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Abstract

Background: The availability of GABAA receptor binding sites in the brain can be assessed by positron
emission tomography (PET) using the radioligand, [18F]flumazenil. However, the brain uptake and binding
of this PET radioligand are influenced by anesthetic drugs, which are typically needed in preclinical imaging
studies and clinical imaging studies involving patient populations that do not tolerate relatively longer scan
times. The objective of this study was to examine the effects of anesthesia on the binding of [18F]flumazenil
to GABAA receptors in mice.

Methods: Brain and whole blood radioactivity concentrations were measured ex vivo by scintillation counting
or in vivo by PET in four groups of mice following administration of [18F]flumazenil: awake mice and mice
anesthetized with isoflurane, dexmedetomidine, or ketamine/dexmedetomidine. Dynamic PET recordings were
obtained for 60 min in mice anesthetized by either isoflurane or ketamine/dexmedetomidine. Static PET
recordings were obtained at 25 or 55 min after [18F]flumazenil injection in awake or dexmedetomidine-treated
mice acutely anesthetized with isoflurane. The apparent distribution volume (VT*) was calculated for the
hippocampus and frontal cortex from either the full dynamic PET scans using an image-derived input
function or from a series of ex vivo experiments using whole blood as the input function.

Results: PET images showed persistence of high [18F]flumazenil uptake (up to 20 % ID/g) in the brains of
mice scanned under isoflurane or ketamine/dexmedetomidine anesthesia, whereas uptake was almost indiscernible
in late samples or static scans from awake or dexmedetomidine-treated animals. The steady-state VT* was twofold
higher in hippocampus of isoflurane-treated mice and dexmedetomidine-treated mice than in awake mice.

Conclusions: Anesthesia has pronounced effects on the binding and blood-brain distribution of [18F]flumazenil.
Consequently, considerable caution must be exercised in the interpretation of preclinical and clinical PET studies
of GABAA receptors involving the use of anesthesia.
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Background
Type-A γ-aminobutyric acid (GABAA) receptors are the
principal inhibitory neurotransmitter receptors in the
mammalian central nervous system (CNS) [1, 2], and are
an important site of action for anesthetic agents and
sedative drugs. However, there is insufficient information
about the extent of occupancy at GABAA sites affected
by anesthetic agents. GABAA receptors are pentameric
ligand-gated chloride channels, belonging to the Cys-loop
family of receptors [3] and comprised of several different
subunit classes (α1–6, β1–4, γ1–3, δ, ε, π, ρ1–3) [4].
GABA, the endogenous agonist of GABAA receptors,
binds at an orthosteric site located at the interface
between α and β subunits (Fig. 1a) [5, 6] while benzodiaz-
epines (including isoflurane), a clinically important class
of sedatives and anxiolytics, act as positive allosteric
modulators by interacting with a distinct binding site
between the α and γ subunits [4, 6]. A subset of GABAA

receptors containing α4 or α6 subunits are benzodiazepine
insensitive [5]. Many radioligands have been developed for
molecular imaging by positron emission tomography
(PET), which target different sites of the GABAA receptors
([6]). Of these, flumazenil (Ro 15-1788, Fig. 1b), a GABAA

receptor antagonist, has found the widest application in
PET studies. Both [11C]flumazenil and the longer-lived
isotopologue [18F]flumazenil have been used to measure
the in vivo receptor availability in humans [7, 8], monkeys
[9, 10], and rodents [11, 12].
GABAA receptors are very important for cognitive

function [13], and are implicated in the pathologies of
conditions such as anxiety disorders [14, 15], schizophre-
nia [16, 17], and fragile X syndrome [18, 19]. Molecular
imaging studies in humans are typically performed with-
out anesthesia, but sedation may be required in patient
populations who are unable to remain still for the
duration of the scan. Preclinical imaging experiments
in rodents are also commonly carried out under general
anesthesia to minimize animal motion during the scan
[20]. This introduces the possibility of pharmacological

confounds arising from effects of the anesthetic agent on
radioligand binding [21–27]. Selection of an appropriate
anesthetic regimen is especially important for small
animal PET imaging of GABAA receptors, as pharma-
cologically and structurally distinct classes of general
anesthetics (e.g. isoflurane, propofol, and pentobarbital)
are all affecting the GABAA receptor in either direct or
indirect pathways [28]. Anesthesia can therefore poten-
tially confound the results of [11C]flumazenil PET studies
of GABAA receptors in anesthetized humans or animals.
Previous studies have reported that anesthesia with iso-
flurane [29] or propofol [30] increased the distribution
volume (VT) of [

11C]flumazenil in human brain. Further-
more, treatment with the membrane GABA transporter
(GAT1) blocker tiagabine, which increases interstitial
GABA levels, likewise increased the [11C]flumazenil VT in
the human brain [31], suggesting a positive allosteric
potentiation of radioligand binding.
The NMDA-type glutamate receptor antagonist keta-

mine holds promise as a suitable anesthetic for GABAA

receptor PET studies, as subanesthetic ketamine doses
were shown to have minimal effect on [11C]flumazenil
binding in the human brain [32]. Furthermore, ketamine
treatment did not increase interstitial GABA levels in an
MR spectroscopy study in healthy humans [33], however,
more recent studies showed increases in humans with
obsessive compulsive disorder [34] and major depressive
disorder [35]. The α2-adrenergic agonist dexmedetomi-
dine is an anxiolytic agent often used to sedate children
undergoing MRI scans [36]; however, synergistic inter-
actions between α2-adrenergic agonists and benzodi-
azepine binding sites on GABAA receptors have been
described [37]. For example, a pilot study in healthy
humans showed that dexmedetomidine sedation evoked a
slight (4.9–6.0 %) increase in the grey matter binding
potential (BPND) of [

11C]flumazenil [19].
The aim of this study was to explore the effects of the

common anesthetic or sedative agents isoflurane, keta-
mine/dexmedetomidine, and dexmedetomidine alone on

A B

Fig. 1 Structure of [18F]flumazenil (a) and the GABAA receptor with different binding sites (b). The GABA binding site is located at the interface
between α and β subunits while flumazenil and other benzodiazepines act as positive allosteric modulators on a distinct binding site between
the α and γ subunits
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[18F]flumazenil binding to GABAA receptors, in order to
guide the design of pre-clinical and clinical imaging
studies with this radiotracer. We used a combination of
in vivo PET and ex vivo dissection to compare [18F]fluma-
zenil binding in groups of mice with or without anesthesia
in order to define optimal conditions for pre-clinical and
clinical imaging.

Methods
Radiochemistry
All chemicals were from commercial vendors in pharma-
ceutical grade. Production of [18F]flumazenil was based
on the method by Moon et al. [38]. [18F]fluoride in
[18O]water was produced by a medical cyclotron (PET-
trace-18, GE Healthcare) and passed through a PS-HCO3

cartridge, and eluted with a K222/K2CO3 phase transfer
catalyst solution in the chemical module (Tracelab FX-FN,
GE Healthcare). After azeotropic evaporation, 4 mg of
flumazenil diaryliodonium tosylate salt precursor (Bio
Imaging Korea Co., Ltd., Seoul, South Korea) in 1 mL
of DMF with Tempo (1 mg) was added to the reactor.
Fluorination proceeded for 5 min at 150 °C, where-
upon the reaction mixture was diluted with 10 mL of
water and passed twice through a C18 plus cartridge
(Waters). The radiolabeled product was then eluted
from the C18 cartridge with acetonitrile and diluted
with sterile water. The crude solution was purified on
a Luna C18 semi-preparative reversed-phase HPLC
column (Phenomenex, 5 μm, 250 × 10 mm) with a
mobile phase (acetonitrile/water = 20:80) delivered at
5 mL/min. Purified [18F]flumazenil was collected as
the radiochemical peak eluting at 22 min, in a round
bottom flask prefilled with 25 mL water for formulation.
The diluted fraction was passed through the C18 plus
cartridge and rinsed with water. The product was eluted
with 1.5 mL of 100 % USP grade ethanol and diluted by
15 mL of USP grade saline, giving a final concentration
below 10 % ethanol in sterile physiological saline. [18F]flu-
mazenil showed ≥99 % radiochemical purity, specific acti-
vity of 264 ± 100 GBq/μmol (n = 3) at end of synthesis
(EOS), and a decay-corrected radiochemical yield of
34 ± 22 % (n = 3).

Animals
Male mice (FBV/NJ, 5–6 weeks old, n = 45, weight at
the time of scan 25 ± 2 g) were purchased from Jackson la-
boratories (Jax, Sacramento, CA). FBV/NJ male mice were
chosen to support future studies in juvenile transgenic
Fragile X KO FBV/NJ mice using [18F]flumazenil. All
animal experiments were approved by the Stanford
Administrative Panel on Laboratory Animal Care (APLAC)
who is accredited by the Association for the Assessment
and Accreditation of Laboratory Animal Care (AAALAC
International) and uphold all federal and state regulations

governing the humane care and use of laboratory animals.
Mice had free access to food and water and were allowed
ample time to acclimatize before the experiments. The
mice were randomly assigned to one of four groups
(isoflurane-treated, ketamine/dexmedetomidine (ket/dex)-
treated, dexmedetomidine-treated (dex), and awake) and
examined by a combination of PET and ex vivo proce-
dures as outlined in Fig. 2. The isoflurane and ket/dex
groups were subjected to a 60-min dynamic PET scan and
then dissected for ex vivo biodistribution measurements.
The dex and awake groups were scanned with PET
for 10 min under brief isoflurane anesthesia at 20–30
(midframe at 25 min) or at 50–60 (midframe at 55 min)
min post injection of [18F]flumazenil, followed by imme-
diate ex vivo dissection. Furthermore, additional mice in
the dex and awake groups were sacrificed for ex vivo
biodistribution measurements at 1, 5, 10, 15, 30 or 60 min
post injection of [18F]flumazenil. The drugs and respective
dosages used for anesthesia were based on the recom-
mended drug doses prescribed by IACUC—Institutional
Animal Care and Use, by the AALAS—American Associ-
ation of Laboratory Animals.

PET acquisition
On the day of the experiment, the mice were trans-
ported to the imaging facility at least 1 h prior to the
experiment. Animals were anesthetized one at a time
using either 2 % isoflurane inhalation (n = 4), the ket/dex

Fig. 2 Experimental design of PET imaging (n = 4 in each scanning)
and ex vivo (n = 4 at each time-point) procedures. A 10-min static
PET scanning was obtained under acute isoflurane anesthesia, after
an uptake phase while awake. Ket/Dex refers to a combined
ketamine/dexmedetomidine dex anesthesia. All PET scanning
groups were studied ex vivo at the end of the scan
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mixture (25 mg ket and 0.25 mg dex per mL sterile
physiological saline; 4 mL/kg by intraperitoneal (i.p.)
injection; n = 4), dex (0.25 mg/mL in sterile physiological
saline; 80–120 μL by i.p. injection), and the last group
was injected awake and without sustained anesthetic
treatment. A catheter was placed in a tail vein of the
fully sedated mice (isoflurane and ket/dex groups); in
addition, an i.p. catheter was placed in the ket/dex anes-
thetized mice in order to give supplemental injection of
1 μL/g of the anesthetic mixture at 40 min after the
initial dose. A bolus of 100 μL saline was injected in the
tail catheter to maintain patency of the catheter and to
hydrate the mouse. An ophthalmic lubricant was applied
to the eyes of the animals. Mice undergoing PET scans
were placed in a custom-made 4 × 4 mouse bed [39],
which was positioned within the aperture of the Siemens
Inveon microPET/CT. Isoflurane anesthetized and ket/
dex anesthetized mice were scanned on separate days.
The mice were kept warm during the scan using an
infrared lamp. A CT scan was performed, for attenuation
correction and anatomic registration, followed by a
60-min-long dynamic PET acquisition initiated upon
intravenous bolus injection of [18F]flumazenil (5.30 ±
0.33 MBq, n = 45, within 2 h from EOS). The awake
mice were placed in a tail-restraining device, and a glove
containing warm water was applied to the restrained tail,
which was then cleaned with 70% ethanol wipes. [18F]Flu-
mazenil was injected as a bolus though a tail vein, and the
animals were returned to their holding cage. At 25 or
55 min post tracer injection, the awake mice were briefly
anesthetized with 2% isoflurane in oxygen at 2 L/min. The
mice were positioned in the Siemens Inveon microPET/
CT as described above, whereupon a 10-min PET acqui-
sition was obtained, followed by a CT scan. At the conclu-
sion of the scans, mice were sacrificed and radioactivity
concentrations were measured in the brain, plasma, and
whole blood as described below, corresponding to 35 and
65 min post injection, respectively.

Ex vivo dissection
On the day of the experiment, the mice were trans-
ported to the imaging facility at least 1 h prior to the
experiment. One group of mice was administered dex
(1 mg/kg i.p.) as a single injection from a stock solution
of 0.25 mg/mL (80–120 μL) in physiological saline, the
other group received no pre-treatment. Each mouse was
injected with [18F]flumazenil (5.30 ± 0.33 MBq, n = 45,
within 2 h from EOS) while conscious and allowed to
return to their home cage. The mice were sacrificed by
cervical dislocation at times ranging from 1 to 60 min
post [18F]flumazenil injection. Trunk blood samples were
collected, and the brain was immediately removed from
the skull and dissected into frontal cortex, striatum,
hippocampus, brainstem, and cerebellum. A portion of

trunk blood was centrifuged to separate the plasma.
Radioactivity concentrations were measured in weighed
tissue samples, whole blood, and plasma using a Packard
Cobra II automated gamma counter, with correction to
radioactivity at the time of tracer injection relative to the
entire injected dose (%ID/g).

PET/CT reconstruction
CT images were recorded for the whole field of view,
using half rotation and 120 projections, 80 kV 500 μA
current, and a 255 ms exposure. The CT image was
reconstructed using a Feldman filtered back projection
with 2× down-sampling and 4 × 4 binning, giving an
effective pixel size of 103.2 μm. This structural image
was used for attenuation correction of the PET record-
ings, as well as colocalization with the structural MRI.
Decay events were recorded in list mode continuously
over the course of the scan (60 or 10 min) with an
energy window of 350–650 keV, and histogrammed into
1 × 10 min frames for static imaging or a series of 34
frames 12 × 10 s, 13 × 60 s, and 9 × 300 s) without
scatter correction or smoothing. The frames were then re-
constructed using four iterations of Fourier rebinning,
followed by an attenuation-weighted two-dimensional or-
dered-subsets expectation-maximization (AW-2DOSEM)
with a matrix size of 128 × 128 pixels.

MRI acquisition
One representative mouse was anesthetized with 2 %
isoflurane in oxygen at a flow rate of 2 L/min, and
scanned with a dedicated small animal 7.0 Tesla MR
scanner (Varian Magnex Scientific). The instrument was
equipped with a gradient insert with a bore size of 9 cm
(Resonance Research Inc, 770 mT/m, 2500 T/m/s), an
amplifier (Copley 266), and a console (General Electric
Medical Systems). Coronal two-dimensional images were
acquired from the brain of the mouse, using a spin echo
(SE) pulse sequence, echo time (TE) of 70 ms, repetition
time (TR) of 3000 ms, and a slice thickness of 500 μm.
The acquired data was reconstructed into a stack of 18
256 × 256 pixel images. The MRI images were used as
an anatomical guide for definition of the regions of
interest on the PET image.

Image analyses
PET/CT and MR images were imported into the Inveon
Research Workspace. PET data were co-registered
manually to the MR images using the CT images as an
anatomic guide. Brain regions of interest (ROI)—hippo-
campus and frontal cortex—were drawn on the MR
image and on the left ventricle of the heart using the
CT image and the first PET image frame. Time-activity
curves (TACs) were then extracted from each ROI and
calculated as %ID/g. The static PET images were summed
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from 20–30 and 50–60 min post tracer injection prior to
registration and extraction of the mean ROI activities.

Quantification of regional outcome measures via kinetic
analysis
There is no real reference region of [18F]flumazenil in
the mouse brain, and we therefore applied a more com-
plicated kinetic analysis using either an image-derived
input function or whole blood tracer concentration.
Mean [18F]flumazenil TACs in the two brain ROIs
(hippocampus and the frontal cortex) and the left
ventricle from the isoflurane and ket/dex groups were
calculated by averaging of the individual recordings.
For the ex vivo groups, the average [18F]flumazenil
TACs in the two brain ROIs and for whole blood were
obtained by averaging individually measured curves within
the group. A parametric model defined by a straight line
ascending to the initial peak followed by a tri-exponential
decay was fitted to the mean heart TACs and the average
whole blood curve. The image-derived blood curves were
not corrected for the metabolism of [18F]flumazenil
because multiple blood samples could not be performed
in same mice. The contribution of vascular radioactivity
to the regional brain target TACs was corrected prior to
analysis, assuming a 5 % blood volume. The corrected
target TACs in each dataset were then fitted using
one-tissue compartment (1TC) and two-tissue compart-
ment (2TC) models [40], with the fitted average heart
TAC serving as an image-derived input function for the
isoflurane and ket/dex groups, and the fitted average
whole blood curve for the ex vivo awake and dex groups.
Kinetic rate constants (K1 and k2 for 1TC and K1 to
k4 for 2TC) of the compartmental models were estimated
by nonlinear regression using MATLAB R2012b (Math-
works, Natick, MA, USA). Although TACs for both whole
blood and plasma were available for the ex vivo and dex
groups, the whole blood TAC was used as the input
function as it was considered to be more directly
comparable to the image-derived input function from
the dynamic PET scans. The heart ventricle image-derived
input function is commonly used for calculation of distri-
bution volume for tracers in small animals where sequen-
tial blood sampling is not possible and where binding in
myocardium is negligible [41, 42]. We denote here the
estimates of the [18F]flumazenil apparent total volume of
distribution (VT) obtained relative to the whole blood
input function (image-derived input function) as VT*, to
distinguish it from the (true) VT obtained from metabolite
corrected plasma concentration, as defined by Innis et al.
[43]. The measured activity concentration in whole blood
and plasma is similar so choosing the whole blood should
not give any bias on VT* calculations. As a measurement
of precision, standard errors were computed for each
estimated VT* value using a bootstrap algorithm [41] that

incorporates errors associated with fitting the input
function and the TAC for each target ROI.

Statistics
All values are given as value ± standard error of the
mean. Significant differences are calculated using an un-
paired two-sided t test unless otherwise noted, p values
less than 0.05 are considered statistically significant
and significance levels in graphs are marked as follows:
*p < 0.05, **p < 0.01, and ***p < 0.005.

Results
Static PET imaging under the four test conditions (Fig. 3)
clearly depicts the effects of anesthesia on [18F]fluma-
zenil binding to the GABAA receptors. At 25 min post
injection, the isoflurane anesthetized mice had uptake
exceeding 20 %ID/g in the high binding regions of
frontal cortex and hippocampus, compared with less than
2 %ID/g in the awake mice. The brain uptake in the ket/
dex and dex are of intermediate magnitude, with up
to 7 %ID/g in hippocampus and frontal cortex at 25 min.
This phenomenon was even more pronounced at 60 min
post injection, where the isoflurane anesthetized mice still
had brain concentrations close to 10%ID/g, whereas no
discernible [18F]flumazenil binding remained in brain of
the awake mice.
Brain TACs show that [18F]flumazenil uptake increases

over the first 10–12 min, to a maximum of 19.1 ± 0.5
%ID/g in the hippocampus and 14.6 ± 0.9%ID/g in the
frontal cortex in isoflurane-anesthetized mice (Fig. 4).
The high brain levels of [18F]flumazenil persisted through-
out the scan, with 11.4 ± 0.6 %ID/g in hippocampus and
9.3 ± 0.4 %ID/g in frontal cortex 60 min post injection.
The left heart ventricle activity peaked at 6.2 ± 0.1 %ID/g
very quickly after injection (~1 min post tracer injection)
and declined rapidly thereafter. This rapid decline suggests
that there is no specific binding in the myocardium.
[18F]flumazenil uptake in ket/dex anesthetized mice peaked
at 2 min post injection with 9.7 ± 1.3 %ID/g in hippocam-
pus, and at 5 min with 8.4 ± 0.9 %ID/g in frontal cortex,
whereas the heart signal peaked at 1 min with 7.9 ±
0.3 %ID/g and declined rapidly as in the isoflurane-
anesthetized mice. Dex treatment alone sedated, but
did not anesthetize the mice, such that dynamic PET
acquisition was not possible in this treatment group.
In the dex animals, [18F]flumazenil uptake peaked at
5 min post injection with 18.2 ± 6.9 %ID/g in the hippo-
campus, and at 17.5 ± 5.2%ID/g in frontal cortex, whereas
the whole blood concentration peaked at 1 min with
5.4 ± 0.1 %ID/g. The [18F]flumazenil uptake in awake
mice, as measured ex vivo, peaked at 1 min at 9.8 ±
2.4 %ID/g in the hippocampus and 10.5 ± 2.9 %ID/g
in the frontal cortex, and the whole blood content
also peaked at 1 min with 3.3 ± 0.8 %ID/g.
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The [18F]flumazenil uptake measured ex vivo (Fig. 5)
in hippocampus and frontal cortex was significantly
greater at 60 min post injection in all anesthetized con-
ditions compared with awake mice. The 2TC model con-
sistently provided better fits of the target TACs than did
the 1TC model. There was no statistically significant dif-
ference between the [18F]flumazenil VT* in the anesthe-
tized and dex-treated conditions in these brain regions
(frontal cortex p = 0.26, hippocampus p = 0.18). While
uptake in the ket/dex anesthetized mice was very similar
between the ex vivo and in vivo experiments, the uptake
under isoflurane anesthesia was much lower when mea-
sured ex vivo relative to the in vivo PET uptake derived
from the last frame 50–60 min post injection (frontal
cortex, isoflurane ex vivo 5.2 ± 0.5 % ID/g vs. in vivo 9.3
± 0.4 % ID/g, p < 0.001) (Fig. 5b). Furthermore, of all the
treatments, only isoflurane increased tracer uptake ex
vivo in the cerebellum compared with awake mice.
There was a similar trend towards an effect of isoflurane
on radioactivity concentration in whole blood and
plasma samples.
The apparent distribution volume relative to the heart

blood input (VT*) in the frontal cortex was unaffected
by isoflurane or dex relative to the awake group, as shown

in Fig. 6. However, combined ket/dex anesthesia did lower
the VT* in the frontal cortex significantly (p = 0.008).
However, VT* in the hippocampus was significantly in-
creased by isoflurane (p < 0.001) and dex alone (p = 0.002)
when compared to awake mice, whereas ketamine was
without effect. Furthermore, there was a highly significant
difference in VT* between the isoflurane condition and
the ket/dex condition (p < 0.001) in both frontal cortex
and hippocampus.

Discussion
The PET image data presented in Fig. 3 clearly depict
the effect of anesthetics on [18F]flumazenil uptake and
binding to GABAA sites in mouse brains: In the awake
condition, there was no discernible radioactivity in the
mouse brain at 60 min post injection, while all the
anesthetic conditions showed a persistent signal through-
out the brain. Isoflurane and other inhalation anesthetics
have long been known to perturb [18F]flumazenil distribu-
tion in the brain. Gyulai et al. [29] showed that isoflurane
globally increases uptake and binding of [11C]flumazenil
in human brain in a dose-dependent manner, as much as
doubling the distribution volume relative to the unanes-
thetized baseline. Also in humans, Salmi et al. [30] showed
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that sevoflurane, an anesthetic from the same chemical
class as isoflurane, also increased the distribution volume
of [11C]flumazenil by 15–20 % in all regions except the
pons and white matter. In a test of a mixture of ketamine
and isoflurane anesthesia in rhesus monkeys, Sandiego et
al. [10] found a slight decrease in the [11C]flumazenil
binding potential, possibly due to opposing effects of the
two anesthetics. Our data with isoflurane alone support
these previous findings; we find an up to 94 % increase in
maximum uptake in hippocampus (19.1 % ID/g isoflurane
versus 9.8 % ID/g awake), corresponding to a 128 % in-
crease in VT* (6.4 mL/g isoflurane versus 2.8 mL/g
awake). The direct comparison between the PET-derived
data and ex vivo data is prone to bias induced by attenu-
ation correction and partial volume effects as well as
motion artifacts specifically in the ROI on the left ven-
tricle; all these effects suggest that the VT* from PET
might be overestimated compared with ex vivo measure-
ments. The comparison PET to ex vivo is further compli-
cated by administration of isoflurane in a chamber for the
ex vivo studies versus a head cone in the in vivo proced-
ure, resulting in slight dose differences. Nonetheless, we
do find the same trend when comparing the ex vivo con-
ditions at 60 min post injection; the [11C]flumazenil
concentration ex vivo in the hippocampus was 5.7 % ID/g
in the isoflurane condition versus only 0.048 % ID/g in the
awake condition. Despite this remarkable confounding
effect of anesthesia on [11C]flumazenil and [18F]flumazenil
binding, some preclinical PET imaging studies of GABAA

receptors are still published using isoflurane anesthesia.
The combination ket/dex has been the anesthesia of

choice in preclinical molecular imaging studies with flu-
mazenil based on the report by Salmi et al. [32], who did
not find any effect of subanesthetic doses of ketamine
on [11C]flumazenil binding in humans. However, to our
knowledge, this is the first such study to compare an

anesthetic dose of the commonly used mixture ket/dex
to the awake condition. We find that an anesthetic dose
of the ket/dex mixture does not alter the initial peak up-
take of [18F]flumazenil in the hippocampus (9.7 ± 1.3 %
ID/g in ket/dex and 9.8 ± 2.4% ID/g in awake). However,
it did significantly enhance the late retention of [18F]flu-
mazenil in hippocampus, which was 1.95 % ID/g at
60 min post injection, versus only 0.048% ID/g in the
awake condition. Dex alone did increase the initial up-
take of [18F]flumazenil in the hippocampus by up to
85 % (18.2 % ID/g dex and 9.8 % ID/g awake), and
had similar effects as the ket/dex mixture on tracer
retention as measured ex vivo 60 min post injection.
Interestingly, there was a 47 % decrease in the calculated
frontal cortex VT* for the ket/dex (2.33 ± 0.05 mL/g)
condition compared with awake animals (4.39 ± 1.06 mL/g)
but no difference in the hippocampus, while dex
alone increased VT* by 171% in the hippocampus
(7.60 ± 1.55 mL/g), compared with awake animals (2.77 ±
0.72 mL/g) but with no such effect in the frontal cortex.
The frontal cortical decrease in VT* with ket/dex
anesthesia supports the findings of Sandiego et al. [10],
who found a decrease in [11C]flumazenil binding potential
(BPND with the pons as reference region) in ketamine/
isoflurane-anesthetized Rhesus Monkeys. The higher
hippocampal uptake in mice with dex treatment supports
the findings of D’hulst et al. [19], who found a mild
(4.–6.0 %) increase in the binding of [18F]- or [11C]fluma-
zenil binding in dex-treated humans. This increase speci-
fically in the hippocampus VT* by dex alone could explain
why ket/dex did not decrease the VT* in both regions, as
the effects could have been counteracted by the dex
induced increase.
We observed a different response to the anesthetics

comparing the uptake and distribution volume in the
frontal cortex with the hippocampus. This could be
explained by the different site of action between
[18F]flumazenil and anesthetic and by the heterogenous
distribution of GABAA receptors subunits [44]. More than
20 different subunit combinations have been reported
[4, 45], among these, α1 subunits are widely distributed in
the cortex while α5 subunits are more pronounced in the
hippocampus [44]. In particularl, Momosaki et al. com-
pared the binding of [3H]flumazenil (RO15-1788) to that
of the structurally related [3H]Ro15-4513, which is more
α5 subunit selective than [3H]flumazenil [46], and found a
remarkable difference in the GABAA subtypes between
the cortex and hippocampus. Furthermore, the GABAer-
gic functionality is also different between cortical and
hippocampal regions, Whissell et al. found that while
the majority of cortical GABAergic neurons was parvalbu-
min (PV-expressing) positive, the hippocampal was chole-
cystokinin (CCK-expressing). While we cannot conclude
on the exact reason for the regional difference base on our
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study, we do find other evidence of regional differences in
GABAA receptor positive neurons.
There are several limitations to this study. Biases from

attenuation correction and partial volume effects can
hinder the direct comparison of PET data and ex vivo
data. We did see a difference in the whole blood radio-
activity of the isoflurane-anesthetized group when we
compare the ex vivo uptake values at 60 min with the
PET imaging-derived values; this difference might lead
to an underestimation of the true (VT*) and thus lower
the significance in our results. Our index of distribution
volume (VT*) is calculated using the whole blood radio-
activity instead of the plasma radioactivity as an input
function and is not corrected for plasma metabolites but
assumes that whole blood activity remains as untrans-
formed parent compound. The reported major meta-
bolites of [18F]- or [11C]flumazenil are known polar
compounds [47] and, as such, should not enter the brain.
However, differences in metabolite rates could affect the
radioactive concentration in blood and therefore is a
potential bias on the VT* calculations. The heart ventricle
image-derived input function serves for calculation of
distribution volume for tracers without substantial binding
in the myocardium and without important metabolism
during the scan [48, 49]. Finally, we calculated VT* on a
group basis rather than for individual mice, thus affording
a better comparison of PET scans and the ex vivo experi-
mental results.
We cannot rule out that some effects of anesthesia on

[18F]flumazenil uptake and binding arose from changes
in cardiac output, since central and peripheral GABAA

receptors do regulate heart rate [48], although cerebral
blood flow is the more salient issue, since it can influ-
ence delivery of lipophilic tracers to the brain. We argue
that the VT* index is a less biased measurement than
%ID/g in this regard, as it is a steady-state index. Further-
more, [18F]flumazenil is a substrate of the blood-brain
barrier efflux transporter P-glycoprotein [49], we cannot
rule out that anesthetics might have an actions on P-
glycoprotein function, further studies in P-glycoprotein
knockout animals would be needed.

Conclusions
We found that anesthesia or sedation with isoflurane, a
ketamine/dexmetomidine mixture, and dexmetomidine
alone all changed the pharmacokinetics of [18F]flumaze-
nil, consistently increasing tracer uptake, relative to non-
anesthetized condition (awake). Only the ketamine/
dexmetomidine mixture did not change the volume of
distribution (VT*) of [18F]flumazenil in the hippocam-
pus, arguably due to opposing effects of the two agents
in combination. Results from this study emphasize the
importance of careful study design and control of the
experimental conditions when imaging GABAA receptors

under a condition of anesthesia. Any group differences in
[18F]flumazenil PET results need to be interpreted with
caution due to the potentially confounding effects of
anesthetic agents.

Abbreviations
CT: Computerized Tomography; Dex: Dexmedetomidine; GABAA
receptor: Type-A γ-aminobutyric acid receptor; ID/g: Injected dose per gram;
Ket/dex: Ketamine/dexmedetomidine; MRI: Magnetic resonance imaging;
PET: Positron emission tomography; ROI: Region of interest; TAC:
Time-activity curve; VT*: Distribution volume*; VT: Distribution volume

Acknowledgements
This study was supported in part by the NCI ICMIC P50 CA114747 (SSG);
NICHD R01 HD084214 (FTC), Catherine Ivy Foundation (FTC), and NIH 1S10
OD018130 (FTC). We would also like to thank the MIPS Cyclotron &
Radiochemistry Facility, and Small Animal Imaging Facility for their technical
support. Manuscript editing was done by Inglewood Biomedical Editing.
None of the authors have competing interest in the manuscript.

Authors’ contributions
Each author contributed significantly to the submitted work. MP was in
charge of the study, designing the study, acquiring the data, analyzing and
interpreting the results, producing figures and images and writing of the
manuscript. CB contributed to the animal experiments and PET image
analysis. SB contributed to the animal experiments. FZ contributed with the
quantitative data analysis. JHP was in charge of the radiochemistry and
radiochemical analysis. LF contributed with expertise in human anesthetics
and expert knowledge of the GABAA receptor system in humans, as well as
interpretation of the data. JHJ, BCL and SEK all contributed to the synthesis
of the flumazenil precursor and with expertise in radiochemistry, as well as
revising the manuscript. FTC contributed with expertise in radiochemistry
and PET imaging, as well as interpretation of the data and writing of the
manuscript. All authors read and approved the final manuscript.

Competing interests
JHJ is an employee of Bio Imaging Korea Co., Ltd. which holds a patent on
the production of [18F]flumazenil. No other author has competing interests.

Author details
1Departments of Radiology, Stanford University School of Medicine, Stanford,
CA, USA. 2Psychiatry & Behavioral Sciences, Stanford University School of
Medicine, Stanford, CA, USA. 3Neurobiology Research Unit, Rigshospitalet,
Copenhagen, Denmark. 4Department of Molecular Imaging and
Neuropathology, New York State Psychiatric Institute, New York, NY, USA.
5Department of Psychiatry, Columbia University, New York, NY, USA. 6The
Intervention Centre, Oslo University Hospital, Oslo, Norway. 7The Norwegian
Medical Cyclotron Centre, Oslo, Norway. 8Bio Imaging Korea Co., Ltd, Seoul,
Republic of Korea. 9Department of Nuclear Medicine, Seoul National
University College of Medicine, Seoul National University Bundang Hospital,
Seongnam, Republic of Korea. 10Center for Nanomolecular Imaging and
Innovative Drug Development, Advanced Institutes of Convergence
Technology, Suwon, Republic of Korea. 11Department of Transdisciplinary
Studies, Graduate School of Convergence Science and Technology, Seoul
National University, Seoul, Republic of Korea. 12Department of Radiology,
Cyclotron Radiochemistry, Molecular Imaging Program at Stanford, Stanford
University School of Medicine, 1201 Welch Road, Rm PS049, Stanford, CA
94305-5484, USA.

Received: 9 August 2016 Accepted: 29 October 2016

References
1. Sigel E, Steinmann ME. Structure, function, and modulation of GABAA

receptors. J Biol Chem. 2012;287(48):40224–31.
2. Macdonald RL, Olsen RW. GABAA receptor channels. Annu Rev Neurosci.

1994;17:569–602.
3. Miller PS, Smart TG. Binding, activation and modulation of Cys-loop

receptors. Trends Pharmacol Sci. 2010;31(4):161–74. Elsevier Ltd.

Palner et al. EJNMMI Research  (2016) 6:80 Page 9 of 11



4. Barnard EA, Skolnick P, Olsen RW, Mohler H, Sieghart W, Biggio G, et al.
International Union of Pharmacology. XV. Subtypes of gamma-aminobutyric
acidA receptors: classification on the basis of subunit structure and receptor
function. Pharmacol Rev. 1998;50(2):291–313.

5. Sigel E. The benzodiazepine binding site of GABAA receptors. Trends
Pharmacol Sci. 1997;18(11):425–9.

6. Andersson JD, Halldin C. PET radioligands targeting the brain GABA A
/benzodiazepine receptor complex. J Label Compd Radiopharm.
2013;56(3–4):196–206.

7. Salmi E, Aalto S, Hirvonen J, Långsjö JW, Maksimow AT, Oikonen V, et al.
Measurement of GABAA receptor binding in vivo with [11C]Flumazenil: a
test–retest study in healthy subjects. Neuroimage. 2008;41(2):260–9.

8. Odano I, Halldin C, Karlsson P, Varrone A, Airaksinen AJ, Krasikova RN, et al.
[18F]Flumazenil binding to central benzodiazepine receptor studies by PET.
Neuroimage. 2009;45(3):891–902. Elsevier Inc.

9. Ryzhikov NN, Seneca N, Krasikova RN, Gomzina NA, Shchukin E, Fedorova
OS, et al. Preparation of highly specific radioactivity [18F]flumazenil and its
evaluation in cynomolgus monkey by positron emission tomography. Nucl
Med Biol. 2005;32(2):109–16.

10. Sandiego CM, Jin X, Mulnix T, Fowles K, Labaree D, Ropchan J, et al. Awake
nonhuman primate brain PET imaging with minimal head restraint:
evaluation of GABAA-benzodiazepine binding with 11C-flumazenil in awake
and anesthetized animals. J Nucl Med. 2013;54(11):1962–8.

11. Syvanen S, Labots M, Tagawa Y, Eriksson J, Windhorst AD, Lammertsma AA,
et al. Altered GABAA receptor density and unaltered blood-brain barrier
transport in a kainate model of epilepsy: an in vivo study using 11C-
Flumazenil and PET. J Nucl Med. 2012;53(12):1974–83.

12. Bouillot C, Bonnefoi F, Liger F, Zimmer L. A microPET comparison of the
effects of etifoxine and diazepam on [11C]flumazenil uptake in rat brains.
Neurosci Lett. 2016;612:74–9. Elsevier Ireland Ltd.

13. Möhler H. Role of GABAA receptors in cognition. Biochem Soc Trans. 2009;
37(6):1328–33.

14. Truitt WA, Johnson PL, Dietrich AD, Fitz SD, Shekhar A. Anxiety-like behavior
is modulated by a discrete subpopulation of interneurons in the basolateral
amygdala. Neuroscience. 2009;160(2):284–94.

15. Almeida-Suhett CP, Prager EM, Pidoplichko V, Figueiredo TH, Marini AM, Li
Z, et al. Reduced GABAergic inhibition in the basolateral amygdala and the
development of anxiety-like behaviors after mild traumatic brain injury.
Rudolph U, editor. PLoS One. 2014 Jul 21;9(7):e102627

16. Paine TA, Slipp LE, Carlezon WA. Schizophrenia-like attentional deficits
following blockade of prefrontal cortex GABAA receptors.
Neuropsychopharmacology. 2011;36(8):1703–13. Nature Publishing Group.

17. Frankle WG, Cho RY, Prasad KM, Mason NS, Paris J, Himes ML, et al. In vivo
measurement of GABA transmission in healthy subjects and schizophrenia
patients. Am J Psychiatry. 2015;172(11):1148–59.

18. D’Hulst C, De Geest N, Reeve SP, Van Dam D, De Deyn PP, Hassan BA, et al.
Decreased expression of the GABAA receptor in fragile X syndrome. Brain
Res. 2006;1121(1):238–45.

19. D’Hulst C, Heulens I, Van der Aa N, Goffin K, Koole M, Porke K, et al. positron
emission tomography (PET) quantification of GABAA receptors in the brain
of fragile X patients. Bardoni B, editor. PLoS One. 2015 Jul 29;10(7):e0131486

20. Hildebrandt IJ, Su H, Weber WA. Anesthesia and other considerations for in
vivo imaging of small animals. ILAR J. 2008;49(1):17–26.

21. Elfving B, Bjørnholm B, Knudsen GM. Interference of anaesthetics with
radioligand binding in neuroreceptor studies. Eur J Nucl Med Mol Imaging.
2003;30(6):912–5.

22. Hassoun W, Le Cavorsin M, Ginovart N, Zimmer L, Gualda V, Bonnefoi F, et
al. Pet study of the [11C]raclopride binding in the striatum of the awake cat:
effects of anaesthetics and role of cerebral blood flow. Eur J Nucl Med Mol
Imaging. 2003;30(1):141–8.

23. Momosaki S, Hatano K, Kawasumi Y, Kato T, Hosoi R, Kobayashi K, et al.
Rat-PET study without anesthesia: anesthetics modify the dopamine D1
receptor binding in rat brain. Synapse. 2004;54(4):207–13.

24. Ohba H, Harada N, Nishiyama S, Kakiuchi T, Tsukada H. Ketamine/xylazine
anesthesia alters [11C]MNPA binding to dopamine D2 receptors and
response to methamphetamine challenge in monkey brain. Synapse.
2009;63(6):534–7.

25. Tsukada H, Nishiyama S, Kakiuchi T, Ohba H, Sato K, Harada N. Ketamine
alters the availability of striatal dopamine transporter as measured by
[11C]?-CFT and [11C]?-CIT-FE in the monkey brain. Synapse.
2001;42(4):273–80.

26. Tsukada H, Harada N, Nishiyama S, Ohba H, Sato K, Fukumoto D, et al.
Ketamine decreased striatal [(11)C]raclopride binding with no alterations in
static dopamine concentrations in the striatal extracellular fluid in the
monkey brain: multiparametric PET studies combined with microdialysis
analysis. Synapse. 2000;37(2):95–103.

27. Tsukada H, Nishiyama S, Kakiuchi T, Ohba H, Sato K, Harada N, et al.
Isoflurane anesthesia enhances the inhibitory effects of cocaine and
GBR12909 on dopamine transporter: PET studies in combination with
microdialysis in the monkey brain. Brain Res. 1999;849(1–2):85–96.

28. Krasowski MD, Harrison NL. General anaesthetic actions on ligand-gated ion
channels. Cell Mol Life Sci. 1999;55(10):1278–303.

29. Gyulai FE, Mintun MA, Firestone LL. Dose-dependent enhancement of in
vivo GABA(A)-benzodiazepine receptor binding by isoflurane.
Anesthesiology. 2001;95(3):585–93.

30. Salmi E, Kaisti KK, Metsähonkala L, Oikonen V, Aalto S, Någren K, et al.
Sevoflurane and propofol increase 11C-flumazenil binding to gamma-
aminobutyric acidA receptors in humans. Anesth Analg. 2004;99(5):1420–6.

31. Frankle WG, Cho RY, Mason NS, Chen C, Himes M, Walker C, et al.
[11C]flumazenil binding is increased in a dose-dependent manner with
tiagabine-induced elevations in GABA levels. Hashimoto K, editor. PLoS One.
2012 Feb 27;7(2):e32443

32. Salmi E, Långsjö JW, Aalto S, Någren K, Metsähonkala L, Kaisti KK, et al.
Subanesthetic ketamine does not affect 11C-flumazenil binding in humans.
Anesth Analg. 2005;101(3):722–5.

33. Stone JM, Dietrich C, Edden R, Mehta MA, De Simoni S, Reed LJ, et al.
Ketamine effects on brain GABA and glutamate levels with 1H-MRS:
relationship to ketamine-induced psychopathology. Mol Psychiatry. 2012;
17(7):664–5.

34. Rodriguez CI, Kegeles LS, Levinson A, Ogden RT, Mao X, Milak MS, et al. In
vivo effects of ketamine on glutamate-glutamine and gamma-aminobutyric
acid in obsessive-compulsive disorder: proof of concept. Psychiatry Res
Neuroimaging. 2015;233(2):141–7. Elsevier.

35. Milak MS, Proper CJ, Mulhern ST, Parter AL, Kegeles LS, Ogden RT, et al. A
pilot in vivo proton magnetic resonance spectroscopy study of amino acid
neurotransmitter response to ketamine treatment of major depressive
disorder. Mol Psychiatry. 2016;21(3):320–7.

36. Fang HW, Yang L, Wang XR, Zhu H. Clinical efficacy of dexmedetomidine
versus propofol in children undergoing magnetic resonance imaging: a
meta-analysis. Int J Clin Exp Med. 2015;8(8):11881–9.

37. Salonen M, Reid K, Maze M. Synergistic interaction between alpha 2-adrenergic
agonists and benzodiazepines in rats. Anesthesiology. 1992;76(6):1004–11.

38. Moon BS, Park JH, Lee HJ, Lee BC, Kim SE. Routine production of
[18F]Flumazenil from iodonium tosylate using a sample pretreatment
method: a 2.5-year production report. Mol Imaging Biol. 2014;16(5):619–25.

39. Habte F, Ren G, Doyle TC, Liu H, Cheng Z, Paik DS. Impact of a multiple
mice holder on quantitation of high-throughput MicroPET imaging with
and without Ct attenuation correction. Mol Imaging Biol. 2013;15(5):569–75.

40. Slifstein M, Laruelle M. Models and methods for derivation of in vivo
neuroreceptor parameters with PET and SPECT reversible radiotracers. Nucl
Med Biol. 2001;28(5):595–608.

41. Ogden RT, Tarpey T. Estimation in regression models with externally
estimated parameters. Biostatistics. 2006;7(1):115–29.

42. Palner M, Shen B, Jeon J, Lin J, Chin FT, Rao J. Preclinical kinetic analysis of
the caspase-3/7 PET tracer 18F-C-SNAT: quantifying the changes in blood
flow and tumor retention after chemotherapy. J Nucl Med.
2015;56(9):1415–21.

43. Innis RB, Cunningham VJ, Delforge J, Fujita M, Gjedde A, Gunn RN, et al.
Consensus nomenclature for in vivo imaging of reversibly binding
radioligands. J Cereb Blood Flow Metab. 2007;27(9):1533–9.

44. Pirker S, Schwarzer C, Wieselthaler A, Sieghart W, Sperk G. GABA(A)
receptors: immunocytochemical distribution of 13 subunits in the adult rat
brain. Neuroscience. 2000;101(4):815–50.

45. Olsen RW, Sieghart W. GABAA receptors: subtypes provide diversity of
function and pharmacology. Neuropharmacology. 2009;56(1):141–8.

46. Momosaki S, Hosoi R, Abe K, Inoue O. Remarkable selectivity of the in vivo
binding of [3H]Ro15-4513 to α5 subtype of benzodiazepine receptor in the
living mouse brain. Synapse. 2010;64(12):928–36.

47. Amini N, Nakao R, Schou M, Halldin C. Identification of PET radiometabolites
by cytochrome P450, UHPLC/Q-ToF-MS and fast radio-LC: applied to the
PET radioligands [11C]flumazenil, [18F]FE-PE2I, and [11C]PBR28. Anal Bioanal
Chem. 2013;405(4):1303–10.

Palner et al. EJNMMI Research  (2016) 6:80 Page 10 of 11



48. Bentzen BH, Grunnet M. Central and peripheral GABA(A) receptor regulation
of the heart rate depends on the conscious state of the animal. Adv
Pharmacol Sci. 2011;2011:578273.

49. Froklage FE, Syvänen S, Hendrikse NH, Huisman MC, Molthoff CF, Tagawa Y,
et al. [11C]Flumazenil brain uptake is influenced by the blood-brain barrier
efflux transporter P-glycoprotein. EJNMMI Res. 2012;2(1):12.

Submit your manuscript to a 
journal and benefi t from:

7 Convenient online submission

7 Rigorous peer review

7 Immediate publication on acceptance

7 Open access: articles freely available online

7 High visibility within the fi eld

7 Retaining the copyright to your article

    Submit your next manuscript at 7 springeropen.com

Palner et al. EJNMMI Research  (2016) 6:80 Page 11 of 11


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Radiochemistry
	Animals
	PET acquisition
	Ex vivo dissection
	PET/CT reconstruction
	MRI acquisition
	Image analyses
	Quantification of regional outcome measures via kinetic analysis
	Statistics

	Results
	Discussion
	Conclusions
	show [abr]
	Acknowledgements
	Authors’ contributions
	Competing interests
	Author details
	References

