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Abstract

Aims—Pharmacological-challenge magnetic resonance imaging (phMRI) is powerful new tool
enabling researchers to map the central effects of neuroactive drugs /7 vivo. To employ this
technique pre-clinically, head movements and the stress of restraint are usually reduced by
maintaining animals under general anaesthesia. However, interactions between the drug of interest
and the anaesthetic employed may potentially confound data interpretation. NMDA receptor
(NMDAR) antagonists used widely to mimic schizophrenia have recently been shown to interact
with the anaesthetic halothane. It may be the case that neural and cerebrovascular responses to
NMDAR antagonists are dependent on the types of anaesthetic used.

Methodology—We compared the phMRI response to NMDAR antagonist ketamine in rats
maintained under a-chloralose to those under isoflurane anaesthesia. A randomized placebo/
vehicle controlled design was used in each of the anaesthetic groups.

Results—Changes in the anaesthetic agent resulted in two very different profiles of activity. In
the case of a-chloralose, positive activations in cortical and sub-cortical structures reflected a
response which was similar to patterns seen in healthy human volunteers and metabolic maps of
conscious rats. However, the use of isoflurane completely reversed such effects, causing
widespread deactivations in the cortex and hippocampus.

Conclusion—This study provides initial evidence for a drug-anesthetic interaction between
ketamine and isoflurane that is very different from responses to a-chloralose-ketamine.
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1. INTRODUCTION

The neuronal activity induced by acute drug challenges retains close spatial and temporal
relationships with the central hemodynamic response that can be measured by
pharmacological-challenge magnetic resonance imaging (phMRI) (Leslie et al., 2000). In
recent years, this method has been applied to study the central effects of drugs on
neurotransmitter pathways both in human and animal models. However, for most pre-
clinical experiments it is usually necessary to maintain animals under general anaesthesia to
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minimize head movements and stress induced by restraint. Under these conditions, phMRI
responses to the drug of interest can vary considerably compared to the awake state (Luo et
al., 2007; Skoubis et al., 2006; Zhang et al., 2000), as anaesthetics will likely alter the
properties of neuronal activity and neurovascular coupling, due to their action on different
receptors (Alkire et al., 2008). Previous studies have demonstrated changes to end tidal
carbon dioxide (ETCO,) or hyperventilation may rapidly alter CO, levels in the blood,
leading to an overall decrease in the haemodynamic response (Gollub et al., 1998;
Weckesser et al., 1999). Similarly, cerebral haemodynamics may be affected by large and
rapid changes in mean arterial blood pressure (MABP), due to a breakdown in the auto
regulatory mechanisms that control cerebral blood flow (CBF) (Gozzi et al., 2007a; Luo et
al., 2003a; Tuor et al., 2002; Wang et al., 2006). However, for many anaesthetics, the target
receptors or neurotransmitters remain unknown, making it difficult to predict the influence
these agents have on underlying neural circuits following pharmacological stimulation
(Steward et al., 2005).

N-methyl D-aspartate (NMDA) receptor associated ion-channel blockers such as ketamine
or phencyclidine (PCP) induce schizophrenia-like symptoms in healthy volunteers (Adler et
al., 1999) and exacerbate symptoms in stabilized patients (Lahti et al., 1995; Malhotra et al.,
1997). These clinical observations provide the strongest line of evidence linking
schizophrenia to disruptions in NMDA mediated glutamate neurotransmission (Olney et al.,
1995). This has prompted researchers to explore non-invasive imaging techniques as a
means of linking brain regions to behaviours and to identify the neurofunctional basis of
NMDAR antagonists. In a recent phMRI study performed by this group, we assessed the
acute effects of ketamine challenge in healthy volunteers, and identified areas of increased
blood-oxygen-level-dependent (BOLD) signal in the posterior cingulate, thalamus and
temporal cortex (Deakin et al., 2008). Consistent increases in cerebral blood flow (CBF)
have also been reported in the same areas using positron emission tomography (PET) (Breier
et al., 1997; Langsjo et al., 2003; Vollenweider et al., 1997). In the rat, similarities in the
brain regions activated by ketamine have been reported by Littlewood et al. (2006) and more
recently Gozzi et al. (2007b) and Risterucci et al. (2005), who examined the effects of PCP
using relative cerebral blood volume (rCBV) and perfusion imaging techniques. However,
NMDA ligands such as PCP and ketamine may have actions on other neurotransmitters at
high doses potentially limiting their usefulness as models of schizophrenia (Kapur et al.,
2002; Seeman et al., 2005). In a systematic investigation of the sign and spatiotemporal
response pattern to PCP, Gozzi et al. (2008b) recently uncovered dramatic drug-anaesthetic
interactions in rats anaesthetised by halothane inhalation, demonstrating complete reversal
of PCP’s effects at higher challenge doses or halothane concentration. It may be the case
that neural and cerebrovascular responses to NMDAR antagonists are dependent on the
types of anaesthetic used.

The goal of the present study was to investigate the BOLD response to an acute ketamine
challenge in rats anaesthetised by intravenous a-chloralose and isoflurane inhalation. These
two anaesthetic agents are routinely used in phMRI, and have been successfully utilized to
map the central haemodydnamic response to a range of neuroactive drugs.

2. MATERIALS AND METHODS

2.1 Animal Care

All experiments were approved by the U.K. Home Office governing animal welfare and
protection. The protocols were also reviewed and consented to by a local ethical review
committee at the University of Manchester. Studies were performed /in vivo on male
Sprague-Dawley rats [A=30, weight (mean + S.D.) 283 + 29g; Charles River, U.K.].
Animals were housed in groups of four per cage with free access to standard rat chowder
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and tap water. Room temperature (21 + 2°C), relative humidity (45 + 10%), and dark/light
cycles (12h each) were controlled automatically. After arrival, rats were allowed to
acclimatise for at least 5 days prior to beginning the experiments.

2.2 Anaesthesia

Animal preparations followed requirements of intravenous or volatile anaesthetic regimes
(see section 2.3). Briefly, rats were anaesthetized with 3% isoflurane in 30%:70% O,:N,O
gas mixture (0.3:0.7 I/min), a PE50 cannula was inserted subcutaneously for drug challenges
and the tail was cannulated for delivery of intravenous anaesthetic. Switching anaesthesia to
intravenous a-chloralose, administration of a 60 mg/kg /. vbolus was followed by
continuous infusion at 30 mg/kg/h through the tail vein as described previously (Dodd et al.,
2010; Stark et al., 2006). When using inhalation anaesthesia, the maintenance isoflurane
level was set to 1.5% with identical delivery gas mixtures and flow rates. (The light level of
anaesthesia achieved with this concentration assured normoventilation). After surgery, rats
were moved to a customized stereotactic holder and secured using ear and bite bars to
prevent head movement. The body temperature of all rats was maintained within the range
of 37+1°C using a water heating system incorporated in the stereotactic MRI cradle.
Ancillary bench experiments monitored cardiovascular parameters (heart rate and blood
pressure) under all conditions used in this study. For this assessment, mean arterial blood
pressure (MABP) was monitored continually by means of a blood pressure transducer (AD
Instruments, U.K.) inserted in the right femoral artery. Blood samples were also extracted
via the catheter to monitor arterial blood gases (VetScan/i-Stat blood analyzer, Abbott,
Birmingham, U.K.) and percentage oxygen saturation was measured by pulse oximetry. At
the end of the experiments, animals were euthanized with an overdose of anaesthetic
followed by cervical-spine dislocation.

2.3 Study Design
A total of 30 rats (230-330g) were randomly assigned to one of four challenge arms:
1. Isoflurane anaesthesia, challenged with placebo (vehicle saline 1ml/kg s.¢.)(A=6)
2. Isoflurane anaesthesia, challenged with ketamine (30mg/kg s.¢.)(=6)

3. a-chloralose anaesthesia, challenged with placebo (vehicle saline 1ml/kg s.c.)
(N=6)

4. a-chloralose anaesthesia, challenged with ketamine (30mg/kg s.c.)(N=6)

Ancillary bench experiments were performed in a fifth group of animals (N=6) to assess the
effects of anaesthesia on cardiovascular parameters during BOLD signal measurement. For
all the experiments, drug challenges were administered at a rate of 1ml/min followed by
500l saline to flush the line. Ketamine (Sigma-Aldrich, UK) was prepared from its salt
compound and dissolved in saline. The dose employed here is sub-anaesthetic, and has
previously been shown to elicit robust increases in glutamatergic neurotransmission
(Moghaddam et al., 1997) and localised neurometabolic (2-deoxyglucose) responses in
freely moving rodents (Duncan et al., 1998; Miyamoto et al., 2000).

2.4 MRI Acquisition

MRI data were acquired using a Magnex 7T system (Magnex Scientific) interfaced to an
SMIS console (Surrey Medical Imaging Systems) with a custom-made radiofrequency
transmit/receive birdcage coil. For each individual, To-weighted anatomical images were
acquired using a fast spin echo (FSE) sequence (TR=2000ms, TE=32ms, FOV = 40mm,
256x256 matrix, 11 contiguous 1mm slices), followed by an optimized T,*-weighted
BOLD-sensitive time-series with the same spatial coverage but a lower resolution
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(TR=272ms, TE=15ms, 128x128 matrix, flip angle = 90°). The resulting in-plane voxel
dimension was 312.5 x 312.5um, with a temporal resolution of 70 seconds per scan.
Ketamine or vehicle challenge was administered at volume 18, giving ~20 minutes of
baseline for subsequent analysis.

2.5 Data Analysis

The data were analyzed in SPM5 governed by the framework of the general linear model
(GLM). The BOLD time-series were realigned using the first image as a reference and co-
registered to the anatomical image. Individual subjects in each study were spatially
normalized by mapping their anatomical images to a stereotaxic rat brain MRI template
(Schwarz et al., 2006) and applying the resulting transformation matrix to the accompanying
time-series. The functional data were smoothed to a FWHM 0.8mm (~2.5mm % 2.5mm in-
plane voxel dimensions), and multiplied by a brain parenchyma mask from the template set
to remove extra-cranial and CSF contributions.

First-level analysis was performed using the pseudo-block analysis technique first described
by McKie et al. (2005). This method enables accurate assessment of the drug-related
changes by challenge-phMRI in human (Deakin et al., 2008) and animal systems (Dodd et
al., 2010; Stark et al., 2006). Briefly, for each subject, a series of six successive time-bins
(~10 minutes per block) were entered into the SPM design matrix, comparing each time
block after injection to the pre-drug baseline period. After regression analysis, the series of
effect size maps generated for each of the time-bins forms the input data for the secondlevel
analysis. A random-effects repeated-measures 2x6 factorial ANOVA analysis then
compared the effects of ketamine vs vehicle for the two independent anaesthetic groups.
Statistical parametric maps were thresholded using a significance value of p<0.05 corrected
for false-discovery rate (FDR). Volume of interest (VOI) analysis was conducted using a 3D
digital reconstruction of a rat brain atlas (Paxinos and Watson, 1998) co-registered with the
MRI template (Schwarz et al., 2006). The mean area-under-curve (AUC) from significant
clusters were extracted by SPM toolbox Mars BaR (Brett et al., 2002).

3. RESULTS AND DISCUSSION

The two anaesthetic regimes produced extreme differences in sign and amplitude of the
BOLD response to acute ketamine challenge. Images displaying the overall effects of
ketamine versus vehicle are shown in Figure 1A. The maps indicate that under a.-chloralose
anaesthesia, only positive BOLD signal changes were present, with activations localised to
discrete cortical and subcortical structures of the rat brain. Conversely, animals under
isoflurane anaesthesia exhibited no statistically significant positive effects, but instead
demonstrated large clusters of deactivation that were distributed across much of the cortex.
Time-courses for the ketamine-induced BOLD responses are illustrated in Figure 1B.

Plots of the signal changes show a similar time-dependent effect to ketamine in all the
regions inspected (e.g medial prefrontal and posterior hippocampus), with a rapid increase
or decrease in BOLD typically reaching the maxima or minima 5-6 minutes after ketamine
administration. In non-activated regions no significant alterations in BOLD were observed
with respect to vehicle control. The magnitude of the positive BOLD signal changes were
region-dependent, with the largest response found in specific sub-regions of the cortex and
hippocampus. Negative responses displayed a similar variation in magnitude across the
examined regions, exhibiting only slightly stronger foci of deactivation in the prefrontal
cortex. These effects are summarized in Figure 2.

Cardiovascular parameters from the anaesthetic groups, prior to and following ketamine
administration are displayed in the Supplementary Information (Figure S1). With isoflurane
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anaesthesia, ketamine induced only transient increases in heart rate (+45bpm, peaking 8min
post-injection) and temporarily lowered BP (-19mmHg, 3min post-injection). However, this
effect returned to the pre-injection baseline (364+14 bpm / 95+5mmHg) within 30mins, and
did not correlate with the observed BOLD signal changes. Under a-chloralose anaesthesia,
ketamine produced sustained decreases in both heart rate and BP (—28 bpm/-17mmHg, from
baseline 385+21/93+9mmHg) lasting the entire duration of the study. Arterial blood gases
.0, and p,CO, were found to be within physiological range for both anaesthetic groups
(20-50mmHg for p,CO,, >80mmHg for p,05,). These values are also reported in the
Supplementary Information (Table S2).

In this study, we describe the use of phMRI to investigate the effects of an intravenous and a
volatile anaesthetic on the ketamine-induced BOLD response. As a qualitative assessment of
the changes in neuronal activity, we found dramatic differences in the sign and anatomical
distribution of the BOLD signal that were dependent on the anaesthetics employed. Under
a-chloralose, strictly positive BOLD changes were detected in precise cortical and
subcortical structures of the rat brain, with varying effect sizes. However, for isoflurane
anaesthesia, no positive BOLD changes were detected and instead, patterns of deactivation
(negative BOLD response) were predominant. These results indicate an interaction between
ketamine and isoflurane that completely reverses the phMRI signature of interest.

The use of anaesthesia is a potential confound that can affect the sign and distribution of the
pharmacological stimulation. In the case of ketamine and isoflurane, we have found strong
evidence for a direct or indirect drug-anaesthetic interaction which is specific to the
experimental conditions of the study. The anaesthetic level at which these effects occur [1.5
minimal alveolar concentration (MAC)] are typical of many phMRI and fMRI studies
employing volatile anaesthetics, suggesting that the anaesthetic concentrations achieved
when using spontaneous breathing protocols may not be suitable in the investigation of
NMDAR anatagonists. Consistent with these findings, Gozzi et al. have shown that the
NMDAR antagonist PCP, displays a remarkably similar pattern of deactivation when
maintained under high levels of halothane anaesthesia (i.e. 1.0 MAC) (Gozzi et al., 2008b).
However, activations following an infusion of PCP were successfully observed at lower
levels of halothane [0.8 MAC], although animals required careful ventilation and the use of
muscle relaxants to control subject movement (Gozzi et al., 2008a; Gozzi et al., 2007b;
Gozzi et al., 2008b).

Unlike commonly used inhalants, a-chloralose is known to preserve cerebrovascular
reactivity and neuronal excitability. Here we observed specific BOLD increases in cortical
and subcortical areas of the rat brain that were more closely paralleled to the central effects
of NMDAR antagonists in freely moving animals and conscious humans. For instance,
metabolic maps of increased 2-deoxyglucose (2-DG) uptake in rodents injected with
ketamine and MK-801, showed considerable similarity to the positive response observed in
this study (Duncan et al., 1998; Miyamoto et al., 2000). A further likeness can also been
drawn from CBF measurements following ketamine administration using [14C]-
iodoantipyrine (Cavazzuti et al., 1987). In healthy human volunteers, we have previously
explored the functional effects of ketamine using BOLD phMRI (Deakin et al., 2008), and
identified increased areas of activation in the posterior cingulate, thalamus, and temporal
cortex. For rats under the a-chloralose regime, very similar patterns of activation were
observed, with apparent minimal involvement from the anaesthesia. Altogether, these
findings indicate a significant overlap between the positive BOLD response pattern obtained
with a-chloralose to regions activated by ketamine in humans and metabolic maps of
conscious animals. Furthermore, in awake and chloral hydrate anaesthetized animals
(actions similar to a—chloralose), the neurophysiological effects of NMDAR antagonists
(MK-801, PCP) have been shown to induce an increase in neuronal spiking rate (multi unit
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activity) (Homayoun et al., 2005; Kargieman et al., 2007; Suzuki et al., 2002), which would
be consistent with a positive BOLD response. Consequently, the use of intravenous a.-
chloralose could offer a suitable alternative to gaseous anaesthetic agents when probing the
neurofunctional effects of NMDAR antagonists.

The question remains as to whether systemic effects of ketamine may be differentially
modulated by the anaesthetic agent which in turn affects the central BOLD response. Large
changes in cardiac output or blood gases could alter vascular reactivity in the brain and this
could lead to changes in the regional BOLD response to ketamine challenge. We did indeed
observe a sustained reduction in blood pressure and heart rate when ketamine was
administered to a-chloralose-anaesthetized rats, but it is difficult to understand how such a
hypotensive effect could reverse the BOLD response compared to using an anaesthetic
regime (isoflurane) in which ketamine had no sustained systemic effects. It has been shown
that systemically-induced increases of MABP, of similar magnitude, do not alter the BOLD
effect (Luo et al., 2003b). It should also be noted that the magnitude of the hypotensive
changes are well within the range of effective auto regulation (<30mmHg), whereby abrupt
manipulation of blood pressure can be homeostatically compensated without significant
depression of the central BOLD response (Wang et al., 2006). It is notable that there were no
effects on respiration rate or blood gases following infusion of ketamine under either
anaesthetic regime. In conclusion, we do not favour an explanation based on systemic
effects of ketamine causing the differential BOLD responses in the brain under the different
anaesthetic regimes.

How anaesthesia affects neurovascular coupling and metabolism remains a controversial
issue. In general, haloether volatile agents, such as isoflurane, greatly potentiate y-
aminobutyric acid (GABA,) receptors and have modest effects on NMDA receptors (de
Sousa et al., 2000; Eger et al., 2006; Harrison et al., 1993; Kelly et al., 2007; Lin et al.,
1992; Ogata et al., 2006; Solt et al., 2006; Yamakura et al., 2000). Previous studies have
indicated that the MAC of isoflurane can be significantly decreased following gradual
infusion of ketamine or MK-801 (Eger et al., 2006; Kuroda et al., 1993; Pascoe et al., 2007).
As lower MAC values represent a more potent volatile anesthetic, it is possible that
ketamine-induced disinhibition of glutamate neurones is being over-ridden by the action of
isoflurane in enhancing GABA-receptor-mediated synaptic inhibition and decreasing
excitatory NMDA cation currents. This would cause neuronal hyperpolarization that reduces
cell excitability and likely contributes to the negative effects of this anaesthetic on the
ketamine-induced BOLD signal. Whether or not this speculation is correct, it is clear that
there is some cross-reactivity or synergism of these two compounds in some brain regions
that complicates the effects of the challenge drug.

4. CONCLUSION

To conclude, this study has indicated the potential for a drug-anaesthetic interaction between
ketamine and isoflurane, whereby a complete reversal of the BOLD response can occur.
With a-chloralose, the response pattern was strictly positive, resembling the activations
from human neuroimaging studies and metabolic maps in conscious rats. In the future,
studies such as this may be important in identifying the correct challenge dose and
anaesthetic level for preclinical phMRI. In addition, we have described how comparisons
with other experimental modalities can help validate phMRI data.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(A) Statistical parametric maps indicating the two characteristic responses after acute
ketmaine challenge. Maps were calculated by comparing ketamine versus vehicle in a-
chloalose and isoflurane anaesthetic groups. T-statistic thresholding is reported on the right
for comparison. (B) Plots showing the temporal response profiles from two representative
brain regions. These are the group mean time courses from the peak responding voxels in
the ROI. Time zero indicates the point of injection.

(Abbreviations; Cg, cingulated; mPFC, medial prefrontal cortex; ctxSS; somatosensory
cortex; hipP, posterior hippocampus)?
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Figure 2. Magnitude of the BOLD signal changesin significant VOIs

The histograms represent mean area-under-curve (A.U.C) of all post injection time-points,
with error bars indicating 90% confidence intervals. Abbreviations: ON, olfactory nucleus;
hipAD, antero-dorsal hippocampus; hipPD, postero-dorsal hippocampus; hipS, hippocampus
subicculum; ctxOF, orbitofrontal cortex; ctxRS, retrosplenial cortex; ctxM, motor cortex;
CtXEnt, entorhinal cortex; ctxPir, piriform cortex; ctxTeA; temporal association cortex; CC,
corpus callosum.
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