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ABSTRACT: Serotonin 5-HT1A receptors constitute an
attractive therapeutic target for various psychiatric or neuro-
degenerative disorders. These receptors are expressed in
multiple brain regions on different neuronal populations and
can be coupled with distinct G-protein subtypes; such
functional diversity complicates the use of 5-HT1A ligands in
several pathologies where it would be desirable to stimulate
the receptors in a precise region. Therefore, using “biased
agonists” able to target specifically certain subpopulations of 5-
HT1A receptors would enable achievement of better
therapeutic benefit. Several 5-HT1A receptor biased agonists
are currently in development, including NLX-101 (aka
F15599) and NLX-112 (aka F13640, befiradol), with
preclinical data suggesting that they preferentially target different populations of 5-HT1A receptors. However, most previous
studies used invasive and regionally limited approaches. In this context, [18F]-fluorodesoxyglucose (FDG)-positron emission
tomography (PET) imaging constitutes an interesting technique as it enables noninvasive mapping of the regional brain activity
changes following a pharmacological challenge in conscious animals. We report here the evaluation of cerebral glucose
metabolism following intraperitoneal injection of different doses of NLX-112 or NLX-101 in conscious or isoflurane-
anesthetized rats. The biased agonists produced different metabolic “fingerprints” with distinct regional preferences, consistent
with previous studies. At equal doses, the effect of NLX-101 was less marked than NLX-112 in the piriform cortex, in the
striatum (in terms of inhibition), and in the pontine nuclei and the cerebellum (in terms of activation); furthermore, only NLX-
112 increased the glucose metabolism in the parietal cortex, whereas only NLX-101 induced a clear activation in the colliculi
and the frontal cortex, which may be related to its distinctive procognitive profile. Both agonist effects were almost completely
unapparent in anesthetized animals, underlining the importance of studying serotonergic neurotransmission in the conscious
state. In this regard, [18F]FDG-PET imaging seems very complementary with other functional imaging techniques such as
pharmacological MRI.
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INTRODUCTION
The monoamine neurotransmitter serotonin (5-hydroxytrypt-
amine [5-HT]), is derived from tryptophan and synthesized in
both the central nervous system (CNS) and the periphery. At
least 14 structurally and functionally distinct receptor subtypes
have been identified, each of which mediates the neuro-
transmitter’s effects through multiple downstream signaling
molecules and effectors. Among them, the 5-HT1A receptor is
involved in a wide range of physiological processes like
cognition, behavior, movement, and pain modulation1 and
occupies a prominent place as a target for treatment of various
psychiatric pathologies including mood disorders2 and

schizophrenia3,4 and of neurodegenerative diseases, for
example, Parkinson’s disease5 or Alzheimer’s disease.6 In the
central nervous system, 5-HT1A receptors are expressed both as
autoreceptors on cell bodies in the raphe nuclei, where they
exert inhibitory influence on serotonergic tone,7 and as
postsynaptic heteroreceptors in cortical areas, hippocampus,
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lateral septum, and hypothalamus.8 In addition to this regional
diversity, 5-HT1A receptors can induce a wide range of
intracellular responses.9 As G-protein-coupled receptors
(GPCRs) that interact with inhibitory G-proteins (Gi/o),
they elicit adenylyl cyclase inhibition, resulting in decreased
cyclic adenosine monophosphate (cAMP) production and
protein kinase A (PKA) activity. Stimulation of 5-HT1A
receptors also activates G-protein-coupled inwardly rectifying
potassium (GIRK) channels, which produce a fast hyper-
polarization, and growth factor extracellular-signal-regulated
kinase (ERK) pathways.10

Transduction pathways mediated by 5-HT1A receptors can
differ between brain regions10 as a result of coupling to
different G-protein subtypes.11 This regional diversity is a key
element in the recent pharmacological paradigm of “biased
agonism”, also known as “functional selectivity” or “agonist-
directed signaling”. Whereas agonists have been classically
considered to activate all responses available to the receptor,
the concept of biased agonism states that some agonists can
stimulate distinct signaling responses among the different
pathways interacting with the same receptor.12 In the context
of serotonin pharmacotherapy, this means that 5-HT1A
receptor biased agonists could preferentially activate certain
receptors depending on their coupling state in specific brain
regions, thus potentially optimizing therapeutic activity and
reducing the occurrence of side effects.10

In this context, we focus here on two selective and high
efficacy biased agonists of 5-HT1A receptors: NLX-112 (also
known as F13640 or befiradol) and NLX-101 (also called
F15599). Previous in vitro studies showed that they
preferentially stimulate different signaling pathways.13,14 In
vivo or ex vivo studies in animal also suggest that NLX-112
stimulates both presynaptic and postsynaptic receptors.15,16 In
contrast, NLX-101 is able to specifically target postsynaptic 5-
HT1A receptors at low dose, in particular in cortical brain
regions.13,17 However, the studies that most compellingly
demonstrated the regional selectivity of NLX-112 and NLX-
101 in vivo used invasive and regionally limited techniques,
such as electrophysiology, microdialysis, or immunohistochem-
istry. In this context, our team recently compared these two
biased ligands using pharmacoMRI (phMRI) in the rat18 and
in the cat19 to map the central effects of NLX-112 and NLX-
101 on BOLD signal in the whole brain in vivo and further
supporting the postsynaptic cortical preference of NLX-101.
These studies clearly demonstrated that two 5-HT1A biased
agonists can induce very different brain activation patterns,
despite being close analogs in terms of chemical structure.20

Nevertheless, these studies were performed in anesthetized
animals, limiting the interpretation of results. Indeed,
anesthetic agents, and notably isoflurane, are known to
influence serotonergic neurotransmission and G-protein
coupling.21−23 Moreover, the blood-oxygen level dependent
(BOLD) signal measured by fMRI is only indirectly related to
neuronal activity,24 and using other imaging techniques would
bring additional information to fully understand the properties
of biased ligands in vivo.
In this regard, positron emission tomography (PET)

imaging with [18F]FDG (fluorodesoxyglucose) is a suitable
technique since it can be used to obtain brain activation
patterns of CNS drugs without the need to anesthetize the
animals. PET is a nuclear medicine imaging modality allowing
the study of brain neurochemistry with unequaled sensitivity in
a noninvasive way, thereby providing another translational

method complementary to phMRI to evaluate the functional
selectivity of different agonists. The PET radiotracer [18F]FDG
is able to quantify changes in brain activity that are reflected by
changes of cerebral metabolic rate of glucose.25

The purpose of this study was twofold: (i) to define the
brain activation profiles of the 5-HT1A receptor biased agonists
NLX-112 and NLX-101, based on glucose metabolism changes
induced by the ligands at pharmacological doses (0.16, 0.32,
and 0.63 mg/kg) in rat using [18F]FDG PET imaging and (ii)
to evaluate the influence of isoflurane anesthesia on 5-HT1A
receptors by comparing the brain activation pattern obtained
in awake versus isoflurane-anesthetized animals. Our main
hypotheses were that [18F]FDG PET imaging would confirm
previous preclinical data regarding the differences in regional
selectivity between the ligands and add new information on
their mechanism of action in awake animals (as opposed to
previous phMRI studies that were performed in anesthetized
animals). We also hypothesized that brain activation maps in
awake and anesthetized animals would differ due to the strong
disruption of neurotransmission during anesthesia, highlighting
the usefulness of studying biased agonism in vivo in awake
animals.

RESULTS AND DISCUSSION
Study Context and Methodology. The aim of this study

was to map the changes of cerebral glucose metabolism
induced by two selective 5-HT1A agonists, NLX-112 and NLX-
101, which though acting on the same receptor type with
similar affinities and efficacies20 differently activate intracellular
signaling pathways.13,14 As previous studies suggested that they
preferentially target distinct subpopulations of 5-HT1A
receptors expressed in different brain regions,14−17 our main
hypothesis was that NLX-101 and NLX-112 would differently
modify the regional [18F]FDG uptake in the rat brain,
underlining distinct effects on neuronal activity. [18F]FDG
PET imaging is a technique that can be used to measure
neuronal activity changes induced by a serotonergic challenge
in a noninvasive way, contrary to the aforementioned
studies.26−28 Furthermore, it can be performed on conscious
animals, which makes it complementary to other imaging
techniques such as functional MRI.29 As previous preclinical
studies investigated the regional selectivity of NLX-112 or
NLX-101 in anesthetized animals, we performed PET-
[18F]FDG experiments both on conscious and anesthetized
rats in order to further understand the impact of anesthesia
when studying serotonergic neurotransmission and biased
agonism. The agonists were injected at 3 pharmacologically
relevant doses to evaluate the influence of dose on glucose
utilization and possible regional preferences of the drugs. The
doses of 0.16 mg/kg to 0.63 mg/kg and the route of
administration were chosen based on previous preclinical
studies.30−35 Each rat was its own control and received each of
the three doses of agonist and the saline solution in a
randomized order. The interval between two acquisitions was
at least 2 days, to ensure complete elimination of the molecules
(the plasma half-life of NLX-112 in rat is about 1−2 h31). The
amount of [18F]FDG injected was calibrated to the weight of
the animals, and these were fasted before the scans. The
standardized uptake values in each scan were normalized to the
mean radioactivity in the whole brain. This method was used
in order to minimize the interscan variability, as it does not
consider the possible changes in the peripheral glucose
metabolism, a confounding factor when interpreting the
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cerebral glucose uptake in terms of changes in neuronal
activity. Although this approach is the best way to compare the
regional effects of central drugs on glucose uptake, it may also
underestimate the global changes of brain metabolism.
Therefore, we also measured the mean whole-brain standard
uptake values (SUVs) for each condition (Figure 1). Both
NLX-112 and NLX-101 tended to decrease the whole brain
uptake of [18F]FDG proportionally to the dose in conscious
animals, suggesting that we underestimate their inhibitory
effects on the global brain activity or that the drugs induce
peripheral effects that can change the repartition of glucose
uptake across the different organs. In this regard, it is known
that 5-HT1A agonists can induce hyperglycemia.36 As observed
in conscious animals only, it could also be due to the
behavioral effects of the drugs that tended to increase the
motor activity and therefore the glucose consumption in the
muscles.
PET Scans Performed in Conscious Rats. Before

presenting in detail the specific effects of each agonist, general
remarks can be made. First, both agonists produced local
increases and decreases in [18F]FDG uptake ratio in different
regions. Such mixed effects are not surprising considering the
diversity of neurons expressing 5-HT1A receptors, namely
glutamatergic, GABAergic, or cholinergic neurons for post-
synaptic receptors and serotonergic neurons for presynaptic
receptors,10 and the fact that 5-HT1A receptors can be coupled
with various intracellular pathways across the brain.11 Other
studies also reported both decreases and increases of cerebral
glucose metabolism following the administration of buspirone
and 8-OH-DPAT.37,38 A second general remark is that the
changes were generally proportional to the doses administered.

This is also consistent with a previous autoradiographic study
with buspirone.38

The representative images of the voxel-based analysis of the
effects of NLX-112 in conscious animals are shown in Figure
2A. Regarding activation maps, clusters were detected in the
parietal, insular, and ectorhinal cortices for all doses. A strong
activation was also observed in the pontine nuclei at 0.32 mg/
kg and 0.63 mg/kg and in the cerebellum at 0.63 mg/kg.
Clusters with a significant decrease of [18F]FDG uptake ratio
compared to saline injection were found in the brainstem, the
piriform cortex, and the striatum for all doses and in the ventral
hippocampus and the posterior cingulate cortex at the highest
dose. Similar results were observed in the volume of interest
(VOI) analysis (Figure 2B). A dose-dependent increase of
[18F]FDG uptake ratio compared to the saline injection was
detected in the parietal cortex (from +6.65% at 0.16 mg/kg to
+11.77% at 0.63 mg/kg) and in the cerebellum (from +3.07%
at 0.16 mg/kg to +16.27% at 0.63 mg/kg). Other significant
activations were found in the insular cortex at 0.16 mg/kg
(+7.3%) and in the pontine nuclei at 0.63 mg/kg (+17.75%) of
NLX-112. A dose-dependent decrease of relative [18F]FDG
uptake was observed in the striatum (from −3.87% at 0.16 mg/
kg to −8.43% at 0.63 mg/kg) and in the piriform cortex (from
−25.38% at 0.16 mg/kg to −37.97% at 0.63 mg/kg). Other
significant inhibitions were also found in the brainstem at 0.63
mg/kg (−7.29%) and in the hippocampus at 0.63 mg/kg
(−4.43%).
The representative images of the voxel-based analysis of the

effects of NLX-101 in conscious animals are shown in Figure
3A. Significant activations were detected in the frontal cortex,
the colliculi, the insular cortex, and the right dorsal

Figure 1. Mean whole-brain SUVs in conscious and anesthetized rats injected with NaCl, NLX-112, and NLX-101 at different doses (expressed as
SUV, mean ± SD; *p < 0.05; one-way ANOVA with Bonferroni post hoc tests were performed using GraphPad Prism 5.0 software). Both NLX-
112 and NLX-101 tended to decrease the whole brain uptake of [18F]FDG proportionally to the dose in conscious animals.
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hippocampus for all doses. Other increases were found in the
hypothalamus and pontine nuclei at 0.32 mg/kg and 0.63 mg/
kg and in the thalamus and the cerebellum at 0.63 mg/kg only.
Concerning inhibition maps, significant clusters were found in
the dorsal raphe and the brainstem at 0.32 and 0.63 mg/kg.
[18F]FDG uptake ratio was also decreased in the piriform
cortex and the striatum for all doses. The VOI analysis yielded
similar results (Figure 3B). A significant increase of [18F]FDG
uptake ratio was detected in the frontal cortex at 0.16 mg/kg
(+14.12%) and 0.32 mg/kg (+13.58%) of NLX-101, while at
0.63 mg/kg, the increase was not statistically significant
(+10.27%). Other increases were detected in the insular
cortex at 0.32 (+9.83%) and 0.63 mg/kg (+9.57%) and in the
cerebellum (+8.21%) at 0.63 mg/kg. A dose-dependent
decrease of relative glucose uptake was observed in the
piriform cortex (from −23.67% at 0.16 mg/kg to −30.86% at

0.63 mg/kg). Other significant decreases were found in the
striatum (−3.12% at 0.32 mg/kg and −5.12% at 0.63 mg/kg),
in the dorsal raphe at 0.63 mg/kg (−6.40%), and in the
brainstem at all doses (−8.95% at 0.16 mg/kg, −9.18% at 0.32
mg/kg, and −8.89 at 0.63 mg/kg).
Taken together, these results show that NLX-112 and NLX-

101 have distinct effects on cerebral glucose metabolism in vivo
(see Figure 4 for a summary of the main differences). In
certain regions, both NLX-112 and NLX-101 induced
significant changes of [18F]FDG uptake ratio, but the effect
of NLX-112 was greater at equal doses. For instance, both
molecules strongly decreased the relative [18F]FDG uptake
ratio in the piriform cortex, but the inhibition induced by
NLX-112 was from 1.1 to 1.2 times greater than that induced
by NLX-101. In the striatum, the maximal effect of NLX-101
was about half the effect observed with NLX-112. In the

Figure 2. Effects of administration of NLX-112 at 0.16, 0.32, and 0.63 mg/kg on glucose metabolism in conscious rats (n = 9). (A) Voxel-to-voxel
statistical comparisons of [18F]FDG uptake ratio between NLX-112 injections and NaCl injection. On the left, significant increases of glucose
metabolism; on the right, images showing a decrease of glucose metabolism in rats injected with NLX-112 at different doses compared to NaCl.
(B) [18F]FDG uptake ratios in several VOIs after NLX-112 or saline injection (expressed as uptake ratio, mean ± SD; *p < 0.05, **p < 0.01, ***p
< 0.001, ****p < 0.0001).
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cerebellum, the increase of glucose metabolism induced by
0.63 mg/kg of NLX-112 was also 2 times more pronounced
than that with NLX-101. NLX-112 also induced a higher
activation in the pontine nuclei than NLX-101, whereas only
NLX-101 produced a strong activation in the hypothalamus at
0.32 mg/kg and 0.63 mg/kg. In other regions, the differences
between agonists were even more obvious. NLX-101 induced a
clear activation in the frontal cortex at all doses, whereas NLX-
112 was devoid of effect at any dose in this region. Similarly, in
the insular cortex NLX-101 dose-dependently increased
[18F]FDG uptake ratio, whereas only the lowest dose of
NLX-112 had a significant effect. In addition, in the voxel-
based analysis only NLX-101 produced a significant activation

in the colliculi at all doses, whereas NLX-112 did not produced
relative changes in this region at any dose. In contrast, NLX-
112 administration was followed by a dose-dependent increase
of relative glucose uptake in the parietal cortex (motor and
somatosensory areas), whereas NLX-101 did not modify
[18F]FDG uptake ratio in this region at any dose (only very
few voxels found activated at 0.63 mg/kg and no changes in
the VOI analysis). Moreover, NLX-112 (0.63 mg/kg) elicited a
decrease of glucose metabolism in the posterior cingulate
cortex not observed with NLX-101, and NLX-112 tended to
decrease the relative glucose uptake in the ventral hippo-
campus, whereas NLX-101 tended to increase it in the dorsal
hippocampus. All these observations suggest that despite acting

Figure 3. Effects of administration of NLX-101 at 0.16, 0.32, and 0.63 mg/kg on glucose metabolism in conscious rats (n = 7). (A) Voxel-to-voxel
statistical comparisons of [18F]FDG uptake ratio between NLX-101 injections and NaCl injection. On the left: significant increases of glucose
metabolism; on the right, images showing a decrease of glucose metabolism in rats injected with NLX-101 at different doses compared to NaCl.
(B) [18F]FDG uptake ratios in several VOIs after NLX-101 or saline injection (expressed as uptake ratio, mean ± SD; *p < 0.05, **p < 0.01, ***p
< 0.001, ****p < 0.0001).
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on the same type of receptors, NLX-112 and NLX-101 have
different pharmacological properties in vivo and may act
preferentially on distinct subpopulations of receptors. Given
the known distribution of 5-HT1A R and the inhibitory nature
of the G-proteins interacting with these receptors, the
inhibition of cerebral glucose metabolism observed in the
hippocampus and the cingulate cortex (for NLX-112 at 0.63
mg/kg) or the dorsal raphe nucleus (for NLX-101) is likely to
be due to direct stimulation of 5-HT1A receptors in these
regions. It is surprising that only NLX-101 produced a local
decrease in the dorsal raphe since other preclinical data suggest
that NLX-112 activates more potently presynaptic 5-HT1A

receptors than NLX-101,10 including another imaging study
that we recently performed in cat brain using simultaneous
PET and pharmacological MRI.19 This absence of clear effect
may be explained by a partial volume effect: the larger increase
of relative [18F]FDG uptake that NLX-112 produced in the
pontine nuclei (compared to NLX-101) may partially hide its
inhibitory effect in the dorsal raphe due to the proximity
between these regions and the low resolution of the microPET.
Concerning NLX-101, although previous data show that it has
a preference for cortical postsynaptic receptors, some data also
suggest that it activates 5-HT1A autoreceptors at doses above
0.16 mg/kg;34 this underlines the importance of the choice of
dose to target selectively certain populations of receptors.
Interestingly, only NLX-101 produced a local activation in the
frontal cortex. This result is consistent with previous works on
the molecule suggesting it is able to preferentially activate
postsynaptic receptors in the frontal cortex, a biased agonist
effect, which is associated with its procognitive properties that
are not shared with several other 5-HT1A receptor
agonists.17,32,33 This is also consistent with our results in cat
showing that only NLX-101 induced an increase of BOLD
signal in response to 5-HT1A receptor occupancy in the
anterior cingulate cortex, whereas NLX-112 produced an
opposite effect.19

Although the insular cortex, the brainstem, and especially
the striatum are not usually described as rich in 5-HT1A
receptors, the relative changes of glucose uptake in these
regions could also be due to a direct stimulation of 5-HT1A
receptors. Indeed, previous experiments using radiolabeled
[18F]NLX-112 and [18F]NLX-101 showed a significant uptake
of both compounds in these regions in rat brain, suggesting
that they contain a population of highly functional 5-HT1A
receptors.39,40 Interestingly, the pronounced inhibition ob-
served with NLX-112 in the striatum may be related to its
powerful antidyskinetic effect,35 as it has been shown that a
striatal microinjection of 5-HT1A agonists is able to block the
expression of L-DOPA-induced dyskinesia in hemiparkinso-
nian rats.41,42 Similarly, the brainstem has been suggested as a
key region for the prorespiratory effects of both molecules.43,44

It has to be kept in mind that regional changes in cerebral
glucose metabolism could also be due to indirect modulation
of other neuronal populations interacting with those expressing
5-HT1A receptors. In particular, the stimulation of 5-HT1A
autoreceptors in the raphe could induce widespread metabolic
changes by reducing serotonin release in serotonergic
projection areas.45 The influence of endogenous serotonin
on cerebral glucose metabolism has been previously demon-
strated by experiments in human brain using the serotonin
releaser fenfluramine26,27 or the selective serotonin reuptake
inhibitor citalopram,28 and in conscious rat via a direct
electrical stimulation of raphe nuclei.46 In particular,
serotonergic neurons are involved in olfactory processing,
and the stimulation of raphe nuclei triggers the excitation of
olfactory cells.47 Olfactory cells are known to interact with the
piriform cortex in the behavioral response to olfactory
stimuli;48 therefore, the strong local decrease that we found
in the piriform cortex might be indirectly due to the inhibition
of serotonergic neurons following the stimulation of 5-HT1A
autoreceptors. According to this hypothesis, the effect of NLX-
112 on autoreceptors would be higher than that of NLX-101,
despite not being directly detected in the raphe.

Figure 4. Differential effects of NLX-101 and NLX-112 on cerebral glucose metabolism in conscious rats. Results are shown for the dose of 0.32
mg/kg but were similar at other doses. (A) Significant increases of glucose metabolism induced by NLX-101 (on the left) or NLX-112 (on the
right). Only NLX-112 produced an activation in the parietal cortex, whereas only NLX-101 produced an activation in the colliculi and in the frontal
cortex; both agonists increased the glucose uptake in the insular cortex, in the pontine nuclei, and in the hypothalamus. (B) Significant decreases of
glucose metabolism induced by NLX-101 (on the left) or NLX-112 (on the right). NLX-112 induced greater decreases of glucose metabolism in
the striatum and the piriform cortex, whereas the inhibition in the dorsal raphe was detected only with NLX-101.
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The behavioral effects of the drugs are also likely to produce
strong effects on glucose metabolism in areas involved in
somatosensory and motor processes, without a specific link
with 5-HT1A receptors.

37 This could explain why both agonists
induced an increase of glucose metabolism in the cerebellum,
given that they tended to increase the motor behavior of rats.
NLX-112, in particular, had prominent behavioral effects and
was associated with some signs of serotonergic syndrome at
0.63 mg/kg, which may explain why it increased the glucose
uptake ratio in the motor and somatosensory cortices.
PET Scans Performed in Anesthetized Rats. For NLX-

112, representative images of the voxel-based analysis in
isoflurane-anesthetized animals are shown in Figure 5A: almost
no statistically significant differences were detected when
comparing the different doses of NLX-112 and NaCl 0.9% in

anesthetized animals. Regarding activation maps, only few
nonsymmetric clusters with size inferior to 0.34 mm3 were
detected in the frontal and insular cortices in animals injected
with 0.63 mg/kg compared to NaCl (data not shown).
Concerning inhibition maps, only few unilateral clusters with
size inferior to 1.8 mm3 were detected in the hippocampus and
the thalamus (data not shown) for all three doses. Figure 5B
represents data obtained in the VOI analysis. No significant
differences of [18F]FDG uptake ratio were detected between
the saline injection and the different doses of NLX-112.
For NLX-101, representative images of the voxel-based

analysis in isoflurane-anesthetized animals are shown in Figure
6A. Regarding activation maps, only one cluster of 1.53 mm3

was found in the right ectorhinal cortex at dose of 0.63 mg/kg.
Concerning inhibition maps, two clusters were detected in the

Figure 5. Effects of administration of NLX-112 at 0.16, 0.32, and 0.63 mg/kg on glucose metabolism in anesthetized rats (n = 8). (A) Voxel-to-
voxel statistical comparisons of [18F]FDG uptake ratio between NLX-112 injections and NaCl injection. On the left, significant increases of glucose
metabolism; on the right, images showing a decrease of glucose metabolism in rats injected with NLX-112 at different doses compared to NaCl.
(B) [18F]FDG uptake ratios in several VOIs after NLX-112 or saline injection (expressed as uptake ratio, mean ± SD). There was no statistical
difference of radiotracer uptake in any VOI between NLX-112 or NaCl.
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colliculus and in the thalamus at 0.16 mg/kg of NLX-101 (data
not shown). Other decreases of [18F]FDG uptake ratio were
detected in the hippocampus and in the thalamus at 0.63 mg/
kg of NLX-101 (Figure 6A). Figure 6B represents data
obtained in the VOI analysis. Significant decreases in
[18F]FDG uptake ratio were observed in the thalamus
(−1.32%) and in the hippocampus (−1.67%) when rats were
injected with 0.63 mg/kg of NLX-101.
Therefore, neither NLX-112 nor NLX-101 elicited

[18F]FDG uptake ratio changes during anesthesia in a manner
that was comparable to the results obtained in conscious rats.
Such striking differences may be explained by several factors.
First, global cerebral glucose metabolism is reduced under
isoflurane, reflecting a global decrease of neuronal activity that
would reduce the influence of 5-HT1A agonists (a decrease of
54% of [18F]FDG uptake was observed in anesthetized animals
compared to conscious animals in control condition in the

present study). Moreover, in addition to this global decrease,
isoflurane anesthesia induced profound changes of [18F]FDG
uptake pattern, as compared to the awake condition (Figure
7). Representative images of the voxel-based analysis (Figure
7A) showed that isoflurane anesthesia locally increased glucose
metabolism in the frontal cortex, the dorsal raphe, the
cerebellum, the pontine nuclei, and the brainstem, as
compared to the whole brain. Conversely, a decreased
metabolism was observed in the insular, piriform, cingulate,
and parietal cortices, in the striatum, and in the thalamus
compared to the rest of the brain. The VOI analysis showed
that these differences in local uptake were important (Figure
7B), with an increase of 6.31% in the dorsal raphe, 17.01% in
the brainstem, 22.40% in the cerebellum, 49.55% in the frontal
cortex, and up to 62.94% in the pontine nuclei compared to
the conscious state, and a decrease of 4.02% in the thalamus,
5.96% in the insular cortex, 23.06% and 24.59% in the

Figure 6. Effects of administration of NLX-101 at 0.16, 0.32, and 0.63 mg/kg on glucose metabolism in anesthetized rats (n = 7). (A) Voxel-to-
voxel statistical comparisons of [18F]FDG uptake ratio between NLX-101 injections and NaCl injection. On the left, significant increases of glucose
metabolism; on the right, images showing a decrease of glucose metabolism in rats injected with NLX-101 at different doses compared to NaCl.
(B) [18F]FDG uptake ratios in several VOIs after NLX-101 or saline injection (expressed as uptake ratio, mean ± SD; *p < 0.05).
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cingulate and parietal cortices, and 32.96% in the piriform
cortex. These results are consistent with a previous study that
was also performed in male Sprague−Dawley rats49 and
suggest that regions are differently impacted by isoflurane
anesthesia with some regions (such as the cortex) that are
particularly affected, an important consideration when
mapping the functional effects of CNS ligands. Another
explanation for the lack of effect of NLX-101 and NLX-112 in
anesthetized rats is that the behavioral effects that can be
observed in the conscious rats are blocked during anesthesia.
Consequently, no more changes of [18F]FDG uptake ratio are
observed in regions involved in motor or sensory functions
such as the cerebellum and the motor or somatosensory
cortices. Furthermore, isoflurane is known to impact
serotonergic neurotransmission by decreasing the activity of
serotonergic neurons20 and the liberation of endogenous
serotonin,50 thus reducing the impact of 5-HT1A autoreceptor
stimulation. Finally, it might be possible that isoflurane directly
alters the functional state of 5-HT1A receptors: although the
impact of isoflurane on the coupling between 5-HT1A receptors
and G-proteins is poorly characterized, it was previously
reported to inhibit the coupling between D2, D3, 5-HT2A, β-2,
α-1, α-2, opiate, muscarinic receptors, and their G-proteins.51

This question is important for the concept of biased agonism,
as different signaling pathways may be differentially altered by
anesthetics. In this regard, in a PET study in marmoset, the
binding kinetics of the 5-HT1A agonist [18F]F13714 (a
chemical congener of NLX-112 and NLX101) showed
region-specific changes in isoflurane-anesthetized animals
compared to conscious animals,22 although this could be
interpreted in terms of local differences in endogenous
serotonin levels. As a conclusion, this study emphasizes the
strong impact of anesthesia on pharmacological imaging, which
may limit the interpretation of results for many preclinical
studies. [18F]FDG PET imaging offers the opportunity to
explore the central effects of drugs in nonanesthetized animals
easily, facilitating the clinical extrapolation of findings.

METHODS
Animals. Thirty-one male Sprague−Dawley adult rats (Charles

River laboratories, France) weighing 337.89 ± 41.23 g were used in
this protocol. The animals were hosted in standard temperature and
humidity conditions with a 12 h/12 h light/dark cycle. Food and
water were provided ad libitum. All experiments were performed in
accordance with the European guidelines for care of laboratory
animals (2010/63/EU) and were approved by the University of Lyon
review board.

PET/CT Imaging. Each animal underwent 4 different PET scans,
with a control condition (injection of NaCl 0.9%) and NLX-112 or
NLX-101 at three distinct doses: 0.16 mg/kg, 0.32 mg/kg, and 0.63
mg/kg. A minimum of 48 h between scans was observed. All rats were
fasted during 4 h before experiments. For the conscious group (n = 9
for NLX-112 and n = 7 for NLX-101), intraperitoneal injection of
NLX-112, NLX-101, or NaCl 0.9% was performed. Fifteen minutes
later, when the central effects of the drugs were prominent,
catheterization of the caudal vein was performed, and [18F]FDG
was injected in awake animals (no transient anesthesia to facilitate the
tracer injection). After 30 min of uptake, isoflurane was used at 4% for
induction followed by a continuous insufflation at 2%. As [18F]FDG is
transported into the brain within minutes and rapidly converted into
[18F]FDG-6-P, which is “trapped” in the cells for several hours,52,53

we consider that the induction of anesthesia just before the PET scan
has no consequence on the brain glucose uptake that we measured in
the conscious group. The same timeline was used for the anesthetized
group (n = 8 for NLX-112 and n = 7 for NLX-101), but isoflurane was
used during the whole experiment. The intraperitoneal injection of
NLX-112, NLX-101, or NaCl 0.9% was realized just after the
induction of anesthesia.

Following the [18F]FDG uptake period, the rat head was centered
in the field of view (FOV) of the PET/CT scanner (Inveon, Siemens,
Knoxville, TN, USA). PET scans were acquired in list mode during 30
min, with a nominal in-plane resolution of ∼1.4 mm full width at half-
maximum in the center of the FOV. A CT scan was performed in the
same position immediately after PET emission scan to correct for
tissue attenuation. Breathing and heart rates were continuously
monitored during the imaging session.

Static images of the 30 min acquisitions were reconstructed with
attenuation and scatter correction by 3D ordinary Poisson ordered

Figure 7. Effects of isoflurane anesthesia on glucose metabolism. (A) Representative local differences of glucose metabolism between the animals
kept under isoflurane anesthesia or awake during the [18F]FDG uptake period. The blue color bar indicates a local increase of glucose uptake in
conscious rats versus anesthetized rats, and the red to yellow bar indicates a local increase of glucose uptake in anesthetized rats versus conscious
animals. (B) Brain regions with significant difference of [18F]FDG uptake between the isoflurane anesthesia and the awake conditions (except for
hippocampus, difference was not significant).
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subsets expectation-maximization (OP-OSEM3D) with 4 iterations
and a zoom factor of 2. The reconstructed volume was constituted of
159 slices of 128 × 128 voxels, in a bounding box of 49.7 × 49.7 ×
126 mm3 and with voxel size 0.388 × 0.388 × 0.796 mm3 OSEM 3D.
The images were analyzed with the INVEON research Workplace
(IRW, Siemens).
The radiopharmaceutical [18F]FDG (GlucoTEP and Gluscan) was

obtained from Cyclopharma (Janneyrias, France) and Advanced
Accelerator Applications (Saint Genis Pouilly, France), respectively.
The injected doses of [18F]FDG were 9.9 ± 1.4 MBq.
Voxel-Based Analysis (VBA). Data processing was carried out

using the statistical parametric mapping software (SPM12, Wellcome
Trust Center for Neuroimaging, London; UK). Individual PET
images were realigned and spatially normalized on a custom PET
[18F]FDG template, which was co-registered on an anatomical MRI
template.54 Each PET volume was smoothed using an isotropic
Gaussian filter [1 × 1 × 1 mm3]. Global activities were normalized to
the mean uptake of the whole brain to obtain a ratio. For each group
(NLX-112 and NLX-101 in anesthetized and awake groups), a
statistical analysis was performed to compare mean uptakes between
saline and 5-HT1A molecule conditions in each individual. This
ANOVA resulted in activation (contrast, [5-HT1A agonist − control])
and inhibition (contrast, [control − 5-HT1A agonist)] maps for each
dose of molecule and each condition (awake/anesthesia). A
significant threshold was set up at p < 0.001 uncorrected. A second
analysis using an unpaired t test was performed to compare NaCl
conditions between awake (n = 15) and anesthetized rats (n = 15) in
order to evaluate the direct influence of isoflurane on [18F]FDG
uptake ratio ( p < 0.001 uncorrected).
Volume of Interest (VOI) Analysis. VOIs were manually drawn

from clusters identified on activation and inhibition maps or already
defined in the Lancelot rat brain atlas on the corresponding MRI
template.54 Mean uptake ratios were extracted in the different VOIs,
and a one-way ANOVA with Bonferroni post hoc tests were
performed using GraphPad Prism 5.0 software to compare the
[18F]FDG uptake ratios between the different doses of agonists and
saline. Mann−Whitney tests were performed to compare the
conscious state with the anesthetized state in the control condition.
Values were considered to be significantly different for p-values lower
than 0.05.
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