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Abstract 

 

Worldwide, millions of people suffer from treatment-resistant depression (TRD). 

Ketamine, a glutamatergic receptor antagonist, can have a rapid antidepressant effect even in 

TRD patients. A proposed 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 neuroinflammation in a repeated social defeat (RSD) rat 

model of depression. To this end, animals with and without exposure to RSD were injected 

with ketamine (20 mg/kg) or vehicle. A combination of behavioral analyses and PET scans of 

glial activation in the brain were performed. Rats submitted to RSD showed depressive-like 

behavior in the sucrose preference test, decreased weight gain, and neuroinflammation in the 

insular and entorhinal cortices, as observed by [
11

C]-PK11195 PET. Neuroinflammation 

correlated with corticosterone levels in several brain regions of RSD exposed animals. 

Ketamine injection 1 day after RSD had no effect on depressive-like symptoms, weight gain 

or neuroinflammation in the insular and entorhinal cortices. Instead, ketamine induced 

neuroinflammation in the basal ganglia and diminished the correlation between corticosterone 

levels and glial activation. Our study shows no evidence for ketamine being able to decrease 

RSD-induced neuroinflammation, but the induction of neuroinflammation in the basal ganglia 

and the diminished correlations between corticosterone levels and glial activation may 

provide new insights that could help to unravel the mechanism of action of ketamine as 

antidepressant. 
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1. Introduction 

  

About 350 million people worldwide suffer from major depressive disorder (MDD) 

and it is considered a major contributor to the global health economic burden due to high 

medication costs and disability [1]. The symptomatology of MDD ranges from loss of 

enjoyment in social activities to increased anxiety on a daily basis [1]. Treatment of MDD 

with classical antidepressants, such as selective serotonin-reuptake inhibitors and tricyclic 

antidepressants (TCA), is often not fully effective [2], requires weeks to exert an effect and 

shows high rates of relapse [3]. As a result, about 30% of the patients are treatment resistant 

[4]. One of the aspects that greatly contributes to treatment-resistant depression (TRD) is our 

lack of understanding of the etiology of MDD [5]. Despite the extensive research pointing 

towards many pharmacological targets used for the treatment of MDD, increasing evidence 

suggests additional mechanisms could be involved in the pathogenesis of depression [6,7].  

In recent years, more attention is given to the association between depression and the 

innate and adaptive immune system (Miller et al., 2009; Raedler, 2011). Pro-inflammatory 

cytokine levels are increased in the plasma of depressed patients and these cytokine levels are 

correlated with the severity of depression [8–11]. Especially patients that are resistant to 

monoamine-targeting antidepressant drugs have an abnormal increase in various pro-

inflammation markers [12–14]. In contrast, elevated inflammatory markers have been 

suggested to correlate with enhanced (rather than attenuated) treatment response to TCA, 

ketamine and electroconvulsive therapy [15,16]. Therefore, anti-inflammatory properties may 

play a role in the efficacy of some of the available treatments.  

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 

neuroinflammation, even in TRD [17–19]. However, whether ketamine exerts its fast 

antidepressant effects through reducing neuroinflammation or, vice versa, the reduction in 

neuroinflammation is a consequence of successful treatment of the underlying cause of 

depression is still unclear. Therefore, the objective of this study was to evaluate if ketamine is 

modulating neuroinflammation in the repeated social defeat (RSD) rat model of depression. In 

particular, we evaluated whether an acute injection of ketamine after the induction of 

depressive-like symptoms has an effect on neuroinflammation, as determined by PET with 

[11C]-PK11195 as a marker for TSPO overexpression by activated glia cells.  
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2. Experimental procedures 

 

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 8 weeks, weight 200-250g) were purchased from Envigo (Horst, The 

Netherlands), individually housed with food and water available 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 
o
C) conditions and maintained 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 3 groups: (1) control + vehicle 

(CTL+VEH), (2) repeated social defeat + vehicle (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 

abnormal 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 days (day 0–4). In group 3, ketamine (20mg/kg; Alfasan 

Nederland BV) dissolved in 1 ml of sterile saline was injected intraperitoneally on day 5. 

Vehicle-treated animals (group 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) training was 

performed from day -6 to day -1. SPT tests were performed on days 5, 6 and 10. An Open 

field evaluation was performed on days -1 and 6. 
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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 session with one bottle of sucrose solution and another bottle with tap water (day -1). 
SPT sessions were performed after RSD (day 5), after ketamine (KET) or vehicle (VEH) 
administration (day 6) and before termination (day 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 acutely administered intraperitoneally one day after the last session of RSD (day 5). 
[11C]-PK11195 PET scans were performed on the last day of the experiment (day 11). Before the PET 
scan, serum samples were collected for corticosterone measurements. 
 

2.3 Repeated social defeat 

 

The repeated social defeat (RSD) model, is a commonly used animal model for 

depression with high ethological, face, construct, and predictive validity; it induces rapid 

depressive-like behavior in rodents [20,21]. Studies using this model have shown a 

relationship between anxiety-like and depressive-like behavior on one hand and pro-

inflammatory markers and microglia/macrophage activation on the other hand [22–27].  

Male Long Evans rats (HsdBlu:LE – Envigo, USA) of 12-weeks old (450-500 g), were 

used as residents. To encourage territoriality, each male resident was housed in a large cage 

(80 x 50 x 40 cm) 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 

consecutive days, measuring both attack latency (resident’s time to initiate the first attack) 

and submission time (time the intruder takes to show the submissive posture for at least 5 

seconds). These parameters were used to select animals displaying the desired aggressive-

behavior and exclude animals showing signs of pathological violence (attack latency ˂10 

seconds, 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 attack latency ranging 

between 10-60 s and a submission time between 10-120 s. 

4
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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 

divided into three stages. In the first stage, female rats were removed from resident cages 1 h 

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 interact until it showed a submissive posture 

to the resident for at least 5 s, 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 10 min 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 1 h on 4 consecutive days (from day -6 to -1), 

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. Tests were performed on 3 time points: after RSD 

(day 5), after injection of ketamine/vehicle (day 6), and before termination (day 11). The test 

consisted of overnight exposure to 1 drinking bottle filled with drinking water and another 

with 1% sucrose solution. The amount of fluid consumed from each bottle was measured. The 

percentage of preference for sucrose (% sucrose intake) was used as the SPT outcome and 

was calculated as follows: 

 

  % !"#$&'()#'*'#'+"' =
,-./012(345672(89:;

,-./012(345672(89:;<>652/(345672(89:;
?(@AA% 

 

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 5 min, one day before RSD and 

one day after ketamine/vehicle injection. To measure anxiety-like behavior, the time spent in 
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the center was measured. The border between the center and the periphery was set 20 cm from 

the walls of the arena. The total distance traveled and the cumulative duration of movement 

were estimated from 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 program to perform 

proper analysis (Baseline: CTL+VEH=2; RSD+VEH=1; RSD+KET=1, after ketamine: 

CTL+VEH=2; RSD+VEH=1; RSD+KET=1). 

 

2.6 PET imaging 

 

Small animal PET was used to assess 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 [11C]-PK11195 (TSPO binding radiotracer) via 

the tail vein. Rats were maintained under anesthesia and placed in prone position inside the 

PET camera (MicroPET Focus 220, Siemens Medical Solutions, USA) with the head in the 

field of view. Forty-five minutes after tracer injection, an emission scan of 30 min was 

acquired. A transmission scan using a 57Co 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 dehydration. Thermal pads were used to maintain body temperature at 

37° C and both heart rate and blood oxygen saturation were recorded during the scan.  

PET scans were iteratively reconstructed (OSEM2D, 4 iterations and 16 subsets) into a 

single frame. After reconstruction, images with a 128x128x95 matrix, a pixel width of 0.632 

mm, and a slice thickness of 0.762 mm were obtained. PET images were automatically co-

registered to a functional [11C]-PK11195 PET rat brain template, [28] which was spatially 

aligned with a stereotaxic T2-weighted MRI template in Paxinos space [29] using the PMOD 

software package (PMOD Technologies LLC, 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 tissue 

density of 1 g/ml: 

 

=
Tissue activity concentration ( Mbq

g ) x Body weight (g)

Injected dose (Mbq)
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Tracer uptake was calculated in several pre-defined volumes-of-interest (VOI), 

representing brain regions of sufficiently large size. Small brain regions were excluded to 

minimize the partial volume effects [30], due to the limited resolution of the PET scanner 

(1.4mm) [31]. Therefore, the selected brain regions were the amygdala, bed nucleus of the 

stria terminalis (BNST), cerebellum, 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 tegmental area 

(VTA)). 

 

2.7 Serum corticosterone measurements 

 

On day 11, just before injection of the PET tracer, blood samples were collected from 

the tail vein via a cannula and immediately centrifuged at 5,000g for 3 minutes. Serum was 

collected, frozen in liquid nitrogen and stored at -80  to maintain the integrity of the sample. 

Assessment of serum corticosterone was performed via an enzyme-linked immunoassay 

(ELISA) using a commercially available kit (Arbor Assays, Ann Arbor, MI, USA). 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 samples was read at 450 nm 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 treatment and time were used as factors. A one-way ANOVA was applied to 

analyze group differences in the PET data (SUV) and corticosterone serum concentrations. 

Possible relationships between corticosterone levels and neuroinflammation were explored 

using a Pearson´s test and expressed as coefficient of determination (R
2
) and probability value 
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(p). All statistically significant correlations found with an R2<0.5 were not considered as 

important due to low correlation index. p values <0.05 were considered as statistically 

significant. Data are presented as mean ± SD. The effect sizes were calculated by the 

percentage of change between two groups. 

 

3. Results 

 

3.1 RSD decreased body weight gain, which was not restored by ketamine  

 

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 2A. GEE analyses showed a main effect of RSD (p<0.01), 

but not of ketamine treatment. Between-groups comparison showed a statistically significant 

lower percentage body weight gain on day 5 for the 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 Day 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±2.2; day 

11: 5.9±2.6), while the body weight gain of the RSD+VEH group was not statistically 

significantly different any more (day 6: 1.2±2.8, p=0.051, -63%; day 11: 4.0±4.2, p=0.18, -

32%). 

 

3.2 RSD caused anhedonia, which was not improved by ketamine  

 

The sucrose preference test was used to assess depressive-like behavior (Figure 2B). 

A main effect for both RSD (p<0.0001) and ketamine treatment (p<0.0001) on sucrose intake 

was found. Rats submitted to the RSD protocol showed a reduction in sucrose intake 

compared to controls on day 5 (CTL+VEH: n=12, 93.0±5.3, RSD+VEH: n=11, 79.3±14.5 

p<0.01, -15%; RSD+KET: n=12, 76.8±12.02, p<0.0001, -17%). On day 6, after ketamine 

injection, the RSD+KET group was significantly different from both the control and 

RSD+VEH group (CTL+VEH: 91.7±5.0, RSD+VEH: 87.9±8.3, p=0.18, -4%; RSD+KET: 

78.6±13.4, p<0.001, -14%). Both the RSD+VEH and RSD+KET groups presented a 

4
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statistically significant decrease in sucrose consumption 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 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 Locomotion, but not anxiety, was affected by ketamine  

 

The OFT was used to assess the effect of RSD and ketamine on anxiety-like behavior 

and locomotion. The OFT was performed at baseline (day -1) and after ketamine injection 

(day 6). The time the animals spent in the center of the arena was used to assess anxiety-like 

behavior (Figure 2C), while the distance travelled (Figure 2D) and the cumulative duration 

of movement (Figure 2E) were used to assess locomotion. There were no significant 

differences between groups for any of the analyzed parameters (p>0.05 for all between group 

comparisons). Within-group analysis between day -1 and 6, showed that only the RSD+KET 

group had a statistically significant reduction in the distance travelled (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 RSD induced a non-significant increase in corticosterone serum levels, which 

was decreased by ketamine injection 

 

 Serum concentrations of corticosterone were measured at the end of the experiment 

(day 11, Figure 2F). A large increase in corticosterone levels was found in animals exposed 

to RSD alone (RSD+VEH: 335±169 ng/mL, p=0.17, +75%) when compared to the control 

group (CTL+VEH: 191±138 ng/mL). Despite the large effect, this difference was not 

statistically significant due large intra-individual differences. Such an increase in 

corticosterone levels was not found in RSD exposed animals that were treated with ketamine 

(RSD+KET: 201±133, p=1.0, +5%). 
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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 travelled, 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. 

 

3.5 RSD-induced neuroinflammation was not reversed by ketamine  

 

To determine the effect of ketamine on RSD-induced neuroinflammation, we 

performed a [11C]-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 [11C]-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 
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increase was not affected by ketamine injection, as RSD+KET animals also showed a 

statistically significant increase in [
11

C]-PK11195 uptake in the insula (p<0.05, 18%) and 

entorhinal cortex (p<0.01, 29%). Moreover, the RSD+KET animals also showed an additional 

statistically significant increase in [
11

C]-PK11195 uptake in the basal ganglia (p<0.05, 11%), 

which was not observed in the RSD+VEH group (p=0.71, 2.6%). 

 

B���� ������� 

C�	 
 �� R�� 
 �� R�� 
 KET 

M������ M������ M������ 

A������� 0����0.06 0����0.06 0����0.10 

����� ����� �  0����0.05 0��!�0.06 *"#$%�0.10 

�&� �'(�&'� �)+ � )&+� ��� � 0����0.07 0����0.09 0����0.10 

�+� ��)&� 0��0�0.06 0��,�0.08 0����0.10 

-&+&.&��'� 0�/��0.09 0�/��0.10 0��1�0.10 

E�)2+3 ��� (2+)&4 0��/�0.04 *"#$%�0.05 **"#$5�0.09 

Frontal Association cortex 0����0.18 0��,�0.18 0��/�0.16 

H 662(��6'� 0����0.04 0����0.06 0����0.07 

I��'��+ (2+)&4 0����0.04 *"#$"�0.05 *"#$"�0.07 

7&� �� 6+&8+2�)�� (2+)&4 0��!�0.08 0����0.07 0��,�0.10 

7 �.+� � 0��1�0.05 0����0.06 0��:�0.10 

O(( 6 )�� (2+)&4 0����0.11 0��,�0.11 0����0.10 

O�8�()2+� (2+)&4 0����0.09 0����0.07 0�/0�0.10 

O+. )28+2�)�� (2+)&4 0��:�0.08 0��:�0.08 0�/0�0.10 

P�+ &)�� (2+)&4 0�/��0.09 0�/0�0.10 0�//�0.10 

S)+ �)'� 0��,�0.04 0��0�0.06 0����0.08 

T&�62+�� (2+)&4 0��!�0.04 0��,�0.05 0����0.10 

W32�& .+� � 0��/�0.05 0����0.06 0����0.08 

Table 1. [
11

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). Tracer uptake (SUV) and the change relative to the CTL+VEH group are presented for different 

brain areas. Data are shown as mean ± SD. Statistically significant differences compared to control animals are 

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

 

3.6 [
11

C]-PK11195 uptake correlates with serum corticosterone levels in RSD 

exposed rats 

 

As shown in Table 2, a positive correlation (R
2
>0.5) was found between 

corticosterone serum concentration and [
11

C]-PK11195 uptake in the whole brain in the 

RSD+VEH group (p<0.01) and in various individual brain regions: striatum, brainstem 
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(p<0.001), basal ganglia, temporal cortex (p<0.01), BNST, orbitofrontal cortex, olfactory 

cortex, and occipital cortex (p<0.05). Most of these positive correlations were diminished or 

completely disappeared in RSD+KET animals. In the RSD+KET group positive correlations 

were only present in striatum, orbitofrontal cortex and parietal cortex (p<0.05).  

 

Brain regions CTL + VEH RSD + VEH RSD + KET 
Amygdala 0.07 0.27 0.36 
Basal ganglia  0.27 0.69** 0.46* 
Bed nucleus of the stria 
terminalis 0.01 0.51* 0.33 
Brainstem 0.05 0.81*** 0.49* 
Cerebellum 0.01 0.13 0.17 
Entorhinal cortex 0.01 0.02 0.17 
Frontal association cortex 0.07 0.46* 0.29 
Hippocampus 0.05 0.05 0.50 
Insular cortex 0.01 0.06 0.36 
Medial prefrontal cortex 0.14 0.40 0.09 
Midbrain 0.02 0.46* 0.34 
Occipital cortex 0.01 0.61* 0.50* 
Olfactory cortex 0.10 0.57* 0.21 
Orbitofrontal cortex 0.01 0.62* 0.62* 
Parietal cortex 0.03 0.11 0.56* 
Striatum 0.02 0.81*** 0.56* 
Temporal cortex 0.03 0.77** 0.39 
Whole brain 0.01 0.79** 0.37 
 
Table 2. Correlation of serum corticosterone concentration with [11C]-PK11195 uptake (SUV), as 

determined by PET. Correlations between serum corticosterone concentration and tracer uptake are presented 

as coefficient of determination (R2). Statistically significant correlations in the regression analysis are presented 

with an asterisks: *p<0.05; **p<0.01, ***p<0.001. 

 

 

4. Discussion 

 

In this study, we explored the effect of ketamine on neuroinflammation in the RSD rat 

model of depression. We found that RSD was able to induce depressive-like behavior in the 

SPT, decreased body weight gain and tended to increase serum corticosterone levels. RSD 

also induced neuroinflammation in the insular and entorhinal cortex. Injection of ketamine 
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one day after the RSD resulted in a normalization of corticosterone levels, but contrary to our 

hypothesis, the effects of RSD on depressive-like behavior, body weight and 

neuroinflammation were not reversed. Instead, animals treated with ketamine showed an 

increase in neuroinflammation in the basal ganglia.  

The 5-day RSD protocol used in this study was able to induce depressive-like 

behavior, a decrease in weight gain and a non-significant increase in serum corticosterone 

levels. These results are in accordance with other studies in rodents describing similar effects 

[32–35]. However, our model failed to demonstrate anxiety-like behavior in the OFT, as the 

time spent in the center of the arena was not affected. Studies using the RSD protocol and the 

OFT to measure anxiety-like behavior have shown contradictory results, as either an increase 

in anxiety-like behavior [24,36–38] or no effect at all have been reported [39,40]. 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 interval between the end of 

RSD and the OFT.  

In addition to changes in behavior and weight gain, RSD caused neuroinflammation in 

the insular and entorhinal cortex, as observed with [
11

C]-PK11195 PET. These results are in 

line with earlier publications showing changes in brain inflammation due to social stress 

[34,41–43]. [
11

C]-PK11195 PET for imaging of upregulation of the translocator protein 

(TSPO) has also been successfully used to detect microglial and astroglial activation in 

depressed patients [44] and in patients that had suicidal thoughts [45]. The neuroinflammation 

in insular and entorhinal cortex observed in our study is interesting, since these areas have 

been suggested to participate in memory and in the emotional component in depression [46–

48]. In rodent models of depression, increased activity (measured as glucose metabolism) in 

the insula and entorhinal cortices have been reported after chronic restraint stress [49], while 

in the chronic corticosterone model, a decrease in glucose metabolism was found in the insula 

[50]. Moreover, MRI studies suggest that patients suffering from major depression have 

decreased insular regional homogeneity [51,52], increased insular activity that correlates with 

depression severity [53], decreased insular activation in depressed patients [54], reduced 

global fractional anisotropy in areas connected with the insula [55] and decreased or aberrant 

functional connectivity between insular subregions [56,57]. Although some apparent 

contradictions are found in these observations, probably due to differences in the model and 

intensity of the symptoms and the fact that activation does not necessarily correlates with 

inflammation, it clearly suggest the involvement of the insula and entorhinal cortices in 

depression.  
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In this study, RSD exposed animals were treated with a single dose of 20 mg/kg of 

ketamine and showed a normalization of corticosterone levels, but no improvement in 

anhedonia or weight loss. Instead, it delayed weight recovery compared to animals only 

exposed to RSD. The dose of 20 mg/kg of ketamine has previously been reported to induce 

antidepressant effects in chronic stress models [58]. Several studies have even used a dose of 

10 mg/kg of ketamine and found antidepressant effects [59–61]. However, all these studies 

tested the antidepressant effects of ketamine either on the day of administration or 24 h 

afterwards. Yet, one study using maternal deprivation in Wistar rats reported an 

antidepressant effect of a dose of 15 mg/kg of ketamine 14 days post injection [62]. We 

evaluated 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.  

Most studies that have shown antidepressant effects after acute ketamine injection 

have used different animal models of chronic stress [35,59,60,63–65]. Studies in rats have 

used either chronic mild stress or chronic unpredictable 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 4 h after administration of 10 mg/kg ketamine [35]. It is possible that 

the difference in the depression model or species could account for the lack of efficacy of 

ketamine in the SPT in our RSD model, despite the normalization of corticosterone levels.  

Since several studies reported that ketamine seemed to reduce circulating pro-

inflammatory markers in animal models of inflammation, we expected that ketamine would 

decrease of neuroinflammation [58,66–71]. Contrary to our hypothesis, we observed that 

RSD-induced neuroinflammation in the insular and entorhinal cortices was unaffected by the 

acute injection of ketamine. However, the correlation between neuroinflammation and serum 

corticosterone levels in specific brain areas of animals exposed to RSD was diminished after 

the administration of ketamine. These observations and the fact that ketamine administration 

did not induce antidepressant effects either seems to suggest that the effect of ketamine on 

depressive-like behavior and neuroinflammation is not directly related to the normalization of 

corticosterone levels.  

One issue that must be emphasized is related to the timing of inflammatory processes. 

Differences in the timing of evaluations can have profound effects on the results of different 

studies. In studies evaluating the effects of ketamine on neuroinflammation, Zhang and 

colleagues measured cytokine changes 3 days after ketamine injection [71], while Wang and 

colleagues measured changes in inflammation markers 4 h post-injection (Wang et al., 2017), 
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finding a decrease in inflammation markers. Here we measured inflammation with [
11

C]-

PK11195 PET 6 days after ketamine injection. This may suggest that the effect of ketamine in 

different time points is needed in order to determine if a single ketamine injection after 1 day 

of the RSD has no effect on inflammation.  

Interestingly, acute ketamine treatment induced an increase in neuroinflammation in 

the basal ganglia. Due to resolution constraints, it is not possible to identify the specific brain 

region within the basal ganglia that is responsible for the increased neuroinflammation. The 

basal ganglia region comprises the olfactory tubercle, ventral pallidum, substantia nigra, 

subthalamic nucleus and the VTA. Based on current literature, the most likely brain region to 

be affected by ketamine is the VTA. The VTA produces dopamine and plays a central role in 

the reward system. Alterations in the reward system and the mesolimbic dopaminergic system 

have been consistently found in depressed patients [72,73] and in animal models for 

depression [74]. The VTA is not the only region that may have been affected by ketamine. 

For example, the ventral pallidum has also been associated with depression and in the RSD 

model for depression, discrete circuits in the ventral pallidum projecting to either the lateral 

habenula or VTA undergo different electrophysiological adaptations in response to RSD, 

which are normalized by antidepressant treatment [75].  

Limitations of this study, include the fact that [
11

C]-PK11195 is not be able to 

discriminate between the pro- and anti-inflammatory microglia phenotypes. Consequently, it 

is not possible to determine if activated microglia in specific brain regions, e.g. the basal 

ganglia, present a more anti-inflammatory or pro-inflammatory microglia profile. 

Additionally, more studies using other doses and/or different evaluation time points after the 

ketamine injection could help in the exploration of the relationship between ketamine’s 

antidepressant effects and neuroinflammation. 

In conclusion, our results show that a single dose of ketamine one day after of RSD 

does not reverse RSD-induced neuroinflammation in the insular and entorhinal cortices or 

depressive-like behavior, despite normalization of corticosterone levels, measured 6 days after 

administration of the drug. Instead, ketamine induced glial activation in the basal ganglia and 

delayed the recovery of body weight loss. Further studies are required to establish the 

relevance of the induction of neuroinflammation in the basal ganglia for the antidepressant 

effects of ketamine.  
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