-7. 

Drew, PD & Chavis, JA 2000, ‘Female sex steroids: effects upon microglial cell activation’, J 
Neuroimmunol, vol. 111, no. 1-2, pp.77-85. 

Eder, C 2002, ‘Microglial ion channels’, in Microglia in the regenerating and degenerating central 
nervous system, (ed.) WJ Streit, Springer-Verlag, New York. 

Eder, C, Klee, R & Heinemann, U 1998, 'Involvement of stretch-activated Cl-channels in ramification of 
murine microglia', J Neurosci, vol. 18, no. 18, pp. 7127-37. 



DEFINING MICROGLIAL MORPHOLOGY: FORM, FUNCTION, AND FRACTAL DIMENSION 
 

 234 

Eglitis, MA & Mezey, E 1997, 'Hematopoietic cells differentiate into both microglia and macroglia in the 
brains of adult mice', Proc Natl Acad Sci U S A, vol.  94, no. 8, pp. 4080-5. 

Ellison, JA, Barone, FC & Feuerstein, GZ 1999, 'Matrix remodeling after stroke. De novo expression of 
matrix proteins and integrin receptors', Ann N Y Acad Sci, vol. 890, pp. 204-22. 

Ellison, JA, Velier, JJ, Spera, P, Jonak, ZL, Wang, X, Barone, FC & Feuerstein, GZ 1998, 'Osteopontin 
and its integrin receptor alpha(v)beta3 are upregulated during formation of the glial scar after focal 
stroke', Stroke, vol. 29, no. 8, pp. 1698-706; discussion 1707. 

Engel, S, Schluesener, H, Mittelbronn, M, Seid, K, Adjodah, D, Wehner, HD & Meyermann, R 2000, 
'Dynamics of microglial activation after human traumatic brain injury are revealed by delayed 
expression of macrophage-related proteins MRP8 and MRP14', Acta Neuropathol (Berl), vol. 100, 
no. 3, pp. 313-22. 

Escubedo, E, Guitart, L, Sureda, FX, Jimenez, A, Pubill, D, Pallas, M, Camins, A & Camarasa, J 1998, 
'Microgliosis and down-regulation of adenosine transporter induced by methamphetamine in rats', 
Brain Res, vol. 814, no. 1-2, pp. 120-6. 

Faff, L & Nolte, C 2000, 'Extracellular acidification decreases the basal motility of cultured mouse 
microglia via the rearrangement of the actin cytoskeleton', Brain Res, vol. 853, no. 1, pp. 22-31. 

Faff, L, Ohlemeyer, C & Kettenmann, H 1996, 'Intracellular pH regulation in cultured microglial cells 
from mouse brain', J Neurosci Res, vol. 46, no. 3, pp. 294-304. 

Falke, E, Han, LY & Arnold, SE 2000, 'Absence of neurodegeneration in the thalamus and caudate of 
elderly patients with schizophrenia', Psychiatry Res, vol. 93, no. 2, pp. 103-10. 

Fernandez, E, Bolea, JA, Ortega, G & Louis, E 1999, 'Are neurons multifractals?', J Neurosci Methods, 
vol. 89, no. 2, pp. 151-7. 

Fernandez, E & Jelinek, HF 2001, 'Use of fractal theory in neuroscience: methods, advantages, and 
potential problems', Methods, vol. 24, no. 4, pp. 309-21. 

Finch, CE, Morgan, TE, Rozovsky, I, Xie, Z, Weindruch, R & Prolla, TA 2002, 'Microglia and aging in 
the brain',  in Microglia in the regenerating and degenerating central nervous system, Springer-
Verlag, New York, pp. 275-306. 

Fiebich, BL, Lieb, K, Hull, M, Aicher, B, van Ryn, J, Pairet, M & Engelhardt, G 2000, ‘Effects of 
caffeine and paracetamol alone or in combination with acetylsalicylic acid on prostaglandin E(2) 
synthesis in rat microglial cells’, Neuropharmacology, vol. 39, no. 11, pp. 2205-13. 

Fischer, HG & Reichmann, G 2001, 'Brain dendritic cells and macrophages/microglia in central nervous 
system inflammation', J Immunol, vol. 166, no. 4, pp. 2717-26. 

Fitch, MT, Doller, C, Combs, CK, Landreth, GE & Silver, J 1999, 'Cellular and molecular mechanisms of 
glial scarring and progressive cavitation: in vivo and in vitro analysis of inflammation-induced 
secondary injury after CNS trauma', J Neurosci, vol. 19, no. 19, pp. 8182-98. 

Flavin, MP, Zhao, G & Ho, LT  2000, 'Microglial tissue plasminogen activator (tPA) triggers neuronal 
apoptosis in vitro', Glia, vol. 29, no. 4, pp. 347-54. 

Flugel, A, Bradl, M, Kreutzberg, GW & Graeber, MB 2001, 'Transformation of donor-derived bone 
marrow precursors into host microglia during autoimmune CNS inflammation and during the 
retrograde response to axotomy ', J Neurosci Res, vol. 66, no. 1, pp. 74-82. 

Garcia-Ovejero, D, Veiga, S, Garcia-Segura, LM & Doncarlos, LL 2002, 'Glial expression of estrogen 
and androgen receptors after rat brain injury', J Comp Neurol, vol. 450, no. 3, pp. 256-71. 

Garcia-Segura, LM, Chowen, JA & Naftolin, F 1996, 'Endocrine glia: roles of glial cells in the brain 



Karperien 2004 

Reference List 

 235 

actions of steroid and thyroid hormones and in the regulation of hormone secretion', Front 
Neuroendocrinol, vol. 17, no. 2, pp.  180-211. 

Gehrmann, J & Banati, RB 1995, 'Microglial turnover in the injured CNS: activated microglia undergo 
delayed DNA fragmentation following peripheral nerve injury', J Neuropathol Exp Neurol, vol. 
54, no. 5, pp. 680-8. 

Gehrmann, J & Kreutzberg, GW  1995, 'Microglia in experimental neuropathology',  in Neuroglia, H 
Kettenmann & BR Ransom (editor), Oxford University Press, New York, pp. 883-902. 

Ghorpade, A, Persidskaia, R, Suryadevara, R, Che, M, Liu, XJ, Persidsky, Y & Gendelman, HE 2001, 
'Mononuclear phagocyte differentiation, activation, and viral infection regulate matrix 
metalloproteinase expression: implications for human immunodeficiency virus type 1-associated 
dementia', J Virol, vol. 75, no. 14, pp. 6572-83. 

Giulian, D, Baker, TJ, Shih, LC & Lachman, LB 1986, 'Interleukin 1 of the central nervous system is 
produced by ameboid microglia', J Exp Med, vol. 164, no. 2, pp. 594-604. 

Giulian, D, Haverkamp, LJ, Yu, JH, Karshin, W, Tom, D, Li, J, Kirkpatrick, J, Kuo, LM & Roher, AE 
1996, 'Specific domains of beta-amyloid from Alzheimer plaque elicit neuron killing in human 
microglia', J Neurosci, vol. 16, no. 19, pp. 6021-37. 

Gonzalez-Juarrero, M & Orme, IM 2001, 'Characterization of murine lung dendritic cells infected with 
Mycobacterium tuberculosis', Infect Immun, vol. 69, no. 2, pp. 1127-33. 

Graeber, MB & Streit, WJ 1990, 'Perivascular microglia defined', Trends Neurosci, vol. 13, no. 9, p. 366. 

Grossmann, R, Stence, N, Carr, J, Fuller, L, Waite, M & Dailey, ME 2002, 'Juxtavascular microglia 
migrate along brain microvessels following activation during early postnatal development', Glia, 
vol. 37, no. 3, pp. 229-40. 

Halsey, TC 2000, ‘Diffusion-limited aggregation: a model for pattern formation’, Physics Today, vol. 53, 
no. 11. 

Hao, AJ, Dheen, ST & Ling, EA 2001a, 'Response of amoeboid microglia/brain macrophages in fetal rat 
brain exposed to a teratogen', J Neurosci Res, vol. 64, no. 1, pp. 79-93. 

Hao, AJ, Dheen, ST & Ling, EA 2001b, 'Induction of cytokine expression in the brain 
macrophages/amoeboid microglia of the fetal rat exposed to a teratogen', Neuroreport, vol. 12, no. 
7, pp. 1391-7. 

Harrison, PJ 1999 'The neuropathology of schizophrenia: A critical review of the data and their 
interpretation', Brain, vol. 122, no. 4, pp. 593-624. 

Hauss-Wegrzyniak, B, Willard, LB, Del Soldato, P, Pepeu, G & Wenk, GL 1999, 'Peripheral 
administration of novel anti-inflammatories can attenuate the effects of chronic inflammation 
within the CNS', Brain Res, vol. 815, no. 1, pp. 36-43. 

Highley, JR, Esiri, MM, McDonald, B, Cortina-Borja, M, Herron, BM & Crow, TJ 1999, 'The size and 
fibre composition of the corpus callosum with respect to gender and schizophrenia: a post-mortem 
study', Brain, vol. 122 ( Pt 1), pp. 99-110. 

Hollis, C 2000, 'Adolescent schizophrenia', Adv Psychiatr Treatment, vol. 6, pp. 83-92. 

Hornig, M, Weissenbock, H, Horscroft, N & Lipkin, WI 1999, 'An infection-based model of 
neurodevelopmental damage', Proc Natl Acad Sci U S A, vol.  96, no. 21, pp. 12102-7. 

Horwitz, B, Friston, KJ & Taylor, JG 2000, 'Neural modeling and functional brain imaging: an overview', 
Neural Netw, vol. 13, no. 8-9, pp. 829-46. 



DEFINING MICROGLIAL MORPHOLOGY: FORM, FUNCTION, AND FRACTAL DIMENSION 
 

 236 

Hultman, CM, Sparen, P, Takei, N, Murray, RM & Cnattingius, S 1999, 'Prenatal and perinatal risk 
factors for schizophrenia, affective psychosis, and reactive psychosis of early onset: case-control 
study', BMJ, vol. 318, no. 7181, pp. 421-6. 

Humphrey, MF & Moore, SR 1995, 'Strain differences in the distribution of NDP-ase labelled microglia 
in the normal rabbit retina', Glia, vol. 15, no. 4, pp. 367-76. 

Hurley, SD, Walter, SA, Semple-Rowland, SL & Streit, WJ 1999, 'Cytokine transcripts expressed by 
microglia in vitro are not expressed by ameboid microglia of the developing rat central nervous 
system', Glia, vol. 25, no. 3, pp. 304-9. 

Hutchins, KD, Dickson, DW, Rashbaum, WK & Lyman, WD 1990, 'Localization of morphologically 
distinct microglial populations in the developing human fetal brain: implications for ontogeny', 
Brain Res Dev Brain Res, vol. 55, no. 1, pp. 95-102. 

Illowsky, BP, Juliano, DM, Bigelow, LB & Weinberger, DR 1988, 'Stability of CT scan findings in 
schizophrenia: results of an 8 year follow-up study', J Neurol Neurosurg Psychiatry, vol. 51, no. 2, 
pp. 209-13. 

Ito, D, Imai, Y, Ohsawa, K, Nakajima, K, Fukuuchi, Y & Kohsaka, S 1998, ' Microglia-specific 
localisation of a novel calcium binding protein, Iba1', Brain Res Mol Brain Res, vol. 57, no. 1, pp. 
1-9. 

Jackson, AC, Gilbert, JJ, Young, GB & Bolton, CF 1985, 'The encephalopathy of sepsis', Can J Neurol 
Sci, vol. 12, no. 4, pp. 303-7. 

Janeway, CA 2001, Immunobiology the immune system in health and disease, 5th ed edn, Garland Publ, 
New York.  (Available online at http://www.ncbi.nlm.nih.gov/books; accessed August 2003). 

Jelinek, HF & Fernandez, E 1998, 'Neurons and fractals: how reliable and useful are calculations of 
fractal dimensions?', J Neurosci Methods, vol. 81, no. 1-2, pp. 9-18. 

Jelinek, HF, Karperien, A, Cornforth, D, Cesar, Jr., RM & Leandro, JJG 2002, ‘MicroMod-an L-systems 
approach to neuron modelling’, 6th AI Australasia-Japan Joint Workshop, Australian National 
University, Canberra, pp. 156-163. 

Jestczemski, F, 1996, 'Comparison of the surface dimension and the mass dimension of blood vessel 
systems', Fractals, vol. 4, no. 2, pp. 123-132. 

Jestczemski, F & Sernetz, M 1995, 'Multifractal approach to inhomogeneous fractals', Physica A, vol. 
223, no. (3-4), pp. 275-282. 

Jones, CL & Jelinek, HF 2001, 'Wavelet packet fractal analysis of neuronal morphology', Methods, vol. 
24, no. 4, pp. 347-58. 

Kanazawa, H, Ohsawa, K, Sasaki, Y, Kohsaka, S & Imai, Y 2002, 'Macrophage/microglia-specific 
protein Iba1 enhances membrane ruffling and Rac activation via phospholipase C--dependent 
pathway', J Biol Chem, vol. 277, no. 22, 20026-20032. 

Kato, H & Walz, W 2000, 'The initiation of the microglial response', Brain Pathol, vol. 10, no. 1, pp. 137-
43. 

Kaur, C, Hao, AJ, Wu, CH & Ling, EA 2001, 'Origin of microglia', Microsc Res Tech, vol. 54, no. 1, pp. 
2-9. 

Kennedy, DW & Abkowitz, JL 1997, 'Kinetics of central nervous system microglial and macrophage 
engraftment: analysis using a transgenic bone marrow transplantation model', Blood, vol. 90, no. 3, 
pp. 986-93. 

Kettenmann, H, Burton, GA & Moenning, UJ (eds) 2002, Neuroinflammation : from bench to bedside, 



Karperien 2004 

Reference List 

 237 

Ernst Schering Research Foundation workshop 39, Springer-Verlag, Berlin. 

Kettenmann, H & Ransom, BR 1995, Neuroglia, Oxford University Press, New York. 

Klyushnenkova, EN & Vanguri, P 1997, 'Ia expression and antigen presentation by glia: strain and cell 
type- specific differences among rat astrocytes and microglia', J Neuroimmunol, vol. 79, no. 2, pp. 
190-201. 

Kreutzberg, GW 1995, 'Microglia, the first line of defence in brain pathologies', Arzneimittelforschung, 
vol. 45, no. 3A, pp. 357-60. 

Larsson, LC, Corbascio, M, Widner, H, Pearson, TC, Larsen, CP & Ekberg, H 2002, 'Simultaneous 
inhibition of B7 and LFA-1 signaling prevents rejection of discordant neural xenografts in mice 
lacking CD40L', Xenotransplantation, vol. 9, no. 1, pp. 68-76. 

Lassmann, H, Zimprich, F, Vass, K & Hickey, WF  1991, 'Microglial cells are a component of the 
perivascular glia limitans', J Neurosci Res, vol. 28, no. 2, pp. 236-43. 

Lawson, LJ, Matyszak, MK & Perry, VH 1993, 'Lessons from microglia in special sites', Clin 
Neuropathol, vol. 12, no. 5, pp. 310-3. 

Lawson, LJ, Perry, VH & Gordon, S 1992, 'Turnover of resident microglia in the normal adult mouse 
brain', Neuroscience, vol. 48, no. 2, pp. 405-15. 

Lee, SC, Liu, W, Dickson, DW, Brosnan, CF & Berman, JW 1993, 'Cytokine production by human fetal 
microglia and astrocytes. Differential induction by lipopolysaccharide and IL-1 beta', J Immunol, 
vol. 150, no. 7, pp. 2659-67. 

Lee, SC, Liu, W, Roth, P, Dickson, DW, Berman, JW & Brosnan, CF 1993, 'Macrophage colony-
stimulating factor in human fetal astrocytes and microglia. Differential regulation by cytokines and 
lipopolysaccharide, and modulation of class II MHC on microglia', J Immunol, vol. 150, no. 2, pp. 
594-604. 

Leong, DK, Oliva, L & Butterworth, RF 1996, 'Quantitative autoradiography using selective radioligands 
for central and peripheral-type benzodiazepine receptors in experimental Wernicke's 
encephalopathy: implications for positron emission tomography imaging', Alcohol Clin Exp Res, 
vol. 20, no. 3, pp. 601-5. 

Lescar, J, Loris, R, Mitchell, E, Gautier, C, Chazalet, V, Cox, V, Wyns, L, Perez, S, Breton, C, & 
Imberty, A 2001 ‘Isolectins I-A and I-B of Griffonia (Bandeiraea) Simplicifolia: Crystal structure 
of metal-free Gs I-B4 and molecular basis for metal binding and monosaccharide specificity’, 
JBiolChem, vol. 277, no. 8, pp. 6608-14. structureID=1GNZ 

Levi, G, Patrizio, M, Bernardo, A, Petrucci, TC & Agresti, C 1993, 'Human immunodeficiency virus coat 
protein gp120 inhibits the beta- adrenergic regulation of astroglial and microglial functions', Proc 
Natl Acad Sci U S A, vol. 90, no. 4, pp. 1541-5. 

Lima, FR, Gervais, A, Colin, C, Izembart, M, Neto, VM & Mallat, M 2001, ‘Regulation of microglial 
development: a novel role for thyroid hormone’, J Neurosci, vol. 21, no. 6, pp.2028-38. 

Liu, B, Du, L & Hong, JS 2000, 'Naloxone protects rat dopaminergic neurons against inflammatory 
damage through inhibition of microglia activation and superoxide generation', J Pharmacol Exp 
Ther, vol. 293, no. 2, pp. 607-17. 

Liu, B & Hong, JS 2003, 'Role of microglia in inflammation-mediated neurodegenerative diseases: 
mechanisms and strategies for therapeutic intervention', J Pharmacol Exp Ther, vol. 304, no. 1, pp. 
1-7. 

Liu, Y, Shenouda, D, Bilfinger, TV, Stefano, ML, Magazine, HI & Stefano, GB 1996, 'Morphine 
stimulates nitric oxide release from invertebrate microglia', Brain Res, vol. 722, no. 1-2, pp. 125-



DEFINING MICROGLIAL MORPHOLOGY: FORM, FUNCTION, AND FRACTAL DIMENSION 
 

 238 

31. 

Llorca, PM, Lancon, C, Disdier, B, Farisse, J, Sapin, C & Auquier, P 2002, 'Effectiveness of clozapine in 
neuroleptic-resistant schizophrenia: clinical response and plasma concentrations', J Psychiatry 
Neurosci, vol. 27, no. 1, pp. 30-7. 

Losa, GA 1994, ‘Fractal properties of pericellular membrane from lymphocyts and leukemic cells’, in 
Fractals in Biology and Medicine, TF Nonnenmacher, GA Losa, & ER Weibel (eds.), Birkhäuser 
Verlag, Basel, Switzerland, vol.1, pp. 190-200. 

Losa, GA, Baumann, G & Nonnenmacher, TF 1992, 'Fractal dimension of pericellular membranes in 
human lymphocytes and lymphoblastic leukemia cells', Pathol Res Pract, vol. 188, no. 4-5, pp. 
680-6. 

Losa, GA, Merlini, D, Nonnenmacher, TF, & Weibel, ER (eds) 1998, Fractals in biology and medicine, 
vol. 2, Birkhäuser Verlag, Basel, Switzerland. 

Lu, X, Bing, G & Hagg, T 2000, 'Naloxone prevents microglia-induced degeneration of dopaminergic 
substantia nigra neurons in adult rats', Neuroscience, vol. 97, no. 2, pp. 285-91. 

Lue, LF, Rydel, R, Brigham, EF, Yang, LB, Hampel, H, Murphy, GM Jr, Brachova, L, Yan, SD, Walker, 
DG, Shen, Y & Rogers, J 2001, 'Inflammatory repertoire of Alzheimer's disease and nondemented 
elderly microglia in vitro', Glia, vol. 35, no. 1, pp. 72-9. 

Maeda, A & Sobel, RA 1996, 'Matrix metalloproteinases in the normal human central nervous system, 
microglial nodules, and multiple sclerosis lesions', J Neuropathol Exp Neurol, vol. 55, no. 3, pp. 
300-9. 

Magazine, HI, Liu, Y, Bilfinger, TV, Fricchione, GL & Stefano, GB 1996, ' Morphine-induced 
conformational changes in human monocytes, granulocytes, and endothelial cells and in 
invertebrate immunocytes and microglia are mediated by nitric oxide', J Immunol, vol. 156, no. 12, 
pp. 4845-50. 

Male, D & Rezaie, P 2001, 'Colonisation of the human central nervous system by microglia: the roles of 
chemokines and vascular adhesion molecules', Prog Brain Res, vol. 132, pp. 81-93. 

Mannoji, H, Yeger, H & Becker, LE 1986, 'A specific histochemical marker (lectin Ricinus communis 
agglutinin-1) for normal human microglia, and application to routine histopathology', Acta 
Neuropathol (Berl), vol. 71, no. 3-4, pp. 341-3. 

Maslinska, D, Laure-Kamionowska, M & Kaliszek, A 1998, 'Morphological forms and localization of 
microglial cells in the developing human cerebellum', Folia Neuropathol, vol. 36, no. 3, pp. 145-
51. 

McGeer, PL & McGeer, EG 1998, 'Glial cell reactions in neurodegenerative diseases: pathophysiology 
and therapeutic interventions', Alzheimer Dis Assoc Disord, vol. 12 Suppl 2, pp. S1-6. 

McIntyre, NE & Wiens, JA 2000 'A novel use of the lacunarity index to discern landscape function', 
Landscape Ecology, vol. 15, no. 4, pp. 313-321. 

McManus, CM, Brosnan, CF & Berman, JW 1998, 'Cytokine induction of MIP-1 alpha and MIP-1 beta in 
human fetal microglia', J Immunol, vol. 160, no. 3, pp. 1449-55. 

McMenamin, PG 1999, 'Subretinal macrophages in the developing eye of eutherian mammals and 
marsupials', Anat Embryol (Berl), vol. 200, no. 5, pp. 551-8. 

Medana, IM, Chan-Ling, T & Hunt, NH 2000, ‘Reactive changes of retinal microglia during fatal murine 
cerebral malaria: effects of dexamethasone and experimental permeabilization of the blood-brain 
barrier’, Am J Pathol, vol. 156, no. 3, pp.1055-65. 



Karperien 2004 

Reference List 

 239 

Milligan, ED, O'Connor, KA, Nguyen, KT, Armstrong, CB, Twining, C, Gaykema, RP, Holguin, A, 
Martin, D, Maier, SF & Watkins, LR  2001, 'Intrathecal HIV-1 envelope glycoprotein gp120 
induces enhanced pain states mediated by spinal cord proinflammatory cytokines', J Neurosci, vol. 
21, no. 8, pp. 2808-19. 

Mittelbronn, M, Dietz, K, Schluesener, HJ & Meyermann, R 2001, 'Local distribution of microglia in the 
normal adult human central nervous system differs by up to one order of magnitude', Acta 
Neuropathol (Berl), vol. 101, no. 3, pp. 249-55. 

Mizuno, T, Yoshihara, Y, Kagamiyama, H, Ohsawa, K, Imai, Y, Kohsaka, S & Mori, K 1999, 'Neuronal 
adhesion molecule telencephalin induces rapid cell spreading of microglia', Brain Res, vol. 849, 
no. 1-2, pp. 58-66. 

Morgan, TE, Xie, Z, Goldsmith, S, Yoshida, T, Lanzrein, AS, Stone, D, Rozovsky, I, Perry, G, Smith, 
MA & Finch, CE 1999, 'The mosaic of brain glial hyperactivity during normal ageing and its 
attenuation by food restriction', Neuroscience, vol. 89, no. 3, pp. 687-99. 

Munn, NA 2000, 'Microglia dysfunction in schizophrenia: an integrative theory', Med Hypotheses, vol. 
54, no. 2, pp. 198-202. 

Nakajima, K & Kohsaka, S 2002, 'Neuroprotective roles of microglia in the central nervous system',  in 
Microglia in the regenerating and degenerating central nervous system, (ed.) WJ Streit, Springer-
Verlag, New York, pp. 188-208. 

Navascues, J, Calvente, R, Marin-Teva, JL & Cuadros, MA 2000, 'Entry, dispersion and differentiation of 
microglia in the developing central nervous system', An Acad Bras Cienc, vol. 72, no. 1, pp. 91-
102. 

Navascues, J, Cuadros, MA, Calvente, R & Marin-Teva, JL 2002, 'Roles of Microglia in the Developing 
Avian Visual System' in Microglia in the regenerating and degenerating central nervous system, 
(ed.) WJ Streit, Springer-Verlag, New York, pp. 15-35. 

Neumann, H, Misgeld, T, Matsumuro, K & Wekerle, H 1998, 'Neurotrophins inhibit major 
histocompatibility class II inducibility of microglia: involvement of the p75 neurotrophin receptor', 
Proc Natl Acad Sci U S A, vol. 95, no. 10, pp. 5779-84. 

Nichols, NR 1999, 'Glial responses to steroids as markers of brain aging', J Neurobiol, vol. 40, no. 4, pp. 
585-601. 

Nikkila HV, Muller K, Ahokas A, Miettinen K, Rimon R, & Andersson LC 1999, ‘Accumulation of 
macrophages in the CSF of schizophrenic patients during acute psychotic episodes’, Am J 
Psychiatry, vol. 156, no. 11, pp. 1725-9.  

Nonnenmacher, TF, Losa, GA, & Weibel, ER (eds) 1994, Fractals in biology and medicine, vol. 1, 
Birkhäuser Verlag, Basel, Switzerland. 

Nonnenmacher, TF, Baumann, G, Barth, A & Losa, GA 1994, 'Digital image analysis of self-similar cell 
profiles', Int J Biomed Comput, vol. 37, no. 2, pp. 131-8. 

Novak, G, Kim, D, Seeman, P & Tallerico, T 2002, 'Schizophrenia and Nogo: elevated mRNA in cortex, 
and high prevalence of a homozygous CAA insert', Brain Res Mol Brain Res, vol. 107, no. 2, pp. 
183-9. 

Ohsawa, K, Imai, Y, Kanazawa, H, Sasaki, Y & Kohsaka, S 2000, 'Involvement of Iba1 in membrane 
ruffling and phagocytosis of macrophages/microglia', J Cell Sci, vol. 113 ( Pt 17), pp. 3073-84. 

Overmyer, M, Helisalmi, S, Soininen, H, Laakso, M, Riekkinen, P Sr & Alafuzoff, I 1999, 'Reactive 
microglia in aging and dementia: an immunohistochemical study of postmortem human brain 
tissue',  Acta Neuropathol (Berl), vol. 97, no. 4, pp. 383-92. 



DEFINING MICROGLIAL MORPHOLOGY: FORM, FUNCTION, AND FRACTAL DIMENSION 
 

 240 

Park, LC, Zhang, H, Sheu, KF, Calingasan, NY, Kristal, BS, Lindsay, JG & Gibson, GE 1999, 'Metabolic 
impairment induces oxidative stress, compromises inflammatory responses, and inactivates a key 
mitochondrial enzyme in microglia', J Neurochem, vol. 72, no. 5, pp. 1948-58. 

Pashenkov, M, Huang, YM, Kostulas, V, Haglund, M, Soderstrom, M & Link, H 2001, 'Two subsets of 
dendritic cells are present in human cerebrospinal fluid', Brain, vol. 124, no. Pt 3, pp. 480-92. 

Peng, C-K, Buldyrev, SV, Hausdorff, JM, Havlin, S, Mietus, JEM, Simons, M, Stanley, HE, & 
Goldberger, AL 1994, ‘Fractal landcapes in physiology & medicine: long-range correlations in 
DNA sequences and heart rate intervals’, in Fractals in Biology and Medicine, TF Nonnenmacher, 
GA Losa, & ER Weibel (eds.), Birkhäuser Verlag, Basel, Switzerland, vol.1, pp. 55-66. 

Perry, VH 1998, 'A revised view of the central nervous system microenvironment and major 
histocompatibility complex class II antigen presentation', J Neuroimmunol, vol. 90, no. 2, pp. 113-
21. 

Pesce, C, Tobia, F & Scott, T 1985, 'Microglia in teratomas', Acta Neuropathol (Berl), vol. 67, no. 3-4, 
pp. 332-6. 

Plotnick, R, Gardner, R & O'Neill, R 1993, 'Lacunarity indices as measures of landscape texture ', 
Landscape Ecology, vol. 8, no. 8, pp. 201-211. 

Pocock, JM, Liddle, AC, Hooper, C, Taylor, DL, Davenport, CM & Morgan, SC 2002, 'Activated 
microglia in Alzheimer's disease and stroke', Ernst Schering Res Found Workshop, no. 39, pp. 
105-32. 

Prospero-Garcia, O, Gold, LH, Fox, HS, Polis, I, Koob, GF, Bloom, FE & Henriksen, SJ 1996, 
'Microglia-passaged simian immunodeficiency virus induces neurophysiological abnormalities in 
monkeys',  Proc Natl Acad Sci USA, vol. 93, no. 24, pp. 14158-63. 

Prusinkiewicz, P, Hammel, M, Hanan, J, & Mech, R. 1996, 'L-Systems: from the theory to visual models 
of plants', in Proceedings of the 2nd Commonwealth Scientific and Industrial Research 
Organisation Symposium on Computational Challenges in Life Sciences, (ed.) MT Michalewicz. 

Qiu, WQ, Ye, Z, Kholodenko, D, Seubert, P & Selkoe, DJ 1997, 'Degradation of amyloid beta-protein by 
a metalloprotease secreted by microglia and other neural and non-neural cells', J Biol Chem, vol. 
272, no. 10, pp. 6641-6. 

Radewicz, K, Garey, LJ, Gentleman, SM & Reynolds, R 2000, 'Increase in HLA-DR immunoreactive 
microglia in frontal and temporal cortex of chronic schizophrenics', J Neuropathol Exp Neurol, 
vol. 59, no. 2, pp. 137-50. 

Ramer, MS, Duraisingam, I, Priestley, JV & McMahon, SB 2001, 'Two-tiered inhibition of axon 
regeneration at the dorsal root entry zone', J Neurosci, vol.  21, no. 8, pp. 2651-60. 

Rasband, W 2004, ImageJ, v 1.32a, Research Services Branch, National Institute of Mental Health, 
Bethesda, Maryland, USA. Public domain biological image analysis software available from: 
http://rsb.info.nih.gov/ij/  

Re, F, Belyanskaya, SL, Riese, RJ, Cipriani, B, Fischer, FR, Granucci, F, Ricciardi-Castagnoli, P, 
Brosnan, C, Stern, LJ, Strominger, JL & Santambrogio, L 2002, 'Granulocyte-macrophage colony-
stimulating factor induces an expression program in neonatal microglia that primes them for 
antigen presentation', J Immunol, vol. 169, no. 5, pp. 2264-73. 

Ren, L, Lubrich, B, Biber, K & Gebicke-Haerter, PJ 1999, 'Differential expression of inflammatory 
mediators in rat microglia cultured from different brain regions', Brain Res Mol Brain Res, vol. 65, 
no. 2, pp. 198-205. 

Rezaie, P & Male, D 1997, 'Expression of adhesion molecules on human foetal cerebral vessels: 
relationship to colonisation by microglial precursors', Biochem Soc Trans, vol. 25, no. 2, p. 170S. 



Karperien 2004 

Reference List 

 241 

Rezaie, P & Male, D 1999, 'Colonisation of the developing human brain and spinal cord by microglia: a 
review', Microsc Res Tech, vol. 45, no. 6, pp. 359-82. 

Rezaie, P, Cairns, NJ & Male, DK 1997, 'Expression of adhesion molecules on human fetal cerebral 
vessels: relationship to microglial colonisation during development', Brain Res Dev Brain Res, vol. 
104, no. 1-2, pp. 175-89. 

Rezaie, P, Patel, K & Male, DK 1999, 'Microglia in the human fetal spinal cord--patterns of distribution, 
morphology and phenotype', Brain Res Dev Brain Res, vol. 115, no. 1, pp. 71-81. 

Rezaie, P, Trillo-Pazos, G, Greenwood, J, Everall, IP & Male, DK 2002, 'Motility and ramification of 
human fetal microglia in culture: an investigation using time-lapse video microscopy and image 
analysis', Exp Cell Res, vol. 274, no. 1, pp. 68-82. 

Roggendorf, W, Strupp, S & Paulus, W 1996, 'Distribution and characterization of 
microglia/macrophages in human brain tumors', Acta Neuropathol (Berl), vol. 92, no. 3, pp. 288-
93. 

Rothermundt, M, Arolt, V & Bayer, TA 2001, 'Review of immunological and immunopathological 
findings in schizophrenia', Brain Behav Immun, vol. 15, no. 4, pp. 319-39. 

Rozovsky, I, Finch, CE & Morgan, TE 1998, 'Age-related activation of microglia and astrocytes: in vitro 
studies show persistent phenotypes of aging, increased proliferation, and resistance to down-
regulation', Neurobiol Aging, vol. 19, no. 1, pp. 97-103. 

Santambrogio, L, Belyanskaya, SL, Fischer, FR, Cipriani, B, Brosnan, CF, Ricciardi-Castagnoli, P, Stern, 
LJ, Strominger, JL & Riese, R 2001, 'Developmental plasticity of CNS microglia', Proc Natl Acad 
Sci U S A, vol. 98, no. 11, pp. 6295-300. 

Schall, U, Schon, A, Zerbin, D, Eggers, C & Oades, RD 1996, 'Event-related potentials during an auditory 
discrimination with prepulse inhibition in patients with schizophrenia, obsessive- compulsive 
disorder and healthy subjects', Int J Neurosci, vol. 84, no. 1-4, pp. 15-33. 

Schluesener, HJ, Kremsner, PG & Meyermann, R 1998, 'Widespread expression of MRP8 and MRP14 in 
human cerebral malaria by microglial cells', Acta Neuropathol (Berl), vol. 96, no. 6, pp. 575-80. 

Schluesener, HJ, Kremsner, PG & Meyermann, R 2001, 'Heme oxygenase-1 in lesions of human cerebral 
malaria', Acta Neuropathol (Berl), vol. 101, no. 1, pp. 65-8. 

Schmitt, AB, Buss, A, Breuer, S, Brook, GA, Pech, K, Martin, D, Schoenen, J, Noth, J, Love, S, 
Schroder, JM, Kreutzberg, GW & Nacimiento, W 2000, 'Major histocompatibility complex class II 
expression by activated microglia caudal to lesions of descending tracts in the human spinal cord 
is not associated with a T cell response', Acta Neuropathol (Berl), vol. 100, no. 5, pp. 528-36. 

Schroeder, MR 1991, Minutes from an infinite universe fractals, chaos, power laws, W.H. Freeman, New 
York. 

Schroeter, M, Jander, S, Witte, OW & Stoll, G 1999, 'Heterogeneity of the microglial response in 
photochemically induced focal ischemia of the rat cerebral cortex', Neuroscience, vol. 89, no. 4, 
pp. 1367-77. 

Selemon, LD, Lidow, MS & Goldman-Rakic, PS 1999, 'Increased volume and glial density in primate 
prefrontal cortex associated with chronic antipsychotic drug exposure', Biol Psychiatry, vol. 46, 
no. 2, pp. 161-72. 

Sharpley, M, Hutchinson, G, McKenzie, K & Murray, RM 2001, 'Understanding the excess of psychosis 
among the African-Caribbean population in England. Review of current hypotheses', Br J 
Psychiatry Suppl, vol. 40, pp. s60-8. 

Sheffield, LG & Berman, NE 1998, 'Microglial expression of MHC class II increases in normal aging of 



DEFINING MICROGLIAL MORPHOLOGY: FORM, FUNCTION, AND FRACTAL DIMENSION 
 

 242 

nonhuman primates', Neurobiol Aging, vol. 19, no. 1, pp. 47-55. 

Sheffield, LG, Marquis, JG & Berman, NE 2000, 'Regional distribution of cortical microglia parallels that 
of neurofibrillary tangles in Alzheimer's disease', Neurosci Lett, vol. 285, no. 3, pp. 165-8. 

Sheng, JG, Mrak, RE & Griffin, WS 1997a, 'Glial-neuronal interactions in Alzheimer disease: progressive 
association of IL-1alpha+ microglia and S100beta+ astrocytes with neurofibrillary tangle stages', J 
Neuropathol Exp Neurol, vol. 56, no. 3, pp. 285-90. 

Sheng, JG, Mrak, RE & Griffin, WS 1997b, 'Neuritic plaque evolution in Alzheimer's disease is 
accompanied by transition of activated microglia from primed to enlarged to phagocytic forms', 
Acta Neuropathol (Berl), vol. 94, no. 1, pp. 1-5. 

Sheng, JG, Mrak, RE & Griffin, WS 1998, 'Enlarged and phagocytic, but not primed, interleukin-1 alpha- 
immunoreactive microglia increase with age in normal human brain', Acta Neuropathol (Berl), vol. 
95, no. 3, pp. 229-34. 

Sheng, JG, Griffin, WS, Royston, MC & Mrak, RE  1998, 'Distribution of interleukin-1-immunoreactive 
microglia in cerebral cortical layers: implications for neuritic plaque formation in Alzheimer's 
disease', Neuropathol Appl Neurobiol, vol. 24, no. 4, pp. 278-83. 

Shieh, JT, Martin, J, Baltuch, G, Malim, MH & Gonzalez-Scarano, F 2000, ' Determinants of syncytium 
formation in microglia by human immunodeficiency virus type 1: role of the V1/V2 domains', J 
Virol, vol. 74, no. 2, pp. 693-701. 

Smith, ME 2001, 'Phagocytic properties of microglia in vitro: implications for a role in multiple sclerosis 
and EAE', Microsc Res Tech, vol. 54, no. 2, pp. 81-94. 

Smith, TG Jr, Lange, GD & Marks, WB 1996, 'Fractal methods and results in cellular morphology--
dimensions, lacunarity and multifractals', J Neurosci Methods, vol. 69, no. 2, pp. 123-36. 

Solov'eva, ZhV & Orlovskaia, DD 1979, 'Microglia-type cells in normal and pathologic human 
embryonic brains', Zh Nevropatol Psikhiatr Im S S Korsakova, vol. 79, no. 7, pp. 852-7. 

Soltys, Z, Ziaja, M, Pawlinski, R, Setkowicz, Z & Janeczko, K 2001, 'Morphology of reactive microglia 
in the injured cerebral cortex. Fractal analysis and complementary quantitative methods', J 
Neurosci Res, vol. 63, no. 1, pp.  90-7. 

Sonetti, D, Ottaviani, E, Bianchi, F, Rodriguez, M, Stefano, ML, Scharrer, B & Stefano, GB 1994, 
'Microglia in invertebrate ganglia', Proc Natl Acad Sci U S A, vol. 91, no. 19, pp. 9180-4. 

Soontornniyomkij, V, Wang, G, Pittman, CA, Hamilton, RL, Wiley, CA & Achim, CL 1999, 'Absence of 
brain-derived neurotrophic factor and trkB receptor immunoreactivity in glia of Alzheimer's 
disease', Acta Neuropathol (Berl), vol. 98, no. 4, pp. 345-8. 

Soyka, M 2000, 'Substance misuse, psychiatric disorder and violent and disturbed behaviour', Br J 
Psychiatry, vol. 176, pp. 345-50. 

Spreen, O, Risser, AH & Edgell, D 1995, Developmental neuropsychology, 2nd ed. edn, Oxford 
University Press, New York. 

Stalder, M, Deller, T, Staufenbiel, M & Jucker, M 2001, '3D-Reconstruction of microglia and amyloid in 
APP23 transgenic mice: no evidence of intracellular amyloid', Neurobiol Aging, vol. 22, no. 3, pp. 
427-34. 

Stefano, GB, Liu, Y & Goligorsky, MS 1996, 'Cannabinoid receptors are coupled to nitric oxide release in 
invertebrate immunocytes, microglia, and human monocytes', J Biol Chem, vol. 271, no. 32, pp. 
19238-42. 

Stence, N, Waite, M & Dailey, ME 2001, 'Dynamics of microglial activation: a confocal time-lapse 



Karperien 2004 

Reference List 

 243 

analysis in hippocampal slices', Glia, vol. 33, no. 3, pp. 256-66. 

Stoll, G & Jander, S 1999, 'The role of microglia and macrophages in the pathophysiology of the CNS', 
Prog Neurobiol, vol. 58, no. 3, pp. 233-47. 

Streit, WJ 1995, 'Microglial cells',  in Neuroglia, H Kettenmann & BR Ransom, Oxford University Press, 
New York, pp. 85-97. 

Streit, WJ 2002, 'Physiology and pathophysiology of microglial cell function',  in Microglia in the 
regenerating and degenerating central nervous system, WJ Streit (ed.), Springer-Verlag, New 
York. 

Streit, WJ & Kreutzberg, GW 1987, 'Lectin binding by resting and reactive microglia', J Neurocytol, vol. 
16, no. 2, pp. 249-60. 

Streit, WJ & Kreutzberg, GW 1988, 'Response of endogenous glial cells to motor neuron degeneration 
induced by toxic ricin', J Comp Neurol, vol. 268, no. 2, pp. 248-63. 

Streit, WJ, Walter, SA & Pennell, NA 1999, 'Reactive microgliosis', Prog Neurobiol, vol. 57, no. 6, pp. 
563-81. 

Strobl, H, Scheinecker, C, Riedl, E, Csmarits, B, Bello-Fernandez, C, Pickl, WF, Majdic, O & Knapp, W 
1998 'Identification of CD68+lin-peripheral blood cells with dendritic precursor characteristics', J 
Immunol, vol. 161, no. 2, pp. 740-748. 

Takayasu, H 1990, Fractals in the physical sciences, Nonlinear science : theory and applications: 
Nonlinear science, Manchester University Press. Distributed exclusively in the USA and Canada 
by St. Martin's Press, Manchester, New York, New York. 

Tanaka, J, Toku, K, Sakanaka, M & Maeda, N 1999, 'Morphological differentiation of microglial cells in 
culture: involvement of insoluble factors derived from astrocytes', Neurosci Res, vol. 34, no. 4, pp. 
207-15. 

Tanaka, S, Suzuki, K, Watanabe, M, Matsuda, A, Tone, S & Koike, T 1998, ' Upregulation of a new 
microglial gene, mrf-1, in response to programmed neuronal cell death and degeneration', J 
Neurosci, vol. 18, no. 16, pp. 6358-69. 

Terrazzino, S, Bauleo, A, Baldan, A & Leon, A 2002, 'Peripheral LPS administrations up-regulate Fas 
and FasL on brain microglial cells: a brain protective or pathogenic event?', J Neuroimmunol, vol. 
124, no. 1-2, pp. 45-53. 

Thanos, S 2002, 'Microglia-directed neuroprotection and axonal regeneration of spinal cord neurons in 
adult rats', Spinal Research (online). 

Thomas, WE 1999, 'Brain macrophages: on the role of pericytes and perivascular cells', Brain Res Brain 
Res Rev, vol. 31, no. 1, pp. 42-57. 

Tikka, T, Fiebich, BL, Goldsteins, G, Keinanen, R & Koistinaho, J 2001, ' Minocycline, a tetracycline 
derivative, is neuroprotective against excitotoxicity by inhibiting activation and proliferation of 
microglia', J Neurosci, vol. 21, no. 8, pp. 2580-8. 

Todd, KG & Butterworth, RF 1999a, 'Mechanisms of selective neuronal cell death due to thiamine 
deficiency', Ann N Y Acad Sci, vol. 893, pp. 404-11. 

Todd, KG & Butterworth, RF 1999b, 'Early microglial response in experimental thiamine deficiency: an 
immunohistochemical analysis', Glia, vol. 25, no. 2, pp. 190-8. 

Toku, K, Tanaka, J, Fujikata, S, Hamamoto, Y, Horikawa, Y, Miyoshi, K, Tateishi, N, Suzuki, Y & 
Maeda, N 1999, 'Distinctions between microglial cells and peripheral macrophages with regard to 



DEFINING MICROGLIAL MORPHOLOGY: FORM, FUNCTION, AND FRACTAL DIMENSION 
 

 244 

adhesive activities and morphology', J Neurosci Res, vol. 57, no. 6, pp. 855-65. 

Tomimoto, H, Akiguchi, I, Suenaga, T, Nishimura, M, Wakita, H, Nakamura, S & Kimura, J 1996a, 
'Alterations of the blood-brain barrier and glial cells in white-matter lesions in cerebrovascular and 
Alzheimer's disease patients', Stroke, vol. 27, no. 11, pp. 2069-74. 

Tomimoto, H, Akiguchi, I, Wakita, H, Kinoshita, A, Ikemoto, A, Nakamura, S & Kimura, J 1996b, 'Glial 
expression of cytokines in the brains of cerebrovascular disease patients', Acta Neuropathol (Berl), 
vol. 92, no. 3, pp. 281-7. 

Tomimoto, H, Akiguchi, I, Wakita, H, Lin, JX & Budka, H 2000, 'Cyclooxygenase-2 is induced in 
microglia during chronic cerebral ischemia in humans', Acta Neuropathol (Berl), vol. 99, no. 1, pp. 
26-30. 

Tsai, SY & McNulty, JA 1997, 'Microglia in the pineal gland of the neonatal rat: characterization and 
effects on pinealocyte neurite length and serotonin content', Glia, vol. 20, no. 3, pp. 243-53. 

Tsai, SY, O'Brien, TE & McNulty, JA 2001, 'Microglia play a role in mediating the effects of cytokines 
on the structure and function of the rat pineal gland', Cell Tissue Res, vol. 303, no. 3, pp. 423-31. 

Turcotte, DL, Malamud, BD, Guzzetti, F & Reichenbach, P 2002, 'Self-organization, the cascade model, 
and natural hazards', Proc Natl Acad Sci U S A, vol.  99 Suppl 1, pp. 2530-7. 

Vicsek, M & Vicsek, T 1997, 'Aggregation models of fractal growth', CWI Quarterly, vol. 10, no. 2, pp. 
153-178. 

Vicsek, T 1992, Fractal growth phenomena, 2nd edn, World Scientific, Singapore, New Jersey. 

Vowinckel, E, Reutens, D, Becher, B, Verge, G, Evans, A, Owens, T & Antel, JP 1997, 'PK11195 
binding to the peripheral benzodiazepine receptor as a marker of microglia activation in multiple 
sclerosis and experimental autoimmune encephalomyelitis', J Neurosci Res, vol. 50, no. 2, pp. 
345-53. 

Wada, R, Tifft, CJ & Proia, RL 2000, 'Microglial activation precedes acute neurodegeneration in 
Sandhoff disease and is suppressed by bone marrow transplantation', Proc Natl Acad Sci U S A, 
vol. 97, no. 20, pp. 10954-9. 

Waliszewski, P & Konarski, J  2002, 'Neuronal differentiation and synapse formation occur in space and 
time with fractal dimension', Synapse, vol. 43, no. 4, pp. 252-8. 

Walker, WS 1999, 'Separate precursor cells for macrophages and microglia in mouse brain: 
immunophenotypic and immunoregulatory properties of the progeny', J Neuroimmunol, vol. 94, 
no. 1-2, pp. 127-33. 

Watkins, LR & Maier, SF 1999, 'Implications of immune-to-brain communication for sickness and pain', 
Proc Natl Acad Sci U S A, vol. 96, no. 14, pp. 7710-3. 

Watkins, LR, Milligan, ED & Maier, SF 2001, 'Glial activation: a driving force for pathological pain', 
Trends Neurosci, vol. 24, no. 8, pp. 450-5. 

Weldon, DT, Rogers, SD, Ghilardi, JR, Finke, MP, Cleary, JP, O'Hare, E, Esler, WP, Maggio, JE & 
Mantyh, PW 1998, 'Fibrillar beta-amyloid induces microglial phagocytosis, expression of 
inducible nitric oxide synthase, and loss of a select population of neurons in the rat CNS in vivo', J 
Neurosci, vol. 18, no. 6, pp. 2161-73. 

White, CA, McCombe, PA & Pender, MP 1998, 'Microglia are more susceptible than macrophages to 
apoptosis in the central nervous system in experimental autoimmune encephalomyelitis through a 
mechanism not involving Fas (CD95)', Int Immunol, vol. 10, no. 7, pp. 935-41. 

Wierzba-Bobrowicz, T, Kosno-Kruszewska, E, Gwiazda, E & Lechowicz, W 1998, 'The comparison of 



Karperien 2004 

Reference List 

 245 

microglia maturation in different structures of the human nervous system', Folia Neuropathol, vol. 
36, no. 3, pp. 152-60. 

Wierzba-Bobrowicz, T, Kosno-Kruszewska, E, Gwiazda, E & Lechowicz, W 2000, 'Major 
histocompatibility complex class II (MHC II) expression during the development of human fetal 
cerebral occipital lobe, cerebellum, and hematopoietic organs', Folia Neuropathol, vol. 38, no. 3, 
pp. 111-8. 

Wierzba-Bobrowicz, T, Lewandowska, E, Schmidt-Sidor, B & Gwiazda, E 1999, 'The comparison of 
microglia maturation in CNS of normal human fetuses and fetuses with Down's syndrome', Folia 
Neuropathol, vol. 37, no. 4, pp. 227-34. 

Williams, K, Alvarez, X & Lackner, AA 2001, 'Central nervous system perivascular cells are 
immunoregulatory cells that connect the CNS with the peripheral immune system', Glia, vol. 36, 
no. 2, pp. 156-64. 

Williams, KC, Corey, S, Westmoreland, SV, Pauley, D, Knight, H, deBakker, C, Alvarez, X & Lackner, 
AA 2001, 'Perivascular macrophages are the primary cell type productively infected by simian 
immunodeficiency virus in the brains of macaques: implications for the neuropathogenesis of 
AIDS', J Exp Med, vol. 193, no. 8, pp. 905-15. 

Williams, KC, Zhao, W, Politopoulou, G, Male, D & Hickey, WF 2000, 'Inhibition of experimental 
allergic encephalomyelitis with an antibody that recognizes a novel antigen expressed on 
lymphocytes, endothelial cells, and microglia', Lab Invest, vol. 80, no. 3, pp. 313-26. 

Wilms, H, Wollmer, MA & Sievers, J 1999, 'In vitro-staining specificity of the antibody 5-D-4 for 
microglia but not for monocytes and macrophages indicates that microglia are a unique subgroup 
of the myelomonocytic lineage', J Neuroimmunol, vol. 98, no. 2, pp. 89-95. 

Wisniewski, HM, Wegiel, J, Wang, KC, Kujawa, M & Lach, B 1989, 'Ultrastructural studies of the cells 
forming amyloid fibers in classical plaques', Can J Neurol Sci, vol. 16, no. 4 Suppl, pp. 535-42. 

Witmer-Pack, MD, Hughes, DA, Schuler, G, Lawson, L, McWilliam, A, Inaba, K, Steinman, RM & 
Gordon, S 1993, 'Identification of macrophages and dendritic cells in the osteopetrotic (op/op) 
mouse', J Cell Sci, vol. 104 ( Pt 4), pp. 1021-9. 

Witting, A, Muller, P, Herrmann, A, Kettenmann, H & Nolte, C 2000, 'Phagocytic clearance of apoptotic 
neurons by microglia/brain macrophages in vitro: involvement of lectin-, integrin-, and 
phosphatidylserine-mediated recognition', J Neurochem, vol. 75, no. 3, pp. 1060-70. 

Wolinsky, JS, Jubelt, B, Burke, S & Narayan, O  1982, 'Hematogenous origin of the inflammatory 
response in acute poliomyelitis', Ann Neurol, vol. 11, no. 1, pp. 59-68. 

Wollmer, MA, Lucius, R, Wilms, H, Held-Feindt, J, Sievers, J & Mentlein, R 2001, 'ATP and adenosine 
induce ramification of microglia in vitro', J Neuroimmunol, vol. 115, no. 1-2, pp. 19-27. 

Wright, IC, Sharma, T, Ellison, ZR, McGuire, PK, Friston, KJ, Brammer, MJ, Murray, RM & Bullmore, 
ET 1999, 'Supra-regional brain systems and the neuropathology of schizophrenia', Cereb Cortex, 
vol. 9, no. 4, pp. 366-78. 

Yagi, R, Tanaka, S & Koike, T 1999, 'Thapsigargin induces microglial transformation from amoeboid to 
ramified type in vitro', Glia, vol. 28, no. 1, pp. 49-52. 

Yrjanheikki, J, Keinanen, R, Pellikka, M, Hokfelt, T & Koistinaho, J 1998, 'Tetracyclines inhibit 
microglial activation and are neuroprotective in global brain ischemia', Proc Natl Acad Sci U S A, 
vol. 95, no. 26, pp. 15769-74. 

Yrjanheikki, J, Tikka, T, Keinanen, R, Goldsteins, G, Chan, PH & Koistinaho, J 1999, 'A tetracycline 
derivative, minocycline, reduces inflammation and protects against focal cerebral ischemia with a 
wide therapeutic window', Proc Natl Acad Sci U S A, vol. 96, no. 23, pp. 13496-500. 



DEFINING MICROGLIAL MORPHOLOGY: FORM, FUNCTION, AND FRACTAL DIMENSION 
 

 246 

Yu, WH, Go, L, Guinn, BA, Fraser, PE, Westaway, D & McLaurin, J 2002, 'Phenotypic and functional 
changes in glial cells as a function of age', Neurobiol Aging, vol. 23, no. 1, pp. 105-15. 

Yuan, L & Neufeld, AH 2001, 'Activated microglia in the human glaucomatous optic nerve head', J 
Neurosci Res, vol. 64, no. 5, pp. 523-32. 

Yui, K, Ikemoto, S, Ishiguro, T & Goto, K 2000, 'Studies of amphetamine or methamphetamine psychosis 
in Japan: relation of methamphetamine psychosis to schizophrenia', Ann N Y Acad Sci, vol. 914, 
pp. 1-12. 

Zaidel, DW 1999, 'Regional differentiation of neuron morphology in human left and right hippocampus: 
comparing normal to schizophrenia ', Int J Psychophysiol, vol. 34, no. 3, pp. 187-96. 

Zhao, Y, Glesne, D & Huberman, E 2003 'A human peripheral blood monocyte-derived subset acts as 
pluripotent stem cells', PNAS, vol. 100, no. 5, pp.  2426-2431. 

Zhao, Z, Hertz, L & Code, WE  1996, 'Effects of benzodiazepines on potassium-induced increase in free 
cytosolic calcium concentration in astrocytes: interactions with nifedipine and the peripheral-type 
benzodiazepine antagonist PK 11195', Can J Physiol Pharmacol, vol. 74, no. 3, pp. 273-7. 

Ziaja, M & Janeczko, K 1999, 'Spatiotemporal patterns of microglial proliferation in rat brain injured at 
the postmitotic stage of postnatal development', J Neurosci Res, vol. 58, no. 3, pp. 379-86. 

Zigmond, MJ, Bloom, FE, Landis, SC, Roberts, JL, Squire, LR (eds) 1999, Fundamental neuroscience, 
Academic Press, San Diego. 

 
 
 




