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ABSTRACT

Worldwide, millions of people suffer from treatment-resistant depression. Ketamine, a glutamatergic
receptor antagonist, can have a rapid antidepressant effect even in treatment-resistant patients. A pro-
posed mechanism for the antidepressant effect of ketamine is the reduction of neuroinflammation. To
further explore this hypothesis, we investigated whether a single dose of ketamine can modulate pro-
tracted neuroinflammation in a repeated social defeat (RSD) stress rat model, which resembles features
of depression. To this end, male animals exposed to RSD were injected with ketamine (20 mg/kg) or
vehicle. A combination of behavioral analyses and PET scans of the inflammatory marker TSPO in the
brain were performed. Rats submitted to RSD showed anhedonia-like behavior in the sucrose prefer-
ence test, decreased weight gain, and increased TSPO levels in the insular and entorhinal cortices, as
observed by [''C]-PK11195 PET. Whole brain TSPO levels correlated with corticosterone levels in several
brain regions of RSD exposed animals, but not in controls. Ketamine injection 1 day after RSD disrupted
the correlation between TSPO levels and serum corticosterone levels, but had no effect on depressive-
like symptoms, weight gain or the protracted RSD-induced increase in TSPO expression in male rats.
These results suggest that ketamine does not exert its effect on the hypothalamic-pituitary—adrenal
axis by modulation of neuroinflammation.
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1. Introduction In recent years, more attention is given to the association
between depression and the innate and adaptive immune
system. It has been suggested that pro-inflammatory cytokine
levels are increased in the plasma of depressed patients and

these cytokine levels are correlated with the severity of

About 350 million people worldwide suffer from major
depressive disorder (MDD) and it is considered a major con-
tributor to the global health economic burden due to high

medication costs and disability (Mathers & Loncar, 2006). The
symptomatology of MDD ranges from loss of enjoyment in
social activities to increased anxiety on a daily basis (Mathers
& Loncar, 2006). Treatment of MDD with classical antidepres-
sants, such as selective serotonin-reuptake inhibitors and tri-
cyclic antidepressants (TCA), is often not fully effective
(Gartlehner et al, 2011), requires weeks to exert an effect
and shows high rates of relapse (Zimmerman & Thongy,
2007). As a result, about 30% of the patients are treatment
resistant (Hashimoto, 2015). One of the aspects that greatly
contributes to treatment-resistant depression is our lack of
understanding of the etiology of MDD (Friedman, 2014).
Despite the extensive research pointing toward various
pharmacological targets used for the treatment of MDD,
increasing evidence suggests additional mechanisms could
be involved in the pathogenesis of depression (Cai
et al., 2019).

depression (Miller et al., 2009; Raedler, 2011). However, this
increase in inflammatory markers is not observed in all
patients, but mainly in specific subpopulations of depressed
patients (Beurel et al., 2020; Kiecolt-Glaser et al., 2015; Majd
et al, 2020). Especially patients that are resistant to mono-
amine-targeting antidepressant drugs have shown an abnor-
mal increase in various pro-inflammation markers (Leonard
and Maes, 2012; Maes et al., 2012). In contrast, elevated
inflammatory markers have been suggested to correlate with
enhanced (rather than attenuated) treatment response to
TCA, ketamine and electroconvulsive therapy (Carvalho et al,,
2013; Yoshimura et al., 2009). Therefore, anti-inflammatory
properties may play a role in the efficacy of some of the
available treatments.

The use of imaging techniques such as positron emission
tomography (PET) can be used for in vivo assessment of
changes in neuroinflammatory markers. PET tracers targeting

CONTACT Janine Doorduin @ j.doorduin@umcg.nl @ Department of Nuclear Medicine and Molecular Imaging, University of Groningen, University Medical

Center Groningen, P.O. Box 30001, Groningen RB 9700, The Netherlands
*These authors contributed equally to this work.

© 2022 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.


http://crossmark.crossref.org/dialog/?doi=10.1080/10253890.2022.2045269&domain=pdf&date_stamp=2022-03-07
http://orcid.org/0000-0003-4971-2909
http://orcid.org/0000-0002-6915-1590
http://orcid.org/0000-0003-2925-9959
http://creativecommons.org/licenses/by/4.0/

146 (&) R. MORAGA-AMARO ET AL.

various inflammatory markers in the brain, including cycloox-
ygenase-2 (COX-2), cannabinoid receptor type 2 (CB2), and
the mitochondrial 18kDa translocator protein (TSPO), have
been studied (Cumming et al., 2018). Among these, TSPO tar-
geting tracers have been used most frequently. TSPO expres-
sion is increased in brain cells, such as microglia, astrocytes
and endothelial cells, as a result of inflammatory processes in
both neurodegenerative and psychiatric disorders in both
humans and animal models (Barresi et al.,, 2021; Nutma et al.,
2021; Werry et al, 2019; Zhang et al., 2021). Most studies
have shown increased TSPO levels in MDD patients com-
pared to healthy volunteers (Dahoun et al., 2019; Holmes
et al, 2018; Li et al., 2018; Setiawan et al, 2018; Su et al.,
2016), although differences in the location and intensity of
the TSPO overexpression between studies were observed. It
was suggested that these differences were related to factors
like treatment, specific symptoms and the duration of the
disorder (Holmes et al., 2018; Richards et al., 2018; Setiawan
et al, 2018; Su et al, 2016). To date, only three PET studies
assessing TSPO as a neuroinflammation marker in rodent
models of chronic stress, mimicking depressive-like symp-
toms, have been performed. One study used the chronic
mild stress mouse model and observed increased TSPO
expression after 12 weeks of stress exposure (Wang et al.,
2018). The other two studies investigated changes of TSPO
expression in the repeated social defeat animal model. One
study showed a regional increase in the inflammatory marker
1week after the stress protocol (Kopschina Feltes et al.,
2019), whereas the other did not find any changes 2weeks
after the stress procedure (Giacobbo et al, 2020). This dis-
crepancy could reflect the reversible nature of the inflamma-
tory response in this model. These results, however, also
show that PET imaging of TSPO expression in animal models
of chronic stress may be a useful tool to investigate the neu-
roinflammatory response to a stressor as potential feature of
the neurobiology of MDD.

Among the different antidepressants available, ketamine
has attracted a lot of interest as it shows fast antidepressant
effects that are accompanied by a reduction in neuroinflam-
mation, even in treatment-resistant depression (Abdallah
et al, 2018). However, whether ketamine exerts its fast anti-
depressant effects through reducing neuroinflammation or,
vice versa, the reduction in neuroinflammation is a conse-
quence of successful treatment of the underlying cause of
depression is still unclear. Therefore, the objective of this
study was to evaluate if ketamine is able to modulate the
protracted stress-induced neuroinflammation in the repeated

social defeat (RSD) rat model, which induces responses that
resemble features of depression. Compared to other chronic
stress models, the RSD model mimics the exposure to social
stress in humans better, resulting in behavior that resembles
features of depressive disorders within a relatively short time
frame (Beurel et al., 2020; Kiecolt-Glaser et al., 2015; Majd
et al., 2020). In this model, neuroinflammation is still present
one week after the last RSD session, as described previously
(Kopschina Feltes et al, 2019). Therefore, we evaluated
whether an acute injection of ketamine after the induction of
depressive-like symptoms has an effect on neuroinflamma-
tion, as determined by PET with [''C]-PK11195 as a marker
for TSPO overexpression.

2. Experimental section
2.1. Experimental animals

All animal experiments complied with the European Directive
2010/63/EU and the Law for Animal experiments of the
Netherlands. The study was approved by both the Central
Committee on Animal Experiments of the Netherlands (The
Hague, license no. AVD1050020171706), and the Institutional
Animal Care and Use Committee of the University of
Groningen (IvD 171706-01-009). Thirty-six male outbred
Wistar Unilever rats (HsdCpd:WU, age 8weeks, weight
200-250g) were purchased from Envigo (Horst, The
Netherlands), individually housed with food and water avail-
able ad libitum and left for acclimatization for 7 days before
the start of the experiments. The rats were kept in humidity-
controlled, thermo-regulated (21 +2°C) conditions and main-
tained on a 12/12-h light/dark cycle (lights on at 7.00 a.m.).

2.2. Study design

Thirty-six rats were randomly divided into three groups: (1)
control + vehicle (CTL+ VEH), (2) repeated social defeat+ ve-
hicle (RSD + VEH), and (3) repeated social defeat+ ketamine
(RSD + KET). Humane endpoints were applied to one
RSD + VEH rat due to a severe wound obtained during the
RSD protocol. One CTL + VEH rat was excluded due to abnor-
mal behavior observed in the welfare diary evaluations along
the experiment. Therefore, the CTL+VEH and RSD + VEH
groups consisted of 11 rats and the RSD+KET group of
12 rats.

The overall study design is depicted in Figure 1. In brief,
groups 2 and 3 underwent social defeat on 5 consecutive

RSD or KET/
OFT control VEH OFT PET
Day -6 -1 0 4 5 6 10 11
> <>
SPT training SPT SPT SPT

Figure 1. Study design. Repeated social defeat (RSD) was performed on 5 consecutive days, from day 0 to 4. Sucrose preference test (SPT) training was performed
from day -6 to day -3, followed by an overnight training session with one bottle of sucrose solution and another bottle with tap water (day -2 to -1). SPT test ses-
sions were performed overnight at different time points: after RSD (day 4-5), after ketamine (KET) or vehicle (VEH) administration (day 5-6) and before termination
(day-10-11). The open field test (OFT) was conducted before RSD (day -1) and after ketamine administration (day 6). Either ketamine (20 mg/kg) or 0.9% saline
(VEH) was administered intraperitoneally one day after the last session of RSD (day 5). [''C]-PK11195 PET scans were performed on the last day of the experiment
(day 11). On the same day, right before the PET scan, blood samples were collected for serum corticosterone measurements.



days (days 0-4). In group 3, ketamine (20 mg/kg; Alfasan
Nederland BV) dissolved in 1 ml of sterile saline was injected
intraperitoneally on day 5. This dose was chosen because it
induced antidepressant effects in a rat model of depression
(Zhang et al., 2016). Vehicle-treated animals (groups 1 and 2)
were injected with saline instead. All rats were weighed on
day —1 (before the RSD), day 5 (after the RSD), day 6 (after
the ketamine/vehicle injection), and day 11 (before the PET
scan). Sucrose preference test (SPT) was used to determine
changes in depressive-like behavior since it has been shown
that this test was sensible enough to detect long-term
changes after a single ketamine injection (Kato et al., 2019;
Viana et al, 2021). Training was performed from day —6 to
day —1 as specified below. SPT tests were performed over-
night on days 4-5 (after RSD, before ketamine/vehicle admin-
istration), 5-6 (after ketamine/vehicle administration), and
10-11. Because of the high discomfort level of the RSD
model, no other behavioral tests, such as tail suspension test
or forced swim test, were used. An Open field evaluation was
performed on days —1 and 6. On day 11, an [''C]-PK11195
PET scan was performed, followed by termination. This date
was selected based on a previous study from our group
showing changes in [''C]-PK11195 availability at one week,
but not 1day after the RSD protocol (Kopschina Feltes et al.,
2019). Right before injection of the PET tracer, when animals
were anesthetized, blood samples were taken for
serum collection.

2.3. Repeated social defeat

The repeated social defeat (RSD) model is a commonly used
animal model that induces symptoms that resemble features
of depression with high ethological, face, construct, and pre-
dictive validity; it induces rapid depressive-like behavior in
rodents (Czéh et al, 2016). Studies using this model have
shown a relationship between anxiety-like and depressive-like
behavior on the one hand and pro-inflammatory markers and
microglia/macrophage activation on the other hand
(Kopschina Feltes et al, 2019; Lisboa et al., 2018; Niraula
et al, 2019).

Male Long Evans rats (HsdBlu:LE — Envigo, Indianapolis, IN)
of 12-weeks old (450-500g), were used as residents. To
encourage territoriality, each male resident was housed in a
large cage (80 x 50 x 40cm) with an ovariectomized Long
Evans female for at least one week prior to the start of the
screening. Residents were screened for aggressive behavior
at least five times prior to the experiment. In short, the
screening was performed using RSD sessions on five consecu-
tive days, measuring both attack latency (resident’s time to
initiate the first attack) and submission time (time the
intruder takes to show a submissive posture for at least 55).
These parameters were used to select animals displaying the
desired aggressive-behavior and exclude animals showing
signs of pathological violence (attack latency <10s, and/or
attempts to kill the intruder by biting vital zones), or non-
aggressive behavior (lack of attack or latency >60s, lack of
submission or latency >120, or resident being submitted).
The animals selected for the experimental phase showed an
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attack latency ranging between 10 and 60s and a submission
time between 10 and 120s.

The protocol for the training and experimental sessions
were similar. The RSD sessions were conducted between
13:00 and 16:30 p.m. Each session lasted for 2 h and was div-
ided into three stages. In the first stage, female rats were
removed from resident cages 1h before the exposure of the
intruder. In the second stage, one experimental Wistar rat
was placed in the cage of the resident and allowed to inter-
act until it showed a submissive posture to the resident for
at least 55, or until 10 min had passed if submission was not
achieved. Intruders were never exposed more than once to
the same resident. Finally, after either the submission took
place or the maximum of 10min had passed, the intruder
was placed inside a wire mesh cage and put back in the
cage of the resident to allow intense visual, auditory, and
olfactory interactions. One hour after the first introduction to
the resident’s cage, the intruder was placed back in its home
cage. Control rats were not exposed to a resident but placed
in a wire mesh cage inside a new clean cage for a period of
60 min instead.

2.4. Sucrose preference test

Anhedonia, a measure of depressive-like behavior, was
assessed using the sucrose preference test (SPT). Before the
SPT trial, experimental rats were trained by giving them
access to a bottle with 1% sucrose in water for 1h on 4 con-
secutive days (from day —6 to —3), followed by an overnight
exposure (from day —2 to —1) to 2 bottles, one filled with
1% sucrose and the other with normal drinking water. This
training ensured that animals get used to drinking sweet
water, and to habituate them to the possibility to choose
between the two bottles. Tests were performed on 3 time
points: after RSD (days 4-5), after injection of ketamine/
vehicle (days 5-6), and before termination (days 10-11). The
test consisted of overnight exposure to 1 drinking bottle
filled with drinking water and another with 1% sucrose solu-
tion, which were placed in the animal cages between 16:00
and 17:00 h and measured between 9:00 and 10:00 h the day
after. The amount of fluid consumed from each bottle was
measured. The percentage of preference for sucrose was
used as the SPT outcome and was calculated as follows:

%Sucrose preference

Sucrose intake (mL)

= X 100%
Sucrose intake (mL) + Water intake (mL) 0

2.5. Open field test

Anxiety-like behavior and locomotion were measured using
the open field test (OFT). Rats were placed in a circular arena
(diameter: 100cm) for 5min, one day before RSD and one
day after ketamine/vehicle injection. To measure anxiety-like
behavior, the time spent in the center was measured. The
border between the center and the periphery was set 20cm
from the walls of the arena. The total distance traveled and
the cumulative duration of movement were estimated from



148 (&) R. MORAGA-AMARO ET AL.

offline video recordings using the Ethovision XT 8.5 software
(Noldus  Information  Technology, = Wageningen, The
Netherlands). Eight videos had to be excluded because image
quality or illumination was inadequate for the software pro-
gram to perform proper analysis (baseline: CTL+VEH = 2;
RSD +VEH = 1; RSD + KET = 1, after ketamine: CTL+ VEH =
2; RSD 4+ VEH = 1; RSD + KET = 1).

2.6. Pet imaging

Small animal PET was used to assess changes in TSPO levels
in brain regions, as a marker of neuroinflammation. In brief,
rats were anesthetized with isoflurane mixed with oxygen
(5% for induction, 2% for maintenance), followed by the
injection of 16.5+2.5 MBq of [''Cl-PK11195 via the tail vein.
Rats were maintained under anesthesia and placed in prone
position inside the PET camera (MicroPET Focus 220, Siemens
Medical Solutions, Malvern, PA) with the head in the field of
view. Forty-five minutes after tracer injection, an emission
scan of 30min was acquired. A transmission scan using a
>’Co point source was performed either before or after the
emission scan and was used for correction of attenuation
and scatter. Eye salve was used to prevent conjunctival dehy-
dration. Thermal pads were used to maintain body tempera-
ture at 37°C and both heart rate and blood oxygen
saturation were recorded during the scan.

PET scans were iteratively reconstructed (OSEM2D, 4 itera-
tions and 16 subsets) into a single frame. After reconstruc-
tion, images with a 128 x 128 x 95 matrix, a pixel width of
0.632mm, and a slice thickness of 0.762 mm were obtained.
PET images were automatically co-registered to a template
["'CJ-PK11195 PET scan of the rat brain (Véllez Garcia et al,
2015), which was spatially aligned with a stereotaxic T2-
weighted MRI template in Paxinos space (Schwarz et al.,
2006) using the PMOD software package (PMOD
Technologies LLC, Zurich, Switzerland).

The co-registered images were divided into cubic voxels
(0.2mm) and converted into a standardized uptake value
(SUV) image, using the following formula and assuming a tis-
sue density of 1g/ml:

Tissue activity concentration (Mqu)x Body weight (g)

SUV= Injected dose (Mbq)

Tracer uptake was calculated in several pre-defined vol-
umes-of-interest (VOI), representing brain regions of suffi-
ciently large size. Small brain regions were excluded to
minimize the partial volume effects (Lehnert et al., 2012), due
to the limited resolution of the PET scanner (1.4mm) (Marx
et al, 2012). Therefore, the selected brain regions were the
amygdala, bed nucleus of the stria terminalis (BNST), cerebel-
lum, corpus callosum, entorhinal cortex, frontal association
cortex, insular cortex, medial prefrontal cortex, orbitofrontal
cortex, striatum (which included the nucleus accumbens),
temporal cortex, olfactory cortex, occipital cortex, parietal
cortex, hippocampus, midbrain, brainstem and basal ganglia
(which included olfactory tubercle, ventral pallidum,

substantia nigra, subthalamic nucleus, and the ventral teg-
mental area (VTA)).

2.7. Serum corticosterone measurements

On day 11, just before injection of the PET tracer, blood sam-
ples were collected from the tail vein via a cannula and
immediately centrifuged at 5000g for 3 min. Serum was col-
lected, frozen in liquid nitrogen and stored at —80°C to
maintain the integrity of the sample. Assessment of serum
corticosterone was performed via an enzyme-linked immuno-
assay (ELISA) using a commercially available kit (Arbor Assays,
Ann Arbor, MI). Samples were diluted to 1:100 in appropriate
assay buffers in order to determine a calibration curve as
specified by the manufacturer. The ELISA plate with the sam-
ples was read at 450nm and corticosterone concentrations
were calculated using the calibration curve.

2.8. Statistical analysis

SPSS (IBM Corp. 2013. IBM SPSS Statistics for Windows,
Version 22.0. Armonk, NY) was used to perform statistical
analyses of behavioral and physiological parameters. The
generalized estimating equation (GEE) analysis was used for
the statistical analyses of longitudinal data obtained from the
SPT, OFT, and body weight measurements, to account for
missing data and the irregular interval between the time
points. For the GEE analysis, “RSD,” “ketamine,” and “time”
were used as independent factors, and “RSD*ketamine*time”
interactions were used to determine pairwise differences
between and within groups. A generalized linear model
(GLM) analysis was applied to analyze group differences in
the PET data (SUV) and corticosterone serum concentrations,
using “RSD” and “Ketamine” as independent factors, and
"RSD*ketamine” interactions for pairwise comparison. Wald
Chi-square (W) and degrees of freedom (df) are presented for
GLM and GEE analyses. A possible relationship between cor-
ticosterone levels and neuroinflammation was explored using
a Pearson’s test and expressed as coefficient of determination
(R%) and probability value (p). p values <0.05 were considered
as statistically significant. Data are presented as mean +SD.
The effect sizes were calculated for the percentage of change
between two groups.

3. Results
3.1. Body weight

To determine changes in body weight gain due to RSD and/
or ketamine injection, the body weight was measured on day
5 (after the RSD), day 6 (after the injection of ketamine), and
day 11 (day of PET scan), and then compared to day —1
(baseline). The body weight gain, in percentage, is shown in
Figure 2(A). GEE analyses showed a main effect of RSD
(W=9.597;, df = 1; p=0.002) and of ketamine treatment
(W=6.587; df = 1, p=0.010). Between-groups comparison
(W=200.594; df = 8; p < 0.0001) showed a statistically signifi-
cant lower percentage body weight gain on day 5 for the
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Figure 2. Physiological and behavioral changes. (A) RSD induced a reduction in body weight gain which was not restored by ketamine injection. (B) Significant
decrease in sucrose preference in the SPT is observed after RSD, which was not reversed by treatment with ketamine. (C) The open field test did not show any effect
of RSD or ketamine on the time spent in the center of the arena, (D) on the distance traveled, or (E) on the total time they spent moving (cumulative duration of
movement). (F) An increase in corticosterone serum concentrations due to RSD was observed, which was suppressed by ketamine treatment, but this difference was
not statistically significant. Data are shown as mean +SD. Statistically significant differences are indicated by asterisks: Between group comparison: *p < 0.05;
*p < 0.01; ¥**p < 0.001; ****p < 0.0001; within group comparison ####p < 0.0001.

RSD+VEH (n=11, 1.9+1.8, p<0.05, —52%) and RSD + KET
(n=12, 1.3+1.7, p<0.001, —67%) group, as compared to
the CTL+ VEH group (n=12, 3.9+2.2). On days 6 and 11,
however, a statistically significantly lower percentage body
weight gain was still found in the RSD + KET group (day 6:
—0.38+1.9, p<0.0001, —112%; day 11: 3.1+3.1, p<0.05,
—47%) compared to controls (day 6: 3.2+22; day 11:
59+2.6), while the body weight gain of the RSD+ VEH
group was not statistically different any more (day 6:
1.2+£2.8, p=0.051, —63%; day 11: 40+4.2, p=0.18, —32%).

3.2. Sucrose preference test

The sucrose preference test was used to assess the reduction
in preference for a sucrose solution over regular water, as a
proxy of anhedonia-like behavior (Figure 2(B)). A main effect
for both RSD (W=29.913; df = 1; p<0.0001) and ketamine
treatment (W=15.367; df = 1, p<0.0001) on sucrose

preference was found. Pairwise comparison analyses
(W=100.196; df = 8; p<0.0001) revealed that rats submitted
to the RSD protocol showed a reduction in sucrose preference
compared to controls on day 5 (CTL+VEH: n=12, 93.0+5.3,
RSD+VEH: n=11, 793x145 p<001, —15%; RSD4 KET:
n=12, 76.8£12.02, p<0.0001, —17%). On day 6, after keta-
mine injection, the RSD + KET group was significantly different
from both the control and RSD+VEH group (CTL+ VEH:
91.7+50, RSD+VEH: 87.9+83, p=0.18, —4%; RSD+ KET:
786+134, p<0001, —14%). Both the RSD+VEH and
RSD + KET groups presented a statistically significant decrease
in sucrose preference relative to controls at the end of the
experiment (day 11: CTL+ VEH: 94.0 £0.8, RSD + VEH: 88.0+2.7,
p < 0.05, —7%; RSD + KET: 87.8+1.8 p < 0.001, —7%).
Within-group comparison showed a consistent sucrose
preference in the control group over time. There was an
increase in sucrose preference between day 5 (completion of
the RSD protocol) and day 6 (ketamine injection) in the
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RSD + VEH group (11%, p < 0.001), but not in the RSD + KET
group (2%, p=0.72). Both groups exposed to RSD showed a
higher sucrose preference on day 11 than on day 5
(RSD + VEH: 11%, p < 0.05; RSD + KET: 14%, p < 0.05).

3.3. Open-field test

The OFT was used to assess the effect of RSD and ketamine
on anxiety-like behavior and locomotion. The OFT was per-
formed at baseline (day —1) and after ketamine injection
(day 6). The time the animals spent in the center of the arena
was used as a proxy for anxiety-like behavior (Figure 2(C)),
while the distance traveled (Figure 2(D)) and the cumulative
duration of movement (Figure 2(E)) were used to assess loco-
motion. GEE analysis showed a significant interaction of
RSD*ketamine*time in the distance traveled (W= 14.884; df
= 5, p=0.011), the cumulative duration of movement
(W=224.935; df = 5; p<0.0001), but not in the time spent
in the center (W=29.913; df = 1; p <0.0001). There were no
significant differences between groups on any time point for
any of the analyzed parameters (p>0.05 for all between
group comparisons). Within-group analysis between days —1
and 6, showed that only the RSD + KET group had a statistic-
ally significant reduction in the distance traveled (p < 0.0001,
—15%). Furthermore, a statistically significant decrease in the
duration of movement between baseline and day 6 was
found in all groups (CTL-+VEH: —23%, RSD -+ VEH: —14%,
RSD + KET: —13%, p < 0.0001 for all).

3.4. Serum corticosterone levels

Serum concentrations of corticosterone were measured at
the end of the experiment (day 11, Figure 2(F)). Although
serum corticosterone levels in animals exposed to RSD alone
(RSD + VEH: 335 + 169 ng/mL) were 75% and 67% higher than
those in the control group (CTL+ VEH: 191+ 138 ng/mL) and
ketamine treated animals (RSD+KET: 201133 ng/mL)
respectively, statistical analysis showed that the interaction
RSD*ketamine did not reach significance (W=5.843; df =
2; p=0.54).

3.5 [''C]-PK11195 PET

To determine the effect of ketamine on RSD-induced neuro-
inflammation, we performed a [''C]-PK11195 PET scan on
day 11. Tracer uptake in various brain regions, expressed as
SUV, is presented in Table 1. Animals exposed to the RSD
protocol showed a statistically significant increase in [''C]-
PK11195 uptake in the insular cortex (RSD+ VEH: p < 0.05,
18%) and entorhinal cortex (p < 0.05, 20%), when compared
to the control group. This increase was not affected by keta-
mine injection, as RSD + KET animals also showed a similar
statistically significant increase in [''Cl-PK11195 uptake in the
insula (p < 0.05, 18%) and entorhinal cortex (p < 0.01, 29%).
Interestingly, a significant positive association between
["'C]-PK11195 uptake in the whole brain and serum cortico-
sterone levels was observed in the RSD + VEH group (R? 0.79,

p < 0.01), but not in the CTL+ VEH group (R* 0.01, p=0.99),
or the RSD + KET group (R? 0.37, p=0.24).

4. Discussion

In this study, we explored if a single ketamine injection is
able to moderate protracted stress-induced neuroinflamma-
tion in the RSD rat model, which mimics certain features of
depression. We found that RSD was able to induce anhedo-
nia-like behavior in the SPT and decreased body weight gain.
RSD also induced an increase in TSPO density in the insular
and entorhinal cortex. TSPO levels in the whole brain of RSD
exposed animals correlated with serum corticosterone levels.
Contrary to our hypothesis, injection of ketamine one day
after the RSD protocol abolished the correlation between
TSPO levels and corticosterone levels, but did not reverse the
effects of RSD on anhedonia-like behavior, body weight, and
TSPO levels.

The 5-day RSD protocol used in this study was able to
induce a reduction in bodyweight gain and sucrose prefer-
ence, a feature that is used as a proxy for anhedonia . These
results are in accordance with other studies in rodents
describing similar effects (Kopschina Feltes et al, 2019;
Pulliam et al., 2010; Xiong et al., 2019a). RSD also caused a
75% increase in serum corticosterone levels one week after
RSD, which was not observed in RSD rats treated with keta-
mine. The interaction between RSD and ketamine, however,
was not statistically significant yet, due to the large within-
group variability and relatively small sample size. It is also
plausible that the effect of RSD on corticosterone levels has
largely disappeared during the relatively long interval
between RSD and corticosterone assessment. Moreover, our
study also failed to demonstrate effects of ketamine in RSD-
exposed rats on locomotion and the time in the center of
the OFT, which is a parameter that is often used a proxy for
anxiety. Studies using the RSD protocol and the OFT to meas-
ure anxiety-like behavior have shown contradictory results, as
either an increase in anxiety-like behavior (Jaisinghani and
Rosenkranz, 2015; Lisboa et al.,, 2018; Liu et al., 2015) or no
effect at all have been reported (Liu et al., 2017; Olivares
et al, 2012). Our results are in accordance with the latter
studies. Many factors may explain such differences, including
differences in the RSD procedure, its duration, and the inter-
val between the end of RSD and the OFT.

In addition to changes in behavior and weight gain, RSD
also caused increased TSPO availability in the insular and
entorhinal cortex, as observed with [''C]-PK11195 PET. These
results are in line with earlier publications showing increases
in brain inflammatory markers by social stress (Kopschina
Feltes et al, 2019; Lehmann et al, 2016; Liu et al., 2019).
["'Cl-PK11195 PET for imaging of upregulation of TSPO has
also been successfully used to detect immune activation in
depressed patients (Setiawan et al, 2015) and in patients
that had suicidal thoughts (Holmes et al., 2018). The immune
activation in insular and entorhinal cortices observed in our
study is interesting, since these areas have been suggested
to participate in memory and in the emotional component of
depression (Gerritsen et al,, 2011; Sprengelmeyer et al., 2011).
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Table 1. [''C]-PK11195 uptake in the brain of control animals (CTL + VEH), and animals exposed to a 5-day repeated social defeat

protocol followed by a single injection of 20 mg/kg ketamine (RSD + KET) or vehicle (RSD + VEH).

CTL + VEH RSD + VEH RSD + KET

Brain regions Mean = SD Mean + SD Mean +SD Overall statistics (RSD*ketamine)
Amygdala 0.34+0.06 0.36 £0.06 0.38+0.10 W=1.266; df = 2; p=0.531
Basal ganglia 0.38+0.05 0.39+0.06 0.42+0.10 W=2.170; df = 2; p=0.338
Bed nucleus stria terminalis 0.34+0.07 0.33+0.09 0.38+0.10 W=2355; df = 2; p=0.308
Brainstem 0.40+0.06 0.41+0.08 0.44+0.10 W=2.129; df = 2; p=0.345
Cerebellum 0.56 £ 0.09 0.56+0.10 0.62+0.10 W=2816; df = 2; p=0.245
Entorhinal cortex 0.35+0.04 *0.42+0.05 **0.45 +0.09 W = 15.495; df = 2; p<0.0001
Frontal association cortex 0.84+0.18 0.81+0.18 0.85+0.16 W=0.274; df = 2; p=10.872
Hippocampus 0.33+0.04 0.34+0.06 0.36 +0.07 W=1.725; df = 2; p=0.422
Insular cortex 0.34+0.04 *0.40 +0.05 *0.40+0.07 W =10.135; df = 2; p =0.006
Medial prefrontal cortex 0.39+0.08 0.38+0.07 0.41+0.10 W=1.235; df = 2; p=0.539
Midbrain 0.32+0.05 0.34+0.06 0.37+0.10 W=2918; df = 2; p=0.232
Occipital cortex 0.66+0.11 0.61+0.11 0.66+0.10 W=2.484; df = 2; p=0.289
Olfactory cortex 0.44 +0.09 0.46 £ 0.07 0.50+0.10 W=2.646; df = 2; p=0.266
Orbitofrontal cortex 0.47 +0.08 0.47 +0.08 0.50+0.10 W=0.855; df = 2; p=0.652
Parietal cortex 0.53+0.09 0.50+0.10 0.55+0.10 W=1.289; df = 2; p=0.525
Striatum 0.31+0.04 0.30+0.06 0.34+£0.08 W=1.918; df = 2; p=0.383
Temporal cortex 0.39+0.04 0.41£0.05 0.44+0.10 W=3.812; df = 2; p=0.149
Whole brain 0.45+0.05 0.44 +0.06 0.48+0.08 W=2314;, df = 2, p=0.314

Tracer uptake (SUV) is shown as mean £ SD. Statistically significant pairwise differences compared to control animals are indicated with

an asterisks: *p < 0.05; **p < 0.01.

In rodent models of depression, increased activity (measured
as glucose metabolism) in the insula and entorhinal cortices
have been reported after chronic restraint stress (Wei et al.,
2018), while in the chronic corticosterone model, a decrease
in glucose metabolism was found in the insula (Van Laeken
et al,, 2018). Moreover, MRI studies suggest that patients suf-
fering from major depression have decreased insular regional
homogeneity (Guo et al, 2011; Yao et al, 2009), increased
insular activity that correlates with depression severity (Henje
Blom et al., 2015), decreased insular activation in depressed
patients (Liu et al., 2013), reduced global fractional anisotropy
in areas connected with the insula (Repple et al., 2019), and
decreased or aberrant functional connectivity between insular
sub-regions (Yang et al, 2019; Yin et al, 2018). Although
some apparent contradictions are found in these observa-
tions, probably due to differences in the model and intensity
of the symptoms and the fact that activation does not neces-
sarily correlates with inflammation, it clearly suggests the
insular and entorhinal cortices are involved in depression.

In this study, RSD exposed animals were treated with a
single dose of 20mg/kg of ketamine but showed no
improvement in sucrose preference or weight loss. Instead, it
delayed weight recovery compared to animals only exposed
to RSD. The dose of 20mg/kg of ketamine has previously
been reported to reduce behavioral deficits in chronic stress
models (Zhang et al., 2016). Several studies have even used a
lower dose of 10mg/kg of ketamine and found a reduction
in behavioral parameters that resemble features of depres-
sion (Tornese et al, 2019; Wan et al, 2018; Wang et al.,
2018). However, all these studies tested the effects of keta-
mine either on the day of administration or 24 h afterwards.
Yet, one study using maternal deprivation in Wistar rats
reported a reduction in depressive-like behavior in both the
forced swim test and splash test 14 days post injection of a
dose of 15mg/kg of ketamine (Réus et al., 2015). We eval-
uated the effects of a higher dose of ketamine 1 and 6 days
after injection, so it is less likely that the dose or time of
assessment are responsible for the lack of efficacy.

The studies that have shown a reduction in behavioral
deficits associated with depression after acute ketamine injec-
tion have used different animal models of chronic stress
(Ghosal et al., 2020; Rincdn-Cortés and Grace, 2020; Tornese
et al, 2019; Wan et al., 2018; Xiong et al., 2019a). Studies in
rats have used either chronic mild stress or chronic unpre-
dictable mild stress to evaluate the antidepressant effects of
ketamine. Studies that reported antidepressant effects of
ketamine after RSD used different species. For example,
Xiong and colleagues showed antidepressant effects in
C57BL/6 mice 4h after administration of 10mg/kg ketamine
(Xiong et al., 2019a). It is possible that the difference in the
stress model or species could account for the lack of efficacy
of ketamine in the SPT in our RSD model.

Since several studies reported that ketamine seemed to
reduce circulating pro-inflammatory markers in animal mod-
els of inflammation, we expected that ketamine would
decrease the levels of the neuroinflammatory marker TSPO
(Réus et al., 2017, Wang et al, 2017; Xiong et al, 2019b;
Zhang et al., 2016, 2019). Contrary to our hypothesis, we
observed that the RSD-induced increase in TSPO levels in the
insular and entorhinal cortices were unaffected by the acute
injection of ketamine. Moreover, the association between
neuroinflammation and serum corticosterone levels in the
brain of animals exposed to RSD disappeared after the
administration of ketamine, which is likely due to the normal-
ization of corticosterone levels by ketamine (67% reduction),
while neuroinflammation was unaffected. These observations
seem to suggest that the effect of ketamine on the hypothal-
amic—pituitary-adrenal axis is not directly related to modula-
tion of neuroinflammation. One issue that must be
emphasized is related to the timing of inflammatory proc-
esses and the frequency of ketamine administration.
Differences in the timing of evaluations can have profound
effects on the results of different studies. In studies evaluat-
ing the effects of ketamine on neuroinflammation in the RSD
model, a single administration of ketamine induced a reduc-
tion in neuroinflammatory markers measured after 3h
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(Zhang et al, 2019), Th and 24h (Zhang et al.,, 2016), and
2days (Xiong et al, 2019a). Studies in other models found
effects on neuroinflammation after 7days of chronic keta-
mine administration (Réus et al, 2017; Wang et al.,, 2017).
Thus, it should be taken into consideration that the effects of
ketamine may last longer after chronic than after a single
administration. Here we measured TSPO levels as a marker of
inflammation with [''C]-PK11195 PET 6days after ketamine
injection. At this time point the effects of the single ketamine
injection on neuroinflammation may already have worn out.
This suggests that more PET studies on the effect of keta-
mine on earlier time points may be needed in order to con-
firm that a single ketamine injection, for example, 1day after
RSD has also has not any effect on inflammation at earlier
time points. Additional experiments using chronic administra-
tion and different doses in the RSD model could also be use-
ful to further determine the role of ketamine on brain
changes in TSPO.

Limitations of this study include the inability of [''Cl-
PK11195 to discriminate between a pro- and anti-inflamma-
tory immune response. Consequently, it is not possible to
determine if the increase in TSPO expression in the insular
and entorhinal cortex are caused by a more anti-inflamma-
tory or pro-inflammatory immune response. Assessment of
circulating inflammatory cytokines and postmortem immuno-
histochemical analyses of the brains could provide this com-
plementary information. Additionally, more studies using
other dosing regimens and/or different evaluation time
points after the ketamine injection could help in the explor-
ation of the relationship between ketamine’s antidepressant
effects and neuroinflammation. Moreover, in our study, only
the SPT test for parameters associated with depressive-like
behavior was included. The use of additional behavioral tests
to assess different types of depressive-like behavior, such as
learned helplessness, could improve translation of these
results to the clinical situation.

5. Conclusions

In conclusion, our results show that a single dose of keta-
mine one day after of RSD does not reverse the RSD-induced
reduction in sucrose preference, suggesting anhedonic-like
behavior was not restored by the drug. Moreover, the pro-
tracted RSD-induced immune response in the insular and
entorhinal cortices was also not moderated by a single dose
of ketamine, suggesting that the drug did not act as an anti-
inflammatory drug. Yet, the association between TSPO levels
in the brain and serum corticosterone levels disappear after
injection of ketamine, which is likely due to normalization of
corticosterone levels 6 days after administration of the drug.
This suggests that the positive effect of ketamine on stress
hormone levels is not mediated by a modulating effect on
neuroinflammation.
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