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Abstract
Medetomidine and isoflurane are commonly used for general anesthesia in fMRI

studies, but they alter cerebral blood flow (CBF) regulation and neurovascular coupling
(NVC). In addition, medetomidine induces hypoinsulinemia and hyperglycemia, which
also alter CBF regulation and NVC. Furthermore, sudden changes in arterial pressure
induced by noxious stimulation may affect NVC differently under medetomidine and
isoflurane anesthesia, considering their different effects on vascular functions. The first
objective of this study was to compare NVC under medetomidine and isoflurane anesthesia
during noxious stimulation. The second objective was to examine whether fasting may
improve NVC by reducing medetomidine-induced hyperglycemia. In male Wister rats,
noxious electrical stimulation was applied to the sciatic nerve in fasted or non-fasted
animals. CBF and local field potentials (LFP) were recorded in the somatosensory cortex
to assess NVC (CBF/LFP ratio). The CBF/LFP ratio was increased by medetomidine
compared with isoflurane (p=0.004), but this effect was abolished by fasting (p=0.8).
Accordingly, medetomidine produced a threefold increase in blood glucose (p<0.001), but
this effect was also abolished by fasting (p=0.3). This indicates that isoflurane and
medetomidine anesthesia alter NVC differently, but the undesirable glucose dependent
effects of medetomidine on NVC can be prevented by fasting.
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Graphical abstract. Neurovascular coupling (NVC) was measured in the somatosensory
cortex of the rat as the ratio of cerebral blood flow and local field potential response
amplitude (CBF/LFP). Medetomidine increased NVC through blood glucose increases,
but these effect were abolished by fasting.



Introduction

Functional magnetic resonance imaging (fMRI) allows the investigation of a wide
variety of brain functions in human and animal models, including pain mechanisms (Lowe
etal.,2007; Apkarian et al.,2011; Duerden & Albanese, 2013; Wager et al., 2013; Paquette
etal.,2018; Da Silva & Seminowicz, 2019; van der Miesen et al., 2019). The most common
fMRI methods rely on the blood oxygen level-dependent (BOLD) signal (Ogawa et al.,
1990). Using this method, neuronal activity can be inferred from hemodynamic changes
and oxygen metabolism, based on the neurovascular coupling (NVC).

In animals, anesthesia is generally required to collect BOLD fMRI data in order to
prevent movement artefacts, especially when noxious stimuli are applied. Isoflurane and
medetomidine are two anesthetic agents commonly used in fMRI studies (Masamoto et al.,
2007; Tsurugizawa et al., 2016). Isoflurane is a general anesthetic that is easy to administer,
that allows control of the depth of anesthesia and fast recovery. However, it has
vasodilating proprieties (Crystal et al., 1995; lida ef al., 1998), it alters brain metabolism
(Boretius et al., 2013) and suppresses neuronal activity dose-dependently (Tsurugizawa et
al., 2016), which may alter NVC (Masamoto et al., 2009). Medetomidine is an o2-
adrenergic receptor agonist (Scheinin et al., 1989; Sinclair, 2003). It allows sedation of
small animals for several hours, it leads to robust hemodynamic responses (Fukuda et al.,
2013) , and it can be used for multiple fMRI scanning (Weber et al., 2006; Pawela et al.,
2009; Adamczak et al., 2010). However, it affects sympathetic activity (Shirasaka et al.,
2007), the cardiovascular system (Eisenach et al., 1994; Tan et al., 2002; Leino et al., 2009)
and vascular smooth muscles (Fukuda ef al., 2013), which may alter NVC (Link et al.,
1996; Talke et al., 2003). Therefore, isoflurane and medetomidine may affect vascular
functions and NVC differently and may produce differences in stimulus-related BOLD
signal changes, leading to different conclusions on brain activity (Nasrallah et al., 2014).
In addition, noxious stimulation evokes increases in mean arterial pressure (MAP), which
may not be compensated by autoregulation (Jeffrey-Gauthier ef al., 2013; Uchida et al.,
2017; Paquette et al., 2018; Paquette et al., 2019b). This may affect NVC differently under
medetomidine and isoflurane anesthesia, considering their different effects on vascular
functions.

In addition to these potential alterations of NVC, medetomidine induces
hypoinsulinemia and hyperglycemia, caused by the activation of pancreatic a2-adrenergic
receptors (Angel & Langer, 1988; Kanda & Hikasa, 2008; Callahan et al., 2014). Since
hyperglycemia has opposite effects on cerebral blood flow (CBF) and neuronal excitability,
it may also alter NVC. Indeed, hyperglycemia decreases CBF (Duckrow, 1995) while
producing neuronal hyperexcitability (Huang et al., 2007) and even seizures (Margineanu
et al., 1998). Fasting may be a simple way to limit medetomidine-induced hyperglycemia
and the potential alteration of NVC. Blood glucose is lower and insulin secretion is
inhibited during fasting, so this may reduce the effect of medetomidine on insulin and
glucose levels, but it has never been investigated.

The first objective of the present study was to compare NVC under medetomidine
and isoflurane anesthesia during noxious stimulation. The second objective was to examine
whether fasting may improve NVC. Noxious electrical stimulation was applied to the



sciatic nerve during isoflurane and medetomidine anesthesia in fasting or non-fasting rats.
CBF and local field potentials (LFP) were recorded in the somatosensory cortex to measure
NVC (CBF/LFP ratio). Based on the different mechanisms and effects of isoflurane and
medetomidine on neuronal and vascular function, we hypothesized that NVC would be
different under isoflurane and medetomidine anesthesia. We also anticipated that this
difference would be attenuated by fasting, by the reduction of medetomidine-induced
hyperglycemia.

Methods
Ethical approval

All experimental procedures were approved by the Université du Québec a Trois-
Riviéres animal care committee, in accordance with the guidelines of the Canadian Council
on Animal Care and adhered to the guidelines of the Committee for Research and Ethical
Issues of the International Association for the Study of Pain (IASP). Data is reported in
compliance with the ARRIVE guidelines.

Animals

Experiments were performed on 21 male Wistar rats (body weight: 300—450 g; age:
20-24 weeks; Charles River Laboratories, Saint-Constant, as Québec, Canada). Thirteen
animals were used for the NVC experiments. In a separate experiment, eight additional
animals were used to monitor blood glucose during medetomidine anesthesia, to avoid the
effect of tail puncture every 10 minutes on neuronal and CBF responses during the NVC
experiment. Animals were kept in the animal facilities of Université du Québec a Trois-
Rivieres, where a light-dark cycle of 14 h—10 h was maintained. Rats were divided into
two groups. The non-fasted group (n=10; 6 for the NVC experiment and 4 for the blood
glucose experiment) had access to food and water ad libitum until anesthesia was
administered. The fasted group (n=11; 7 for the NVC experiment and 4 for the blood
glucose experiment) had access to water but no food during the 15 hours preceding the
anesthesia.

General experimental procedures

Surgical procedures were initiated after animals were deeply anesthetized with
2.5% isoflurane. In addition to stable systemic MAP, the depth of anesthesia was routinely
confirmed during the surgery by the absence of withdrawal reflexes (paw pinching). A
schematic representation of the experimental set-up is shown in Figure 1. Briefly, the right
jugular vein was catheterized for intravenous injections and MAP was continuously
recorded from the left femoral artery with an intra-arterial cannula connected to a pressure
transducer (Harvard Apparatus, Holliston, MA, USA). Animals were artificially ventilated
(SAR-830/P Ventilator, CWE Inc., Ardmore, PA, USA) using a tracheal cannula to
maintain end-tidal CO2 between 3.0 and 3.5% (CAPSTAR-100 Carbon dioxide analyzer,
CWE Inc., Ardmore, PA, USA). Body temperature was monitored with a rectal probe
(TCAT-2LV controller, Physitemp Instruments Inc., NJ, USA) and was maintained at 37.5
+0.5 °C with a custom-made temperature control system preventing electrophysiological
artifacts. Rats were placed in a stereotaxic frame (Model 900, Kopf Instruments, Tujunga,
CA, USA). A craniotomy was performed over the left primary somatosensory cortex (SI)
according to stereotaxic coordinates: A—P: 1 to -4 mm; L: -1 to -5 mm (Paxinos and



Watson, 2005). This window included the hind paw representation of the left SI for
electrophysiological and CBF recordings. After the dura matter was removed, warm
mineral oil was applied on the surface of the brain and was added during the experiment as
needed. For electrical stimulation, the right sciatic nerve was exposed and immersed in a

warm paraffin oil pool made with skin flaps attached to a metal holder placed over the right
limb.

After all surgical procedures were completed, isoflurane concentration was
decreased to 1.2% for electrophysiological recordings and the animal was paralyzed with
gallamine triethiodide (20 mg/kg, i.v.) after confirming the absence of withdrawal reflexes
with paw pinching. After the recording protocol was completed (see Figure 2A for protocol
illustration), isoflurane anesthesia was switched to medetomidine. Before reducing
isoflurane to 0.5%, a subcutaneous bolus of medetomidine (200 pg/kg) (Sigma-Aldrich,
NY, USA) was injected in the back. Five minutes after the bolus injection, a syringe pump
was used to provide a continuous subcutaneous infusion of medetomidine at a rate of 120
png/kg/h (SPLG101, World Precision Instruments, FL, USA) and isoflurane was
discontinued. After, the depth of anesthesia was confirmed by the absence of paw
withdrawal, 60 minutes was allowed for the physiological parameters to stabilize and to
have a complete isoflurane washout. The same recording protocol was then conducted.
After completion of the experiment, rats were killed by increasing isoflurane anesthesia to
5% until no heartbeat could be observed.

jugular vein sciatic nerve

Figure 1. Schematic diagram of the surgical procedures.

Local field potentials (LFP) and regional cerebral blood flow (CBF) were recorded from the left
somatosensory cortex. Mean arterial pressure (MAP) was measured from the left femoral artery. The right
jugular vein was catheterized for intravenous injections (i.v.) of drugs. The right sciatic nerve was stimulated
with a bipolar electrode at various intensities.

Extracellular recordings

Using a micromanipulator (Model 960, David Kopf Instruments, Tujunga, CA,
USA), a 16-channel recording electrode (Model A1X16-10 mm-100-177-A16,
Neuronexus Technologies Inc., Ann Arbour, Michigan, USA) was inserted below the
cortical surface of SI, at the coordinates of the hind paw representation (A—P: -1.1 mm, L:
2.8 mm) (Paxinos & Watson, 2007). The tip of the electrode was inserted to a depth of



1600 pm. The 1500 pum recording span allowed covering all cortical layers. To confirm
that some neurons were responsive to hind paw stimulation before the recording, multiunit
activity was visualized and monitored with a loudspeaker during tactile stimulation and
pinching (bandpass: 300-3 000 Hz, gain: 192 V/V). After this confirmation, the stimulation
protocol began and the signal was filtered with a broad band (1-10 000 Hz), sampled at 20
kHz (Smartbox, Neuronexus Technologies Inc., Ann Arbour, MI, USA) and recorded on a
personal computer for offline analyses.

Cortical blood flow recordings

A laser-Doppler probe (Micro-needle probe TSD145, Biopac systems, Goleta, CA,
USA) was placed on the cortical surface of SI, as close as possible to the microelectrode,
without achieving contact. The probe was carefully positioned to avoid large blood vessels.
CBF was sampled at 100 Hz with a time constant of 2 s (Power 1401 acquisition system,
Cambridge Electronic Design, Cambridge, UK) and recorded on a personal computer for
offline analyses. Laser Doppler flowmetry allows the measurement of blood flow at a
depth of approximately 1 mm (Shih et al., 2012). In the cortex of the rat, this includes
superficial layers and covers the area of interest where neuronal activity is measured
simultaneously in layer IV (Hersch & White, 1981; Harris et al., 2010).

Electrical stimulation

Electrical stimulation of the sciatic nerve (30 s trains of 3 ms pulses at 10 Hz with
an inter-train interval of 120 s; see Figure 2B) was delivered by a constant-current
stimulator (Model DS7A, Digitimer Ltd, Welwyn Garden city, UK), triggered by a
computer-controlled sequencer (Power 1401 acquisition system, Cambridge Electronic
Design, Cambridge, UK), using a custom-made bipolar hook electrode.

Experimental protocol

LFP and CBF recordings began after a 60 min stabilization period following the
surgery. A 60 min stabilization period was also allowed after the switch from isoflurane to
medetomidine anesthesia. The stimulation protocol consisted of a series of electrical
stimuli at graded intensities in ascending or descending order (0.05, 0.075, 0.1, 0.15, 0.3,
0.6,1.2,2.4,48,9.60r9.6,4.8,2.4,1.2,0.6,0.3,0.15, 0.1, 0.075, 0.05 mA, respectively).
The order of stimulus intensities was randomized between animals to avoid sequence order
effects. This stimulation protocol was repeated once to compare responses between
isoflurane and medetomidine anesthesia. The same order was kept for both series.

Blood glucose levels

In a separate experiment, we confirmed that blood glucose level increased with
medetomidine anesthesia in four fasted and four non-fasted rats. Blood glucose was
measured from tail-tip blood using a blood glucose meter (Contour Next One, Ascensia
Diabetes Care Inc., CANADA) just before the initiation of medetomidine anesthesia and
at 10, 20, 30, 40, 50 and 60 minutes after switching to medetomidine anesthesia.
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Figure 2. Experimental protocol.

A. After recording under isoflurane anesthesia (1.2 %), a subcutaneous bolus of medetomidine was injected
(0.2 mg/kg) and isoflurane concentration was reduced (0.5 %). Five minutes after the bolus injection of
medetomidine, isoflurane was discontinued and a continuous subcutaneous infusion of medetomidine was
initiated, at a rate of 120 pg/kg/h. Sixty minutes were allowed for the animal to stabilize and for a complete
isoflurane washout before recording resumed. B. Stimulation protocol. A train of 3 ms pulses was delivered
at 10 Hz during 30 seconds at different intensities, ranging between 0.05 and 9.6 mA. A rest period of 120 s
was allowed between each stimulus train.

Data analyses

LFP, CBF, and MAP data were analyzed using Spike2 software (Cambridge
Electronic Design, Cambridge, UK, version 8.09b). The raw electrophysiological signal
was down sampled at 5 kHz and band pass filtered to obtain LFP (1-300 Hz). For LFP and
NVC, only one of the 16 channels was used for analyses. The selected channel was located
at approximately 600 um from the cortical surface (consistent with the location of layer
IV), where LFP amplitude was greater, as in previous studies (Verdier & Dykes, 2001;
Uchida et al., 2017). For the quantification of LFP amplitude, the peak-to-peak value of
averaged potentials (300 responses induced by the stimulus train of 30 s at 10 Hz) was
extracted with a custom-made Spike2 script within a 50 m window, from -10 ms to 40 ms
following the stimulus onset. Current source density (CSD) analyses were carried out
using a step inverse CSD method with the CSD plotter toolbox (Pettersen et al., 2006)
running in MATLAB (2016a, MathWorks, Inc, MA). The CSD analysis converts the
multilayer field potentials to current sinks and sources in relation to cortical depth
(Nicholson & Freeman, 1975). This allowed confirming the pattern of cortical activity
evoked by thalamocortical projections to SI. For CBF and MAP changes, the onset-to-peak
value was extracted for each stimulus intensity within a 50 s window and response was
calculated as the change relative to the mean signal value for the 30 s baseline preceding
stimulus onset. MAP responses were calculated as the raw change (mm Hg) while CBF
responses were calculated as a percent change, as described previously (Paquette et al.,
2019a). The CBF and LFP values were converted into T scores and used to index of NVC
calculated as the CBF/LFP ratio.
Statistical analyses



All results are expressed as means + SD. Statistical analyses were performed with
Statistica (TIBCO software Inc. 2017. Statistica version 13) with a significance threshold
of p<0.05. The Kolmogorov-Smirnof test confirmed that distributions did not significantly
deviate from normality and data was analyzed with parametric tests. CBF, MAP, LFP and
NVC data were analyzed with mixed ANOVAs and significant effects were decomposed
with the Tuckey HSD test. The effect size is reported as partial eta-squared (17%).

Results
Neuronal and vascular measurements

An individual example of recordings is shown in Fig.3. Electrical stimulation of the
left sciatic nerve elicited the expected current sinks and sources in the SI. A large current
sink was observed between 600 and 1100 um from the surface (Figure 3A), consistent with
projections from the thalamus to layer IV and Va (Hersch & White, 1981; Harris et al.,
2010). The stimulation also produced robust increases in CBF (Figure 3B) and MAP
(Figure 3C).
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Cerebral blood flow

Basal CBF was compared between groups and anesthesia conditions with the
average of baseline CBF values preceding each stimulus. Basal CBF was significantly
lower under medetomidine compared with isoflurane anesthesia (main effect:Fi,11=4.8,
p=0.05,77§=0.30; mean+SD: 0.34+0.16 vs 0.41+0.15), but was not significantly different
between fasted and non-fasted rats (main effect:Fi,1 1=0.2,p=0.6,17§=0.02; mean+SD:0.40 +
0.17 vs 0.35+0.15) or between fasted and non-fasted rats across anesthesia conditions
(interaction:F1,11=0.1 ,p=0.7;n§=0.01). CBF responses to sciatic stimulation were compared
between groups, anesthesia conditions and stimulation intensities (Figure 4A). CBF
responses were not significantly affected by fasting (main effect:F 1,11=0.2,p=0.7;n§ =0.02)
or the type of anesthesia (main effect:F1,11=3.2, p=0. 10;77;‘;:0.23), although medetomidine
tended to produce larger responses compared with isoflurane. CBF responses significantly
increased with intensity (main effect:F9,99=11.4,p<0.001;77§=0.51;1inear trend:p=0.002).
These intensity dependent effects were not significantly affected by the type of anesthesia
(interaction:F9,99=0.9,p=0.5;nf,:O.OS) or fasting (interaction: Fi,11 = 0.7, p=0.4; nf, =0.06).

Mean arterial pressure

Baseline MAP was compared between groups and anesthesia conditions with the
average of baseline MAP values preceding each stimulus. Baseline MAP was not
significantly different under medetomidine compared with isoflurane anesthesia (main
effect: F1,11=1.1, p=0.3, r)12,=0.09; mean + SD: 84.7£31.6 vs 93.4+16.7 mm Hg), between
fasted and non-fasted rats (main effect: F1,11=1.1, p=0.3, n§=0.09; mean+SD: 94.8 + 20.2
vs 83.3 =£20.2 mm Hg) or between fasted and non-fasted rats across anesthesia conditions
(interaction: Fi.11 = 1.2, p=0.3; 1, = 0.10). MAP responses to sciatic stimulation were
compared between groups, anesthesia conditions and stimulation intensities (see Figure
4B) and showed effects similar to those of CBF responses. MAP responses were not
significantly affected by fasting (main effect: F1,11=0.2, p=0.7; n§=0.02) or the type of
anesthesia (main effect: F1,11=3.2, p=0.10; n§=0.23). However, MAP responses increased
with intensity (main effect:Fo,00=46.2,p<0.001;7n; =0.81; linear trend:p<0.001). These
intensity dependent effects were not significantly affected by the type of anesthesia
(interaction:Fo,00=2.0,p=0.19;73=0.15) or fasting (interaction:Fo,00=0.9,p=0.4;n7 =0.07).

Local field potentials

LFP amplitude was compared between groups, anesthesia conditions and
stimulation intensities (see Figure 4C and Figure 4D). LFP amplitude was not significantly
affected by fasting (main effect: F1,11=0.2, p=0.7; ny; =0.02) or the type of anesthesia (main
effect: F1,11=2.5, p=0.14; 771% =0.19), although LFP amplitude tended to be lower in the
medetomidine compared with isoflurane condition. LFP amplitude increased with intensity
(main effect: Fo99=16.5, p<0.001; r]f, =0.60) and these changes were affected by the type
of anesthesia (interaction: Fo99=4.6, p<0.001; 77,2, =0.30), but not by fasting (interaction:
Fo9,99=0.3, p=0.9; n§=0.03). For the interaction of intensity and anesthesia, the Tuckey HSD
test revealed that LFP amplitude was significantly larger under isoflurane compared with

medetomidine anesthesia for intensities between 0.6 and 4.8 mA (all p’s <0.05; see Figure
4C).
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Figure 4. Vascular and neuronal responses to sciatic stimulation.
A. Cerebral blood flow (CBF) responses (% change) induced by electrical stimulation of right sciatic nerve
at graded stimulus intensities, under isoflurane and medetomidine anesthesia, in non-fasted and fasted rats.
B. Mean arterial blood pressure (MAP) responses (change in mm Hg). C. Amplitude of local field
potentials (LFP). D. Amplitude of LFP at each recording site (every 100 um from cortical surface). Vertical
axis shows the cortical depth. Horizonal axis shows LFP amplitude. Box plots indicate the median, 25 % -

75 % range and 10 % - 90% range.



Neurovascular coupling

In order to examine the NVC, the CBF/LFP ratio was compared between groups,
anesthesia conditions and intensities (see Figure 5SA). The CBF/LFP ratio was significantly
different between isoflurane and medetomidine anesthesia (main effect: Fi,11 = 14.9, p=
0.003; 1, = 0.57) and this effect was affected by fasting (interaction: Fi,11 = 6.0, p=0.03;
np = 0.35), regardless of intensity (interaction: Fog9 = 0.9, p=0.5; nj = 0.07), although
intensity affected the CBF/LFP ratio (main effect: Fo,00 = 5.1, p<0.001; 15 = 0.32) and this
effect was significantly different between isoflurane and medetomidine anesthesia
(interaction: Fo99 = 0.9, p=0.5; 15, = 0.07). For the interaction of anesthesia and fasting, the
Tuckey HSD test revealed that the CBF/LFP ratio was larger for medetomidine compared
with isoflurane in non-fasted rats (mean + SD; 0.93 £ 0.05 vs 1.13 + 0.05, p = 0.004), but
this effect was abolished by fasting (mean = SD; 1.00 £ 0.05 vs 1.04 + 0.05, p = 0.8) (see
Figure 5B), where a ratio of 1 corresponds to linear NVC. Besides, the difference in the
CBF/LFP ratio between fasted and non-fasted animals did not reach significance for
medetomidine (mean + SD; 1.00 + 0.05 vs 0.93 + 0.05, p=0.069) and was not significantly
different for isoflurane (mean + SD; 1.04 + 0.05 vs 1.13 £ 0.05, p=0.8). For the interaction
of anesthesia and intensity, the Tuckey HSD test revealed that the CBF/LFP ratio was not
significantly different for 0.075-9.6 intensities compared with the 0.05 intensity for
medetomidine (all p>0.8) and for isoflurane (all p>0.8).
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Blood glucose levels

The Mann-Whitney U-test confirmed that blood glucose was lower in fasted (n=4)
compared with non-fasted (n=4) rats (mean + SD: 89.2 + 14.7 vs 145.9 + 25.7 mg/dl,
respectively; p=0.03). In order to confirm that medetomidine produced blood glucose
increases in these rats, blood glucose was monitored for 1 hour during medetomidine
anesthesia (see Figure 6). As expected, medetomidine anesthesia significantly increased
the blood glucose level over time (main effect: Fe36 = 22.0, p<0.001; 5, = 0.79) and this
effect was abolished by fasting (interaction: Fe36= 9.4, p<0.001; n;; = 0.61). The Tuckey
HSD test revealed that blood glucose progressively increased over time compared with
baseline, in non-fasted rats (all p<0.001). In contrast, blood glucose did not change
significantly over time compared with baseline in fasted rats (all p>0.3).
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Discussion

In the present study, we investigated the effects of fasting on NVC in the somatosensory
cortex during noxious stimulation of the sciatic nerve, under isoflurane and medetomidine
anesthesia. The novel finding is that the CBF/LFP ratio was increased under medetomidine
compared with isoflurane anesthesia, but this effect was abolished by fasting, which
prevented medetomidine-induced hyperglycemia.

Preventing medetomidine-induced hyperglycemia by fasting

Blood glucose decreases during fasting due to the lack of food intake and thereby,
the lack of glucose absorbed by the intestines (Secor & Carey, 2016). As expected, in the
present study, rats that were fasted overnight showed significantly lower blood glucose
levels, with values comparable to those from previous studies (Guezennec et al., 1988;
Zardooz et al., 2010; Nowland et al., 2011; Dakic et al., 2017). However, medetomidine
anesthesia induced large changes in blood glucose. In non-fasted rats, blood glucose levels
already doubled 10 minutes after the medetomidine bolus injection, reaching a threefold
increase after 60 minutes. This time course of blood glucose is consistent with previous
studies in rats anesthetized with medetomidine or other a2-adrenoceptor agonists (Angel
& Langer, 1988; Hoffman et al., 1991; Saha et al., 2005). It is well known that a2-
adrenoceptor agonists inhibit the secretion of insulin by their postsynaptic action on
pancreatic PB-cells (Angel et al., 1990; Niddam et al., 1990). In turn, this leads to
hyperglycemia. The present results indicate that this effect can be prevented by overnight
fasting, which is known to lower blood glucose and glycogen storage (Fleming & Kenny,



1964; Geisler et al., 2016), while the contribution of glycogenolysis to increase blood
glucose levels is limited in fasted rats (Saha et al., 2005).

Impact of hyperglycemia and fasting on neurovascular coupling

In the present study, CBF responses tended to be larger and LFP responses tended
to be smaller under medetomidine compared with isoflurane anesthesia, although the
effects did not reach significance. Notwithstanding, the combined effects resulted in
neurovascular uncoupling with a significantly increased CBF/LFP ratio for medetomidine
compared with isoflurane anesthesia. In line with our hypothesis and the blood glucose
results, this effect was abolished by fasting. The mechanisms by which fasting prevents
medetomidine-induced NVC alterations are not clear but we will consider three
possibilities.

Firstly, the o2-adrenoceptor agonist effect of medetomidine produces cerebral
vasoconstriction (Nakai et al., 1986) and it was suggested that the high vascular tone may
underlie the larger CBF responses to somatosensory stimulation (Fukuda et al., 2013). In
the present study, we observed a lower basal blood flow under medetomidine compared
with isoflurane anesthesia, consistent with cerebral vasoconstriction. However, there is
currently no evidence showing that the adrenergic effect of medetomidine is altered by
fasting.

Secondly, hyperglycemia is known to reduce CBF (Duckrow RB et al., 1995). This
was shown to rely on cerebral vasoconstriction induced by purinergic signaling (Martin-
Aragon Baudel et al., 2020), which increases smooth muscle excitability and vascular
reactivity, in addition to the a2-adrenergic effect of medetomidine. The normalization of
glucose levels by fasting during medetomidine anesthesia may therefore decrease vascular
reactivity, CBF responses to sciatic stimulation and NVC alterations. Consistent with this
idea, the alteration of NVC during hyperglycemia is prevented by sodium nitroprusside in
the brain of the zebrafish (Chhabria et al., 2020). Sodium nitroprusside is a nitric oxide
donor used for hypertension that produces vasodilation (Page et al., 1955), which offsets
vasoconstriction and increased vascular reactivity induced by hyperglycemia.

Thirdly, medetomidine may affect astrocyte functions, which are key mediators of NVC
(Zonta et al., 2003; Takano et al., 2006). Indeed, cortical astrocytes express a2-adrenergic
receptors (Lee et al., 1998) and respond to a2-adrenergic agonists by enhancing energy
metabolism (Hertz & Peng, 1992; Chen & Hertz, 1999; Chen et al., 2000). With fasting,
glucose metabolism is altered and this may reduce the medetomidine-induced increase in
energy metabolism, which in turn would reduce its vascular effects through astrocytes.
Altogether, the present results and the current literature suggests that fasting may prevent
medetomidine-induced NVC alterations by normalizing blood glucose levels, which
affects vascular reactivity and astrocyte metabolism. This warrants future studies to
examine the independent contribution of a2-adrenergic effects, hyperglycemia and
astrocyte function regulation on vascular tone and reactivity, in order to clarify the exact
mechanism by which medetomidine alters NVC during noxious stimulation.

Regardless of fasting, differences in NVC between isoflurane and medetomidine
anesthesia may also be explained by medetomidine effects on the locus coeruleus (LC).
During noxious stimulation, the LC is activated by C-fibre-related inputs (Hirata & Aston-
Jones, 1994). The LC regulates CBF and its activation produces vasoconstriction. This



effect was likely produced by sciatic nerve stimulation in the present study. However,
medetomidine decreases the firing rate of locus coeruleus (LC) neurons (Jorm & Stamford,
1993; Chiu et al., 1995), which in turn may decrease the phasic vasoconstriction induced
by noxious inputs and therefore increase CBF responses to sciatic stimulation. To our
knowledge, isoflurane has no specific effect on LC neurons and produces vasodilation (Iida
et al., 1998), which decreases vascular reactivity and may produce smaller CBF responses
compared with medetomidine anesthesia.

Neuronal activity in the somatosensory cortex under medetomidine anesthesia

In addition to the vascular effects, medetomidine regulates neuronal activity. The
present results show that the somatosensory evoked LFP were significantly smaller under
medetomidine compared with isoflurane anesthesia. This is somewhat unexpected based
on previous studies. For example, somatosensory LFP evoked by forepaw stimulation were
lager under a combination of dexmedetomidine (the active enantiomer of medetomidine)
and isoflurane (0.5%) anesthesia compared with isoflurane alone (1.5 %) (Fukuda et al.,
2013). However, one major difference between studies is the stimulation intensity. Fukuda
et al. used low-intensity electrical stimulation that did not evoke systemic MAP changes
(Fukuda et al., 2013). In the present study, we used graded intensities including noxious
stimuli. Indeed, the evoked LFP at intensities ranging from 0.3 to 9.6 mA elicited MAP
increases and LFP amplitude at most of these intensities was significantly smaller under
medetomidine compared with isoflurane. Thus, medetomidine anesthesia decreased LFP
amplitude, but only in the noxious range. This may explain the differences between studies.
Accordingly, o2-adrenergic receptor agonists produce analgesia by acting on receptors
located in the pain pathways in the spinal cord and brain (Sinclair, 2003). Indeed, a high
concentrations of a2-adrenergic receptor binding sites was observed in the dorsal horn of
the spinal cord where nociceptive fibres make synapse (Unnerstall et al., 1984) and where
nociceptive transmission can be regulated. Therefore, medetomidine anesthesia poses an
additional challenge for NVC when noxious stimuli are used to examine cerebral pain-
related responses.

It is also known that general anesthesia produced by isoflurane and medetomidine
are due to different mechanisms. Isoflurane is thought to produce anesthesia by the
activation of GABA, receptors, while medetomidine is thought to be mediated by the
suppression of neuronal activity and the release of noradrenaline in the LC (Jorm &
Stamford, 1993; Chiu et al., 1995). Considering that the LC response to noxious
stimulation results from C-fibre activation in the rat (Hirata & Aston-Jones, 1994), that
stimulation of the LC increases the neuronal response to skin stimulation in the
somatosensory cortex (Snow et al., 1999) and that medetomidine decreases the firing rate
of LC neurons, it is expected that responses to noxious stimuli in the somatosensory cortex
be inhibited by medetomidine, consistent with the present findings.

Methodological considerations

A few methodological issues should be discussed for data interpretation and future
studies. Firstly, laser Doppler flowmetry allows the measurement of blood flow at a depth
of approximately 1 mm (Shih et al., 2012). In the cortex of the rat, this includes superficial
layers and covers the area of interest where neuronal activity is measured simultaneously
in layer IV (Hersch & White, 1981; Harris ef al., 2010). Thus, the CBF measure covers a



larger area compared with the LFP measure. However, the type of stimulation used in the
present study produces intensity dependent changes in all layers of the cortex, so it is
unlikely that NVC is biased by the differences in covered areas between the two measures,
although it cannot be ruled out. Secondly, Various concentrations of isoflurane, doses of
medetomidine (or dexmedetomidine), and mixtures of both anesthetics may be used for
different purposes and experiments (Masamoto et al., 2009; Fukuda et al, 2013;
Tsurugizawa et al., 2016; Tsurugizawa et al., 2017; Paasonen ef al., 2018). In the present
study, the anesthesia level was appropriate for major surgery and the delivery of painful
electrical stimuli. During data collection, the concentration of isoflurane was 1.2 % while
medetomidine was infused subcutaneously at a rate of 120 pg/kg/h. This should be taken
into consideration when comparing the results with those of other studies, since different
levels of anesthesia may affect NVC differently.

In addition, we chose a within-subject design with repeated measures. This has the
advantage of comparing NVC between isoflurane and medetomidine in the same animal.
The main disadvantage is that it increases the length of anesthesia, which may affect NVC.
However, in a recent study on spinal NVC, after 5 hours of surgical procedures and over 5
hours of recordings, we observed stable NVC (Paquette et al., 2021). Thus, prolonged
anesthesia is unlikely to affect the present results. Thirdly, the fasting duration of 15 hours
was chosen from a range used in previous studies and was adapted to local animal facilities.
Previous studies using fasting duration ranging between 6 and 48 hours obtained similar
values of fasting blood (Guezennec et al., 1988; Zardooz et al.,2010; Nowland et al., 2011;
Dakic et al., 2017). Therefore, fasting duration may be shortened or extended depending
on the objective of the study, although it remains unclear how other metabolic functions
may affect the present results with longer duration. In the present study, no significant
change in blood pressure was observed between fasted and non-fasted rats. However, the
15-hour fasting may not be sufficient to induce significant MAP changes. Previous studies
have shown that longer fasting or intermittent fasting may progressively decrease MAP
through peripheral and central noradrenergic changes (El Fazaa ef al., 1999; Williams et
al., 2000). Whether the metabolic state during longer or intermittent fasting may alter NVC
remains to be investigated.

Conclusion

In summary, the present results show that the CBF/LFP ratio in the somatosensory
cortex is increased under medetomidine anesthesia during noxious stimulation, but this
effect may be attenuated by fasting, which prevents medetomidine-induced hyperglycemia
and its consequences on the vascular system. This has implications for fMRI studies in
which neuronal activity may be overestimated under medetomidine anesthesia. Overnight
fasting is a simple procedure that may be implemented to address this issue in future
studies. In pain studies, medetomidine poses an additional challenge because of its
inhibitory effects on neuronal activity. Although every anesthetic agent may potentially
alter NVC and the outcome of fMRI, the present results should be considered when
conducting fMRI studies on pain mechanisms under medetomidine anesthesia.
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