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Simple Summary: Rodents, including rats, are used as animal models for research investigating
neurological diseases in humans. To enable this research the animals are anaesthetized to facilitate
imaging of the brain, but the anaesthetic drugs impact the results of the research. To minimize the
variation between studies anaesthetic protocols should be similar. A common anaesthetic regime is
the combination of two drugs (medetomidine and isoflurane); however, there is much variation in
the doses of these drugs and the way in which they are administered. To provide some evidence to
facilitate the standardization of anaesthetic protocols this study was performed to elucidate the details
of what the body does to these drugs when they are administered in a certain way. Three groups of rats
were studied to determine the desired dose of medetomidine when isoflurane is used at a low dose
(approximately 0.5%). The results of the study are an evidence-based suggestion for medetomidine
and isoflurane anaesthesia during functional magnetic resonance imaging (fMRI) studies.

Abstract: Anaesthetic protocols involving the combined use of a sedative agent, medetomidine,
and an anaesthetic agent, isoflurane, are increasingly being used in functional magnetic resonance
imaging (fMRI) studies of the rodent brain. Despite the popularity of this combination, a standardised
protocol for the combined use of medetomidine and isoflurane has not been established, resulting in
inconsistencies in the reported use of these drugs. This study investigated the pharmacokinetic detail
required to standardise the use of medetomidine and isoflurane in rat brain fMRI studies. Using mass
spectrometry, serum concentrations of medetomidine were determined in Sprague-Dawley rats
during medetomidine and isoflurane anaesthesia. The serum concentration of medetomidine for
administration with 0.5% (vapouriser setting) isoflurane was found to be 14.4 ng/mL (±3.0 ng/mL).
The data suggests that a steady state serum concentration of medetomidine when administered
with 0.5% (vapouriser setting) isoflurane can be achieved with an initial subcutaneous (SC)
dose of 0.12 mg/kg of medetomidine followed by a 0.08 mg/kg/h SC infusion of medetomidine.
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Consideration of these results for future studies will facilitate standardisation of medetomidine and
isoflurane anaesthetic protocols during fMRI data acquisition.

Keywords: functional MRI; rat anaesthesia; refinement

1. Introduction

Anaesthetic protocols using a combination of medetomidine and isoflurane, are increasingly being
used in functional magnetic resonance imaging (fMRI) studies of the rodent brain [1–10]. The use of
medetomidine for these studies was first reported in 2002 [9], whilst the use of low dose isoflurane
(<0.5% vapouriser setting) in conjunction with medetomidine as an anaesthetic regime was first
reported in 2012 [3,4,8].

Medetomidine is an α2-adrenoceptor agonist that causes sedation, hypertension, bradycardia,
respiratory depression, hyperglycaemia, diuresis, muscle relaxation and analgesia [11–26]. The potency
and receptor selectivity of medetomidine has led to its widespread use in veterinary anaesthesia,
mostly in dogs and cats [27]. Medetomidine causes sedation through the activation of central
α2-adrenoceptors in the locus coeruleus, which prevents excitatory neurotransmitter release in
the central nervous system and thereby depresses cortical arousal [13–15]. Vascular side effects of
medetomidine occur due to the activation of peripheral α2-adrenoceptors, which causes a transient and
marked increase in systemic vascular resistance [17,18]. This vasoconstriction is followed by a decrease
in vascular tone due to suppression of central nervous system-mediated sympathetic stimulation on
blood vessels.

Isoflurane is a GABAergic fluorinated ether that causes anaesthesia, respiratory depression,
bronchodilation, vasodilation, hypotension and muscle relaxation [28,29]. Isoflurane is commonly used
for clinical and veterinary anaesthesia due to its rapid onset of action, short recovery time, safety and
titratability [29–31]. The minimum alveolar concentration of isoflurane in adult Sprague-Dawley rats is
1.46 ± 0.06% [32].

The benefit of combining medetomidine with isoflurane specifically for fMRI studies has been
described. When >0.1% isoflurane is administered with medetomidine, the epileptic activity caused by
medetomidine is suppressed [4,21,22]. Furthermore, the drug combination allows for maintenance of a
steady state of anaesthesia for >4 h, with consistent fMRI data [3]. In contrast, when medetomidine
is administered alone via a constant rate infusion (subcutaneous (SC) or intravenous (IV)), it is not
possible to maintain a steady state of sedation for >3 h. It has been reported that medetomidine
administered alone can only be used in fMRI experiments >3 h if the initial infusion dose is increased
three-fold after 90 min, or if medetomidine is specifically administered using an initial IV injection
of at least 0.05 mg/kg medetomidine followed by a subsequent continuous SC or IV infusion of at
least 0.1 mg/kg/h medetomidine, whereby the initial dose cannot be omitted, and the dose cannot be
decreased [1,33].

Despite the increasing popularity of this combination of medetomidine and isoflurane,
a standardised anaesthetic protocol for their combined use for rodent brain fMRI studies has not been
established [4,34]. Various protocols are described with variable doses of both medetomidine and
isoflurane, different routes of administration of medetomidine, and variation in the time of fMRI data
collection relative to the time of medetomidine administration [3,4,6,7,34–36]. For example, in seven
rodent fMRI studies employing medetomidine and isoflurane anaesthesia, the dose of isoflurane
for maintenance of anaesthesia varied from 0.25–1.4% [3,4]. Furthermore, reported loading doses
for medetomidine range from 0.03 to 0.15 mg/kg and the subsequent infusion doses range from
0.03 to 0.1 mg/kg/h [35,36]. In addition, the initial injection was administered via the intravenous (IV),
intramuscular, intraperitoneal or subcutaneous (SC) routes and the infusion via the IV, intramuscular
or SC routes. The time of fMRI data collection after the initial administration of medetomidine ranged
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from 15 min to 90 min [3,7,36]. This variation in the use of medetomidine and isoflurane in rodent
brain fMRI studies may be attributed to a lack of comprehensive data on the pharmacokinetics and
pharmacodynamics of medetomidine in rodents. Importantly, the serum concentration of medetomidine
when administered with low dose isoflurane for rodent brain fMRI studies is unknown. Thus,
the rationale for the administration of medetomidine alongside isoflurane for rodent brain fMRI studies
is largely derived empirically [1–9]. However, there is now evidence that both resting-state and evoked
blood-oxygen-level-dependent (BOLD) fMRI signals are altered by the type of anaesthetic drug(s) used
and their dose [37–44]. Thus, the many aforementioned inconsistencies in the use of medetomidine
and isoflurane may be hindering the interpretation, generalisation, meta-analysis and reproducibility
of rodent brain fMRI studies.

Medetomidine substantially reduces the dose of isoflurane required to achieve stable anaesthesia,
therefore minimising anaesthetic-induced distortions of BOLD fMRI signals. When dogs are
administered a dose of 0.03 mg/kg IV medetomidine, there is a reduction of the minimum alveolar
concentration of isoflurane by 47.2% [45]. Furthermore, when rodents are anaesthetised with a combined
medetomidine and isoflurane dose of 0.06 mg/kg/h IV and 0.5–0.6%, respectively, they exhibit levels
of anaesthesia comparable to rodents treated either medetomidine 0.1 mg/kg/h IV or isoflurane
1.3% [34]. Reducing the dose requirement of each drug is beneficial, as high doses of each drug
in isolation are associated with significant drug-specific distortions of BOLD fMRI signals [34].
This artefact occurs because BOLD fMRI studies rely on the coupling between local blood flow and
local neuronal activity (known as neurovascular coupling) to infer and therefore measure neural
activity [44,46,47]. BOLD signals in anaesthetised rodents are considered an accurate measure of neural
activity when they produce an image reflective of brain activity in the awake rodent. Conversely, BOLD
signals are considered inaccurate when they produce an image reflective of fMRI-induced-stress or
anaesthetic-induced changes in the BOLD effect [34,48]. Recent evidence suggests that BOLD fMRI
signals obtained during medetomidine and isoflurane anaesthesia can be used to accurately measure
rodent brain activity [34]. This attribute can be partially explained by the synergistic effects of the
drugs on preserving neurovascular coupling [3,35]. When administered alone, medetomidine alters
the BOLD effect by causing cerebral vasoconstriction, bradycardia, decreased cerebral blood flow and
altered astrocyte activity [4,35,49]. In contrast, when isoflurane is administered alone, it alters the BOLD
effect by inducing vasodilation in cerebral vasculature [1,50]. Accordingly, when medetomidine and
isoflurane are administered together, medetomidine appears to attenuate isoflurane-induced cerebral
vasodilation, leading to better preservation of neurovascular coupling [51].

To better utilise medetomidine and isoflurane anaesthesia in rodent fMRI studies, their use
should be standardised. To this end, the pharmacokinetic profile of medetomidine during combined
medetomidine and isoflurane anaesthesia needs to be elucidated, and the serum concentration
of medetomidine in this context needs to be identified. The aim of this study was to describe
the pharmacokinetics of medetomidine during isoflurane anaesthesia and determine the serum
concentration of medetomidine when administered with 0.5% (vapouriser setting) isoflurane, so that
an evidence-based dosing regimen of medetomidine could be determined for rat brain fMRI studies.

2. Materials and Methods

The study was approved by the University of Western Australia’s Animal Ethics Committee
(RA/3/100/1599) and conducted in accordance with the Australian code for the care and use of animals
for scientific purposes, 8th edition [52]. The rats were housed in an AAALAC (Association for the
Assessment and Accreditation of Laboratory Animal Care) facility.

2.1. Animals

Twenty-four male, eight-week-old, Sprague-Dawley rats (Rattus norvegicus) were imported from
the Animal Resources Centre (Canning Vale, WA, Australia) as specific pathogen free rats. Rats were
transported in groups to the animal care facility and held for at least three days prior to the study.
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The rats were housed in a temperature-controlled environment on a 12 h light-dark cycle with food
and water ad libitum at M-block in QEII Medical Centre (Nedlands, WA, Australia). The cages were
individually ventilated with minimum dimensions of 38.8 cm wide, 40.6 cm long and 21 cm high
on coarse aspen bedding. The rats were housed in pairs, fed a commercial rat diet (Specialty Feeds
Meat Free Rat and Mouse Diet, Glen Forrest, Australia) that was autoclaved prior to introduction
into the animal facility and were provided with acidified drinking water (pH 2.5–3). Food was not
withheld prior to anaesthesia. On the day of the procedure, the rats were transferred to the Centre for
Microscopy Characterisation and Analysis (University of Western Australia, Nedlands, Australia).

2.2. Experimental Procedure

The rats were randomly allocated to three experimental groups: Group T for determination of
the target serum concentration of medetomidine when administered with low dose isoflurane for
rodent brain fMRI studies (n = 8); Groups IV and SC for determination of the SC bioavailability of
medetomidine during isoflurane anaesthesia (n = 8 each).

On the days of the procedures, the rats were anaesthetised with isoflurane (Isothesia™,
Henry Schein Animal Health, 2000, Australia) in an induction chamber (4% isoflurane in 100%
medical oxygen, 2 L/min). Once adequately anaesthetised (recumbent, no response to toe pinch)
the rats were transferred onto the experimental benchtop and positioned for delivery of isoflurane
throughout the experiment (0.5–2% isoflurane vapouriser setting in 100% medical oxygen, 1.5 L/min,
Darvall Zero Dead Space face mask circuit, Advanced Anaesthesia Specialists) under a heat lamp.
Physiological monitoring included body temperature, respiratory rate, heart rate, electrocardiography
(PC-SAM Small Animal Monitor, SA Instruments Inc., 1030 System), exhaled isoflurane and CO2

(data not shown) (ISATM Sidestream Gas Analyzer, Masimo Sweden AB and PHASEIN and Lightning
Multi-Parameter Monitor Vetronic Services Ltd., Newton Abbot, UK) and blood glucose concentration
(Accu-Chek Guide, Roche, Mannheim, Germany). These variables were recorded every 5 min. A single
rat was studied at any one time, during the hours of 8 a.m. and 6 p.m.

Medetomidine (1 mg/mL, Ilium Medetomidine Injection, Troy Laboratories Pty. Limited,
Glendenning, Australia) was administered according to the treatment group. In Group T, rats were
administered an initial dose of medetomidine of 0.05 mg/kg SC over 1 s via a 29 G insulin syringe
(BD Ultra-Fine Insulin Syringe, Becton Dickinson Pty Ltd., Macquarie University Research Park North
Ryde, Australia), immediately followed by a continuous medetomidine infusion of 0.15 mg/kg/h SC,
administered via a 25 G butterfly catheter connected to a single syringe infusion pump (Legato 100
Syringe Pump, KD Scientific Inc., Holliston, MA, USA). This protocol was developed empirically
and used in our laboratory [10]. In the IV and SC groups, rats were manually administered a single
dose of either IV (through a catheter placed in a lateral tail vein) or SC (under the skin over a flank)
medetomidine at 0.05 mg/kg. The concentration of isoflurane was immediately reduced to 0.5% after
administration of the initial dose of medetomidine and then subsequently altered to maintain an
adequate depth of anaesthesia as assessed by response to toe pinch, heart rate and respiratory rate.

For serial blood sampling, a catheter was placed in the lateral tail vein (22 G, 1 IN, BD Angiocath
IV Catheter, BD Australia, Seven Hills, NSW, Australia), secured with surgical tape and flushed with
heparinised saline (5 IU/mL). In Group T, blood samples were collected 60 and 90 min after the initial
dose of medetomidine. The conditions during anaesthesia were consistent with those observed in
previous studies performed in this laboratory and were considered suitable for identification of the
target concentration of medetomidine. In the IV group, blood was collected before medetomidine
administration and 2, 5, 10, 20, 30, 60, 120 and 180 min afterwards. In the SC group, blood was
collected before medetomidine administration and 10, 20, 30, 40, 50, 60, 120, 180 and 240 min
afterwards. Following collection of the final sample, but before recovery from anaesthesia, the rats
were euthanised via an intraperitoneal or IV injection of pentobarbitone (160 mg/kg, Lethabarb, Jurox,
Rutherford, Australia).
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2.3. Blood Sampling

Approximately 0.5 mL of blood was collected at each timepoint by inserting a 23 G butterfly
catheter (SV*23BLK, Terumo Australia Pty Ltd., Macquarie Park, NSW, Australia) into the injection port
of the tail vein catheter. The initial saline-diluted drops of blood were discarded before sample collection.
A glucometer was used to immediately measure the blood glucose concentration (Accu-Chek Guide,
Roche, BellaVista, Australia). After each sample, the catheter was flushed with 0.5 mL of heparinised
saline (5 IU/mL) to prevent clot formation in the catheter and replace blood volume. In the event that
sufficient blood could not be collected from the catheter, blood was drawn percutaneously from the
lateral saphenous veins, medial saphenous veins or femoral arteries through a butterfly catheter.

All blood samples were collected in 3 mL Eppendorf tubes and allowed to clot at room temperature
for 10 min before refrigeration. Refrigerated samples were centrifuged within 4 h of collection
using an Eppendorf MiniSpin plus centrifugation at 2000× g for 10 min. Approximately 0.2 mL of
serum supernatant from each sample was collected and transferred into new 3 mL Eppendorf tubes.
These serum samples were then frozen at −80 ◦C.

2.4. Serum Analysis

The analyses were performed at Metabolomics Australia (University of Western Australia,
Nedlands, Australia). Medetomidine concentrations of the serum samples were analysed using a liquid
chromatography-tandem mass spectroscopy (LC-MS/MS) technique. The internal standard during
analysis was medetomidine-13C,d3 hydrochloride (Sapphire Bioscience, Redfern, Australia).

To process the serum for analysis, 20 µL of serum were added to 50 µL of working internal
standard (50 ng/mL labelled medetomidine-13C,d3 in 50:50 methanol:water plus 0.1% formic acid) and
vortexed for 10 s. The mixture was then vortexed with 1 mL ethyl acetate for 120 s, after which they
were centrifuged at 3000 rpm for 5 min. Then, 900 µL solvent were evaporated to dryness for 30 min at
40 ◦C before being reconstituted in 70 µL of 50:50 methanol:water.

Processed serum extracts of 2 µL were run on an Agilent 6460 LC-MS/MS in 2D mode using isotope
dilution to adjust for instrument response. Solvent A was LC-MS/MS grade water (Thermo Optima)
with 0.1% formic acid (Merck). Solvent B was LC-MS/MS grade methanol (B & J) and 0.1% formic
acid (Merck). Column one was an Agilent 2.1 × 50 mm 2.6 µm C18 Poroschell and column two was a
Phenomenex Kinetex 3 × 150 mm 2.6 µm Biphenyl phase. The flow rate was set at 0.5 mL/min and a
gradient was run from 50% B to 80% B in 10 min. The column was washed with 98% B and then returned
to 50% B by 7 min. Compounds were heart cut from column one to column two between 0.4–0.9 min.
Medetomidine and medetomidine-13C,d3 were monitored with transitions 201 > 95 and 204.1 > 98,
respectively, with a collision energy of 15. Assay calibration was achieved by spiking drug free matrix
matched rat plasma to create a calibration curve, with the r2 typically >0.9999. Assay precision was
assessed during the project by extracting 4 samples in triplicate and the intra-assay CV ranged from
2.1–5.7%. The limit of quantitation for the assay was 0.1 ng/mL.

2.5. Pharmacokinetic and Pharmacodynamic Calculations

The maximum serum concentration (Cmax) of medetomidine following SC administration was
the highest measured concentration for each animal. The time at Cmax (tmax) was also determined.
The elimination rate constant (λz) was calculated as the negative slope of the semilogarithmic plot of
each animal created from the terminal three time points (t = 120, 180 and 240 min). The elimination
half-life (t1/2β) was calculated as ln(2)/λz. The area under the serum concentration time curve (AUC0→∞)
was estimated by the trapezoidal rule extrapolated to infinite time. Standard formulae were used to
calculate the total body clearance (Cl = dose/AUC) [53] and volume of distribution at pseudo-equilibrium
(Vdarea = Cl/λz) [54].

The target serum concentration of medetomidine (Ctarget) was obtained from the rats in Group T
and was taken as the mean serum concentration of MED at t = 60 and 90 min. The loading dose (LD)
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was estimated from the product of Vdarea and Ctarget. The maintenance dose rate (MD) was calculated
from the product of Cl and Ctarget.

2.6. Trial of Results

To trial the calculated drug administration regime for SC administration of medetomidine an
additional two rats were administered medetomidine with isoflurane to ensure the conditions for
anaesthesia were stable and uneventful. The dose of medetomidine in these two trials was an initial SC
dose of 0.12 mg/kg medetomidine delivered over 5 s followed by a SC infusion of 0.08 mg/kg/h with
0.5% (vapouriser setting) isoflurane.

2.7. Statistical Analyses

Data were tested for normality using a D’Agostino and Pearson test and compared using Student’s
t-test or Mann–Whitney test (GraphPad Prism). The p-value used to define statistical significance was
0.05. Data are expressed as mean ± standard deviation or as otherwise stated.

3. Results

3.1. Group T

The rats weighed 333.2 ± 19.3 g (n = 6). Data from two rats were excluded from the study due to
inaccurate weight records at the time of anaesthesia and therefore incorrect doses of medetomidine
being administered. Otherwise anaesthesia was uneventful and a stable heart rate (307.9 ± 30.7 bpm),
respiratory rate (52.9± 8.3 breaths/min) and normothermic temperature (38.1± 0.7 ◦C) were maintained.
The blood glucose concentration at 60 min was 20.9 ± 3.0 mmol/L and at 90 min was 23.2 ± 2.6 mmol/L
(Figure 1). The vapouriser setting for inhaled isoflurane was maintained at 0.5% after induction of
anaesthesia, whereby from 5 to 90 min after the initial dose of medetomidine the exhaled isoflurane
concentration was 0.49 ± 0.05% (Table 1).
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Figure 1. Time course of mean (±standard deviation) blood glucose concentration during anaesthesia
of Sprague-Dawley rats in Group T (0.05 mg/kg medetomidine subcutaneous (SC) followed by a
continuous infusion of 0.15 mg/kg/h SC with 0.5% isoflurane; squares) and Group SC (0.05 mg/kg
medetomidine SC; triangles).
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Table 1. Mean (±standard deviation) concentration of expired isoflurane during administration
of isoflurane after an initial dose of medetomidine of 0.05 mg/kg SC followed by a continuous
medetomidine infusion of 0.15 mg/kg/h SC (Group T) or a medetomidine dose of 0.05 mg/kg SC
(Group SC). The delivery of isoflurane was adjusted as necessary to maintain an adequate depth of
anaesthesia, as assessed by response to toe pinch, heart rate, respiratory rate and expired carbon dioxide
concentration. Only results for the first 90 min are shown.

Expired Isoflurane (%)

5 min 10 min 15 min 25 min 35 min 45 min 60 min 90 min

Group T (n = 6) 0.6 (± 0.2) 0.6 (± 0.4) 0.5 (± 0.3) 0.5 (± 0.04) 0.5 (± 0.1) 0.5 (± 0.1) 0.4 (± 0.1) 0.5 (± 0.1)
Group SC (n = 7) 1.2 (± 0.5) 1.0 (± 0.5) 1.0 (± 0.3) 1.0 (± 0.1) 1.0 (± 0.1) 1.0 (± 0.1) 1.0 (± 0.2) 1.2 (± 0.3)

The serum medetomidine concentration at 60 min after the initial medetomidine dose was
13.9 ± 3.9 ng/mL (range 9.9–20.8 ng/mL) which was similar to that at 90 min (p = 0.329): 15.0 ± 2.0 ng/mL
(range 12.0–18.1 mg/mL). Therefore, for the purposes of identifying the serum concentration of
medetomidine when administered with low dose isoflurane for rat brain fMRI studies, these data were
grouped, and the target serum concentration of medetomidine was determined to be 14.4 ± 3.0 ng/mL.

3.2. Group IV

The rats weighed 333.6± 17.2 g (n = 8). In seven of the Group IV rats, respiratory arrest was observed
immediately after manual administration of the IV injection of medetomidine, and gentle external
chest compressions were performed. After 2 min, spontaneous ventilation resumed. Anaesthesia was
otherwise uneventful. The blood glucose concentration peaked at 60 min at 16.6 ± 2.4 mmol/L and at
180 min at 11.2 ± 2.3 mmol/L.

Fifteen minutes after the administration of IV medetomidine, half of the rats required the vapouriser
setting for isoflurane to be increased from 0.5% isoflurane. By 35 min, all the rats required the vapouriser
setting for isoflurane to be increased from 0.5% isoflurane and maintained at approximately 1–2%.

The serum medetomidine concentration peaked at 2 min at 754.6 ± 672.5 ng/mL
(range 122.1–2139.4 ng/mL). Given the variability of these data, the IV group was excluded from
pharmacokinetic calculations.

3.3. Group SC

The rats weighed 317.9 ± 19.9 g (n = 7). Data from one rat (the first) was excluded from the
study as it was administered an initial SC dose of medetomidine of 0.1 mg/kg and became apnoeic
for approximately 2 min, requiring external chest compressions. The seven subsequent rats were
administered a lower dose of 0.05 mg/kg SC medetomidine and anaesthesia was uneventful. The blood
glucose concentration peaked at 120 min at 20.4 ± 3.4 mmol/L (Figure 1).

The inhaled isoflurane concentration required to maintain an adequate depth of anaesthesia
throughout the procedure in Group SC was more variable than in the other groups (Table 1). The serum
medetomidine concentration peaked at 60 min at 3.4 ± 0.9 ng/mL (Figure 2).
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Figure 2. Time course of mean (±standard deviation) serum medetomidine concentration after
subcutaneous administration of 0.05 mg/kg medetomidine in six Sprague-Dawley rats.

3.4. Pharmacokinetic Calculations

The pharmacokinetic and pharmacodynamic parameters were calculated from the mean serum
medetomidine concentration data (Table 2). To achieve a target medetomidine concentration of
14.4 ± 3.0 ng/mL an initial SC dose of 0.12 mg/kg medetomidine followed by a SC infusion of
0.08 mg/kg/h medetomidine should be administered during isoflurane anaesthesia.

Table 2. Individual and mean (±standard deviation) pharmacokinetic (PK) and pharmacodynamic
parameters after administration of 0.05 mg/kg SC medetomidine in seven Sprague-Dawley
rats. Cmax = maximum serum concentration; tmax = time of Cmax; λz = elimination rate constant;
t1/2β = elimination half-life; AUC0→∞ = area under the serum concentration time curve from time = 0
to∞; Cl = total body clearance; Vdarea = volume of distribution at pseudo-equilibrium; LD = loading
dose; MD = maintenance dose.

Rat ID Cmax
(ng/mL)

tmax
(min)

λz
(/min)

t1/2β
(min)

AUC0→∞
(ng.min/mL)

Cl
(mL/kg/min)

Vdarea
(L/kg)

LD
(mg/kg)

MD
(mg/kg/h)

R 4.9 60 0.0095 73.0 664.7 75.2 7.9 0.1142 0.0651
S 3.3 60 0.0118 58.7 570.8 87.6 7.4 0.1070 0.0758
T 4.4 50 0.0112 61.9 610.1 82.0 7.3 0.1055 0.0709
U 3.7 40 0.0130 53.3 485.3 103.0 7.9 0.1143 0.0891
V 2.9 120 0.0107 64.8 511.8 97.7 9.1 0.1316 0.0845
W 2.8 60 0.0112 61.9 485.6 103.0 9.2 0.1325 0.0891
X 3.3 120 0.0084 82.5 704.4 71.0 8.5 0.1218 0.0614

Mean
(SD)

3.6
(0.7)

72.9
(30.6)

0.0108
(0.0014)

65.2
(9.0)

576.1
(81.1)

88.5
(12.1)

8.2
(0.7)

0.1181
(0.0101)

0.0765
(0.0105)

3.5. Trial of Results

Two additional rats were administered medetomidine with isoflurane at the doses calculated in
this study. The vapouriser setting for isoflurane could be maintained at or below 0.5% and anaesthesia
was uneventful. Given the calculated initial dose was higher than that used in groups SC and IV the
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initial dose was administered over five seconds to mitigate the risk of apnoea (as observed in the IV
group and the first rat in the SC group that was administered 1.0 mg/kg SC). Apnoea did not occur
when the initial dose was delivered over five seconds.

4. Discussion

The present study shows that steady state serum concentrations of medetomidine will be achieved
in male Sprague-Dawley rats if an initial SC dose of medetomidine of 0.12 mg/kg is administered
in combination with continuous 0.5% (vapouriser setting) isoflurane, followed by a SC infusion of
medetomidine at 0.08 mg/kg/h. This regime appears to provide suitable conditions for anaesthesia
when the initial dose is delivered over five seconds. This result is within the range of doses reported in
the literature [34,35].

The Group T result was used as the target serum concentration of medetomidine when administered
with 0.5% (vapouriser setting) isoflurane. The anaesthetic protocol in this group was based on
consultation with researchers using combined medetomidine and isoflurane anaesthesia in ongoing
resting-state rodent fMRI studies. Given the apparent empirical success of the protocol in achieving
strong and reproducible fMRI signals [10], rats under this protocol were hypothesised to achieve a
steady state concentration of medetomidine. Data from rats in Group SC were used to determine
the SC bioavailability of medetomidine during combined medetomidine and isoflurane anaesthesia.
Collectively, the data from the two groups were used to inform the SC administration of medetomidine
in rodents with low dose isoflurane.

The intention was to use data from both the IV and SC groups to perform pharmacokinetic
calculations. However, the data from Group IV were excluded from the analysis due to considerable
variation in this data set. We attribute the variation to the use of a single cannula for both IV drug
administration and subsequent serial blood sampling. Issues arising from the use of a single cannula
have been investigated and described by Gaud et al. [55]. They report that the use of a single cannula
is not suitable for pharmacokinetic studies. Some compounds will experience non-specific binding
to the cannula that may contaminate the first few blood samples taken from the cannula and lead to
overestimation of serum concentrations [55]. Manually flushing the cannula with heparinised saline can
help dislodge bound medetomidine, therefore reducing serum concentration overestimation. However,
the flushing can also cause increased variation in measured serum medetomidine concentration due
to the random error associated with repeated hand-operated techniques. This oversight likely led to
inaccurate serum concentrations in the Group IV and hence exclusion of these data.

The Group T data suggest that a steady state serum medetomidine concentration of
14.4 ± 3.0 ng/mL is suitable for rats undergoing brain fMRI with 0.5% (vapouriser setting) isoflurane.
This combination of drugs creates conditions suitable for prolonged anaesthesia (hours) without major
anaesthetic-specific distortion of BOLD fMRI signals [10]. Future studies could consider using various
doses of medetomidine and isoflurane to better define the therapeutic range for these drugs in the
context of optimising the quality of fMRI images.

In the present study, the elimination half-life of medetomidine in rats was calculated to be
65.2 (±9.0) min. Similar values were calculated by Bol et al. (56.2 and 57.4 min) in a study of
dexmedetomidine that was administered to Harlan-Sprague-Dawley male rats by two different IV
infusion protocols [11]. In our study, and the work by Bol et al., drug concentrations were analysed
for 210–240 min, and in neither study did blood medetomidine nor dexmedetomidine concentrations
become undetectable. In contrast, a slower elimination half-life (1.6 h) was reported by Salonen et al.
after tritium (3H)-labelled medetomidine was administered SC to male and female Sprague-Dawley rats.
Furthermore, Salonen et al. detected plasma radioactivity at five and eight hours after administration
of 3H- medetomidine [56]. The persistence of medetomidine at these time points (five and eight hours)
may suggest that in our four-hour study, and in the study by Bol et al., the elimination rate constant
was overestimated and therefore the elimination half-life was underestimated. This parameter could
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be explored in future studies by quantifying blood medetomidine (or dexmedetomidine) levels for
several hours after administration.

The first rat in Group SC was administered a rapid initial dose (<one second, delivered manually)
of 0.1 mg/kg SC medetomidine and became apnoeic for approximately two minutes. This response
was not previously observed when the initial SC medetomidine dose was mechanically delivered in
one second. Thus, the decision was made to alter the initial SC dose in Group SC from 0.1 mg/kg to
0.05 mg/kg for the remaining seven rats in that group. Although rats in Group IV also became apnoeic
after administration of medetomidine, the dose in this group was not altered. The rationale to not
alter the dose in Group IV was that transient apnoea could be managed with manual external chest
compressions with the rat in sternal recumbency. To mitigate the risk of apnoea, the initial dose could
be delivered over a longer time period; so during the trial of the calculated initial and infusion dose,
the initial dose was administered over five seconds by the infusion pump. The conditions during
anaesthesia were stable and uneventful.

Measurement of blood glucose concentrations was performed opportunistically and was not the
primary aim of the project. Nevertheless, hyperglycaemia developed in all the rats in this study and
although this side effect of medetomidine is described in rats its impact on experimental outcomes
is not clear [57]. The mechanism of hyperglycaemia is a combination of anti-ADH (antidiuretic
hormone) effects and alterations in insulin sensitivity, resulting in an osmotic diuresis [58]. This side
effect of administration of medetomidine should be considered when designing anaesthetic regimens
for research.

There are a number of limitations to this study which must be considered when interpreting the
results. Only male, eight-week-old, Sprague-Dawley rats were used in this small study. This cohort
limits the direct applicability of the results to female rats, other rat strains and mice. The age of the rats
in this study is also a limitation of the model as adult animals may have a different pharmacokinetic
profile for medetomidine. Future studies could expand the applicability of these results by investigating
the pharmacokinetics of medetomidine in female rats, pregnant rats, obese rats, different ages and
strains of rats and mice. In addition, the pharmacokinetic calculations could only be performed with
serum concentrations of medetomidine that were obtained following SC administration. The data
from Group IV was unfortunately excluded. Nevertheless, the data from Group SC were utilized in
isolation, which meant that during the sampling period, the serum concentrations of medetomidine
were assumed to be in pseudo-equilibrium. Thus, calculating the volume of distribution using the
area method (Vdarea) was appropriate [59]. The loading dose should be calculated using the volume of
distribution calculated at steady state (Vdss). Given Vdarea is usually only larger than Vdss by a small
amount, our calculated loading dose is likely to still be a reliable estimate. Furthermore, single doses
of medetomidine and isoflurane were evaluated in this study as the aim was to determine a target
concentration of medetomidine based upon empirical evidence of using these doses. Future work
should consider the evaluation of alternative doses and their impact on fMRI outputs. Finally, the target
dose as determined by Group T was based on the premise that quality fMRI images were acquired
(in previous work in the lab) with the empirical protocol. Correlation of our conclusions with the quality
of fMRI images has not been performed.

For studies where multiple imaging sessions are scheduled and the animals recover from
anaesthesia, the administration of atipamezole is prudent. This drug antagonises medetomidine and
is routinely administered in the laboratory in which this study was performed when rats recover
from anaesthesia.

The benefit of combined medetomidine and isoflurane anaesthetic protocols in rodent brain
fMRI studies may be compromised by inconsistencies in these anaesthetic protocols between studies.
Anaesthetics alter BOLD fMRI signals and these inconsistencies hinder the interpretation, generalisation,
meta-analysis and reproducibility of rodent brain fMRI studies. Future brain fMRI studies should
consider an evidence-based approach to the use of medetomidine and isoflurane anaesthetic protocols
to standardise the regime between studies.
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5. Conclusions

The data suggest that a serum medetomidine concentration of 14.4 ± 3.0 ng/mL is suitable for rats
undergoing brain fMRI with 0.5% (vapouriser setting) isoflurane.

Author Contributions: Conceptualization, G.C.M., K.W.F. and J.R.; methodology, G.C.M., T.H.H., K.W.F. and
J.R.; data collection, L.T.K., B.J.S. and G.C.M.; pharmacokinetic analysis, T.H.H. and S.H.E.; medetomidine
quantification, M.W.C.; data curation, L.T.K., B.J.S. and G.C.M.; writing—original draft preparation, L.T.K., G.C.M.
and B.J.S.; writing—review and editing, all authors. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the University of Western Australia internal research funds held by
K.W.F.; K.W.F. is an Australian National Imaging Facility Fellow, a facility funded by the University, State and
Commonwealth Governments. L.T.K. is supported by a University of Western Australia Winthrop Scholarship.
B.J.S. is supported by a Forrest Research Foundation Scholarship, an International Postgraduate Research
Scholarship, and a University Postgraduate Award. J.R. is supported by a Senior Research Fellowship from
Multiple Sclerosis Western Australia and the Perron Institute for Neurological and Translational Science.

Acknowledgments: The authors thank Andrea Holme for her assistance with the serum collection process,
Sandy Goodin and the team at M Block Animal Care Services for their assistance with animal care and
pre-procedural monitoring. The authors acknowledge the facilities, scientific assistance and technical assistance of
the National Imaging Facility, a National Collaborative Research Infrastructure Strategy (NCRIS) capability, at the
Centre for Microscopy, Characterisation and Analysis, University of Western Australia.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Pawela, C.P.; Biswal, B.B.; Hudetz, A.G.; Schulte, M.L.; Li, R.; Jones, S.R.; Cho, Y.R.; Matloub, H.S.; Hyde, J.S.
A protocol for use of medetomidine anesthesia in rats for extended studies using task-induced BOLD contrast
and resting-state functional connectivity. NeuroImage 2009, 46, 1137–1147. [CrossRef] [PubMed]

2. Jonckers, E.; Van Audekerke, J.; De Visscher, G.; Vander Linden, A.; Verhoye, M. Functional connectivity
fMRI of the rodent brain: Comparison of functional connectivity networks in rat and mouse. PLoS ONE
2011, 6, e18876. [CrossRef]

3. Lu, H.; Zou, Q.; Gu, H.; Raichle, M.E.; Stein, E.A.; Yang, Y. Rat brains also have a default mode network.
Proc. Natl. Acad. Sci. USA 2012, 109, 3979–3984. [CrossRef] [PubMed]

4. Fukuda, M.; Vazquez, A.L.; Zong, X.; Kim, S.-G. Effects of the α(2)-adrenergic receptor agonist
dexmedetomidine on neurovascular responses in somatosensory cortex. Eur. J. Neurosci. 2013, 37,
80–95. [CrossRef] [PubMed]

5. Sierakowiak, A.; Monnot, C.; Aski, S.N.; Uppman, M.; Li, T.-Q.; Dambert, P.; Brene, S. Default mode network,
motor network, dorsal and ventral basal ganglia networks in the rat brain: Comparison to human networks
using resting State-fMRI. PLoS ONE 2015, 10, e0120345. [CrossRef]

6. Zerbi, V.; Grandjean, J.; Rudin, M.; Wenderoth, N. Mapping the mouse brain with rs-fMRI: An optimized
pipeline for functional network identification. Neuroimage 2015, 123, 11–21. [CrossRef]

7. Hsu, L.M.; Liang, X.; Gu, H.; Brynildsen, J.K.; Stark, J.A.; Ash, J.A.; Lin., C.P.; Lu, H.; Rapp, P.R.; Stein, E.A.; et al.
Constituents and functional implications of the rat default mode network. Proc. Natl. Acad. Sci. USA 2016,
113, E4541–E4547. [CrossRef]

8. Weber, R.; Ramos-Cabrer, P.; Wiedermann, D.; van Camp, N.; Hoehn, M. A fully noninvasive and robust
experimental protocol for longitudinal fMRI studies in the rat. Neuroimage 2006, 29, 1303–1310. [CrossRef]

9. Sommers, M.G.; Pikkemaat, J.A.; Booij, L.H.D.J.; Heerschap, A. Improved Anesthesia Protocols for fMlU
Studies in Rats: The Use of Medetomidine For Stable, Reversible Sedation. 2002. Available online:
https://cds.ismrm.org/ismrm-2002/PDF2/0393.PDF (accessed on 20 May 2020).

10. Seewoo, B.J.; Feindel, K.W.; Etherington, S.J.; Rodger, J. Frequency-specific effects of low-intensity rTMS can
persist for up to 2 weeks post-stimulation: A longitudinal rs-fMRI/MRS study in rats. Brain Stimul. 2019.
[CrossRef]

http://dx.doi.org/10.1016/j.neuroimage.2009.03.004
http://www.ncbi.nlm.nih.gov/pubmed/19285560
http://dx.doi.org/10.1371/journal.pone.0018876
http://dx.doi.org/10.1073/pnas.1200506109
http://www.ncbi.nlm.nih.gov/pubmed/22355129
http://dx.doi.org/10.1111/ejn.12024
http://www.ncbi.nlm.nih.gov/pubmed/23106361
http://dx.doi.org/10.1371/journal.pone.0120345
http://dx.doi.org/10.1016/j.neuroimage.2015.07.090
http://dx.doi.org/10.1073/pnas.1601485113
http://dx.doi.org/10.1016/j.neuroimage.2005.08.028
https://cds.ismrm.org/ismrm-2002/PDF2/0393.PDF
http://dx.doi.org/10.1016/j.brs.2019.06.028


Animals 2020, 10, 1050 12 of 14

11. Bol, C.; Danhof, M.; Stanski, D.R.; Mandema, J.W. Pharmacokinetic-pharmacodynamic characterization of
the cardiovascular, hypnotic, EEG and ventilatory responses to dexmedetomidine in the rat. J. Pharm. Exp.
1997, 283, 1051–1058.

12. Sinclair, M.D. A review of the physiological effects of α(2)-agonists related to the clinical use of medetomidine
in small animal practice. Can. Vet. J. 2003, 44, 885–897. [PubMed]

13. Doze, V.A.; Chen, B.X.; Maze, M. Dexmedetomidine produces a hypnotic-anesthetic action in rats via
activation of central alpha-2 adrenoceptors. Anesthesiology 1989, 71, 75–79. [CrossRef] [PubMed]

14. Correa-Sales, C.; Rabin, B.C.; Maze, M. A hypnotic response to dexmedetomidine, an alpha 2 agonist, is
mediated in the locus coeruleus in rats. Anesthesiology 1992, 76, 948–952. [CrossRef] [PubMed]

15. De Sarro, G.B.; Ascioti, C.; Froio, F.; Liberi, V.; Nistico, G. Evidence that locus coeruleus is the site where
clonidine and drugs acting at alpha 1- and alpha 2-adrenoceptors affect sleep and arousal mechanisms.
Br. J. Pharm. 1987, 90, 675–685. [CrossRef] [PubMed]

16. Pypendop, B.H.; Verstegen, J.P. Hemodynamic effects of medetomidine in the dog: A dose titration study.
Vet. Surg. Vs 1998, 27, 612–622. [CrossRef] [PubMed]

17. Savola, J.M. Cardiovascular actions of medetomidine and their reversal by atipamezole. Acta Vet. Scand. Suppl.
1989, 85, 39–47.

18. Schmeling, W.T.; Kampine, J.P.; Roerig, D.L.; Warltier, D.C. The effects of the stereoisomers of the
alpha 2-adrenergic agonist medetomidine on systemic and coronary hemodynamics in conscious dogs.
Anesthesiology 1991, 75, 499–511. [CrossRef]

19. Yaksh, T.L. Pharmacology of spinal adrenergic systems which modulate spinal nociceptive processing.
Pharm. Biochem. Behav. 1985, 22, 845–858. [CrossRef]

20. Stenberg, D. Physiological role of alpha 2-adrenoceptors in the regulation of vigilance and pain: Effect of
medetomidine. Acta Vet. Scand. Suppl. 1989, 85, 21–28. [PubMed]

21. Mirski, M.A.; Rossell, L.A.; McPherson, R.W.; Traystman, R.J. Dexmedetomidine decreases seizure threshold
in a rat model of experimental generalized epilepsy. Anesthesiology 1994, 81, 1422–1428. [CrossRef] [PubMed]

22. Miyazaki, Y.; Adachi, T.; Kurata, J.; Utsumi, J.; Shichino, T.; Segawa, H. Dexmedetomidine reduces seizure
threshold during enflurane anaesthesia in cats. Br. J. Anaesth. 1999, 82, 935–937. [CrossRef] [PubMed]

23. Gellai, M. Modulation of vasopressin antidiuretic action by renal alpha 2-adrenoceptors. Am. J. Physiol. 1990,
259, F1–F8. [CrossRef]

24. Talukder, M.H.; Hikasa, Y. Diuretic effects of medetomidine compared with xylazine in healthy dogs. Can. J.
Vet. Res. Rev. Can. De Rech. Vet. 2009, 73, 224–236.

25. Kanda, T.; Hikasa, Y. Effects of medetomidine and midazolam alone or in combination on the metabolic and
neurohormonal responses in healthy cats. Can. J. Vet. Res. Rev. Can. De Rech. Vet. 2008, 72, 332–339.

26. Zuurbier, C.J.; Keijzers, P.J.; Koeman, A.; Van Wezel, H.B.; Hollmann, M.W. Anesthesia’s effects on plasma
glucose and insulin and cardiac hexokinase at similar hemodynamics and without major surgical stress in
fed rats. Anesth. Analg. 2008, 106, 135–142. [CrossRef]

27. Virtanen, R.; Savola, J.M.; Saano, V.; Nyman, L. Characterization of the selectivity, specificity and potency of
medetomidine as an alpha 2-adrenoceptor agonist. Eur. J. Pharm. 1988, 150, 9–14. [CrossRef]

28. Eger, E.I., 2nd. The pharmacology of isoflurane. Br. J. Anaesth. 1984, 56 (Suppl. 1), 71s–99s.
29. Dohoo, S.E. Isoflurane as an inhalational anesthetic agent in clinical practice. Can. Vet. J. = La Rev. Vet. Can.

1990, 31, 847–850.
30. Paddleford, R.R. Manual of Small Animal Anesthesia; Churchill Livingstone: New York, NY, USA, 1988.
31. Ludders, J.W. Advantages and Guidelines for Using Isoflurane. Vet. Clin. North Am. Small Anim. Pr. 1992,

22, 328–331. [CrossRef]
32. Mazze, R.I.; Rice, S.A.; Baden, J.M. Halothane, isoflurane, and enflurane MAC in pregnant and nonpregnant

female and male mice and rats. Anesthesiology 1985, 62, 339–341. [CrossRef]
33. Paasonen, J.; Stenroos, P.; Salo, R.A.; Kiviniemi, V.; Grohn, O. Functional connectivity under six anesthesia

protocols and the awake condition in rat brain. Neuroimage 2018, 172, 9–20. [CrossRef] [PubMed]
34. Brynildsen, J.K.; Hsu, L.-M.; Ross, T.J.; Stein, E.A.; Yang, Y.; Lu, H. Physiological characterization of a robust

survival rodent fMRI method. Magn. Reson. Imaging 2017, 35, 54–60. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/14664351
http://dx.doi.org/10.1097/00000542-198907000-00014
http://www.ncbi.nlm.nih.gov/pubmed/2568769
http://dx.doi.org/10.1097/00000542-199206000-00013
http://www.ncbi.nlm.nih.gov/pubmed/1350889
http://dx.doi.org/10.1111/j.1476-5381.1987.tb11220.x
http://www.ncbi.nlm.nih.gov/pubmed/2884006
http://dx.doi.org/10.1111/j.1532-950X.1998.tb00539.x
http://www.ncbi.nlm.nih.gov/pubmed/9845226
http://dx.doi.org/10.1097/00000542-199109000-00018
http://dx.doi.org/10.1016/0091-3057(85)90537-4
http://www.ncbi.nlm.nih.gov/pubmed/2571274
http://dx.doi.org/10.1097/00000542-199412000-00017
http://www.ncbi.nlm.nih.gov/pubmed/7992911
http://dx.doi.org/10.1093/bja/82.6.935
http://www.ncbi.nlm.nih.gov/pubmed/10562794
http://dx.doi.org/10.1152/ajprenal.1990.259.1.F1
http://dx.doi.org/10.1213/01.ane.0000297299.91527.74
http://dx.doi.org/10.1016/0014-2999(88)90744-3
http://dx.doi.org/10.1016/S0195-5616(92)50626-X
http://dx.doi.org/10.1097/00000542-198503000-00021
http://dx.doi.org/10.1016/j.neuroimage.2018.01.014
http://www.ncbi.nlm.nih.gov/pubmed/29414498
http://dx.doi.org/10.1016/j.mri.2016.08.010


Animals 2020, 10, 1050 13 of 14

35. Pirttimaki, T.; Salo, R.A.; Shatillo, A.; Kettunen, M.I.; Paasonen, J.; Sierra, A.; Jokivarsi, K.; Leinonen, V.;
Andrade, P.; Quittek, S.; et al. Implantable RF-coil with multiple electrodes for long-term EEG-fMRI
monitoring in rodents. J. Neurosci. Methods 2016, 274, 154–163. [CrossRef] [PubMed]

36. Grandjean, J.; Schroeter, A.; Batata, I.; Rudin, M. Optimization of anesthesia protocol for resting-state fMRI
in mice based on differential effects of anesthetics on functional connectivity patterns. Neuroimage 2014, 102,
838–847. [CrossRef] [PubMed]

37. Jonckers, E.; Delgado y Palacios, R.; Shah, D.; Guglielmetti, C.; Verhoye, M.; Van der Linden, A.
Different anesthesia regimes modulate the functional connectivity outcome in mice. Magn. Reson. Med. 2014,
72, 1103–1112. [CrossRef] [PubMed]

38. Hamilton, C.; Ma, Y.; Zhang, N. Global reduction of information exchange during anesthetic-induced
unconsciousness. Brain Struct. Funct. 2017, 222, 3205–3216. [CrossRef]

39. Masamoto, K.; Fukuda, M.; Vazquez, A.; Kim, S.G. Dose-dependent effect of isoflurane on neurovascular
coupling in rat cerebral cortex. Eur. J. Neurosci. 2009, 30, 242–250. [CrossRef]

40. Masamoto, K.; Kim, T.; Fukuda, M.; Wang, P.; Kim, S.G. Relationship between neural, vascular, and BOLD
signals in isoflurane-anesthetized rat somatosensory cortex. Cerebral Cortex (New York, NY: 1991) 2007, 17,
942–950. [CrossRef] [PubMed]

41. Bukhari, Q.; Schroeter, A.; Cole, D.M.; Rudin, M. Resting State fMRI in Mice Reveals Anesthesia Specific
Signatures of Brain Functional Networks and Their Interactions. Front. Neural Circuits 2017, 11. [CrossRef]
[PubMed]

42. Van Alst, T.M.; Wachsmuth, L.; Datunashvili, M.; Albers, F.; Just, N.; Budde, T.; Faber, C.
Anesthesia differentially modulates neuronal and vascular contributions to the BOLD signal. NeuroImage
2019, 195, 89–103. [CrossRef] [PubMed]

43. Masamoto, K.; Kanno, I. Anesthesia and the Quantitative Evaluation of Neurovascular Coupling. J. Cereb.
Blood Flow Metab. 2012, 32, 1233–1247. [CrossRef] [PubMed]

44. Sirmpilatze, N.; Baudewig, J.; Boretius, S. Temporal stability of fMRI in medetomidine-anesthetized rats.
bioRxiv 2019, 667659. [CrossRef] [PubMed]

45. Ewing, K.K.; Mohammed, H.O.; Scarlett, J.M.; Short, C.E. Reduction of isoflurane anesthetic requirement by
medetomidine and its restoration by atipamezole in dogs. Am. J. Vet. Res. 1993, 54, 294–299. [PubMed]

46. Gao, Y.-R.; Ma, Y.; Zhang, Q.; Winder, W.T.; Liang, Z.; Antinori, L.; drew, P.J.; Zhang, N. Time to wake up:
Studying neurovascular coupling and brain-wide circuit function in the un-anesthetized animal. NeuroImage
2017, 153, 382–398. [CrossRef]

47. Hillman, E.M.C. Coupling Mechanism and Significance of the BOLD Signal: A Status Report.
Annu. Rev. Neurosci. 2014, 37, 161–181. [CrossRef] [PubMed]

48. Chuang, K.-H.; Lee, H.-L.; Li, Z.; Chang, W.; Nasrallah, F.A.; Yeowd, L.Y.; Singhd, K.K.D.R. Evaluation of
nuisance removal for functional MRI of rodent brain. NeuroImage 2019, 188, 694–709. [CrossRef] [PubMed]

49. Prielipp, R.C.; Wall, M.H.; Tobin, J.R.; Groban, L.; Cannon, M.A.; Fahey, F.H.; Gage, H.D.; Stump, D.A.;
James, R.L.; Bennett, J.; et al. Dexmedetomidine-induced sedation in volunteers decreases regional and
global cerebral blood flow. Anesth. Analg. 2002, 95, 1052–1059.

50. Iida, H.; Ohata, H.; Iida, M.; Watanabe, Y.; Dohi, S. Isoflurane and sevoflurane induce vasodilation of cerebral
vessels via ATP-sensitive K+ channel activation. Anesthesiology 1998, 89, 954–960. [CrossRef] [PubMed]

51. Ohata, H.; Iida, H.; Dohi, S.; Watanabe, Y. Intravenous dexmedetomidine inhibits cerebrovascular dilation
induced by isoflurane and sevoflurane in dogs. Anesth. Analg. 1999, 89, 370–377. [PubMed]

52. National Health and Medical Research Council. Australian Code for the Care and Use of Animals for Scientific
Purposes, 8th ed.; National Health and Medical Research Council: Canberra, Australia, 2013.

53. Toutain, P.L.; Bousquet-Melou, A. Plasma clearance. J. Vet. Pharm. 2004, 27, 415–425. [CrossRef] [PubMed]
54. Toutain, P.L.; Bousquet-Melou, A. Bioavailability and its assessment. J. Vet. Pharm. 2004, 27, 455–466.

[CrossRef] [PubMed]
55. Gaud, N.; Kumar, A.; Matta, M.; Kole, P.; Sridhar, S.; Mandlekar, S.; Holenarsipur, V.K. Single jugular vein

cannulated rats may not be suitable for intravenous pharmacokinetic screening of high logP compounds.
Eur. J. Pharm. Sci. 2017, 99, 272–278. [CrossRef] [PubMed]

56. Salonen, J.S. Pharmacokinetics of medetomidine. Acta Vet. Scand. Suppl. 1989, 85, 49–54.

http://dx.doi.org/10.1016/j.jneumeth.2016.10.014
http://www.ncbi.nlm.nih.gov/pubmed/27777001
http://dx.doi.org/10.1016/j.neuroimage.2014.08.043
http://www.ncbi.nlm.nih.gov/pubmed/25175535
http://dx.doi.org/10.1002/mrm.24990
http://www.ncbi.nlm.nih.gov/pubmed/24285608
http://dx.doi.org/10.1007/s00429-017-1396-0
http://dx.doi.org/10.1111/j.1460-9568.2009.06812.x
http://dx.doi.org/10.1093/cercor/bhl005
http://www.ncbi.nlm.nih.gov/pubmed/16731882
http://dx.doi.org/10.3389/fncir.2017.00005
http://www.ncbi.nlm.nih.gov/pubmed/28217085
http://dx.doi.org/10.1016/j.neuroimage.2019.03.057
http://www.ncbi.nlm.nih.gov/pubmed/30930308
http://dx.doi.org/10.1038/jcbfm.2012.50
http://www.ncbi.nlm.nih.gov/pubmed/22510601
http://dx.doi.org/10.1038/s41598-019-53144-y
http://www.ncbi.nlm.nih.gov/pubmed/31723186
http://www.ncbi.nlm.nih.gov/pubmed/8094277
http://dx.doi.org/10.1016/j.neuroimage.2016.11.069
http://dx.doi.org/10.1146/annurev-neuro-071013-014111
http://www.ncbi.nlm.nih.gov/pubmed/25032494
http://dx.doi.org/10.1016/j.neuroimage.2018.12.048
http://www.ncbi.nlm.nih.gov/pubmed/30593905
http://dx.doi.org/10.1097/00000542-199810000-00020
http://www.ncbi.nlm.nih.gov/pubmed/9778013
http://www.ncbi.nlm.nih.gov/pubmed/10439750
http://dx.doi.org/10.1111/j.1365-2885.2004.00605.x
http://www.ncbi.nlm.nih.gov/pubmed/15601437
http://dx.doi.org/10.1111/j.1365-2885.2004.00604.x
http://www.ncbi.nlm.nih.gov/pubmed/15601440
http://dx.doi.org/10.1016/j.ejps.2016.12.025
http://www.ncbi.nlm.nih.gov/pubmed/28034694


Animals 2020, 10, 1050 14 of 14

57. Callahan, L.M.; Ross, S.M.; Jones, M.L.; Musk, G.C. Mortality associated with using medetomidine and
ketamine for general anesthesia in pregnant and nonpregnant Wistar rats. Lab Anim. 2014, 43, 208–214.
[CrossRef] [PubMed]

58. Lemke, K.A. Pharmacology-Anticholinergics and Sedatives. In Lumb and Jones’ Veterinary Anesthesia and
Analgesia 4th Edition; Tranquilli, W.J., Thurmon, J.C., Grimm, K.A., Eds.; Blackwell Publishing: Ames, IA, USA,
2007; pp. 218–219.

59. Toutain, P.L.; Bousquet-Melou, A. Volumes of distribution. J. Vet. Pharm. 2004, 27, 441–453. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/laban.517
http://www.ncbi.nlm.nih.gov/pubmed/24845007
http://dx.doi.org/10.1111/j.1365-2885.2004.00602.x
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Animals 
	Experimental Procedure 
	Blood Sampling 
	Serum Analysis 
	Pharmacokinetic and Pharmacodynamic Calculations 
	Trial of Results 
	Statistical Analyses 

	Results 
	Group T 
	Group IV 
	Group SC 
	Pharmacokinetic Calculations 
	Trial of Results 

	Discussion 
	Conclusions 
	References

