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ORIGINAL ARTICLE

The rapid antidepressant effect of ketamine in rats is associated with
down-regulation of pro-inflammatory cytokines in the hippocampus

NAN WANG1, HAI-YING YU2, XIAO-FENG SHEN1, ZHI-QIN GAO2, CHUN YANG2,
JIAN-JUN YANG3 & GUANG-FEN ZHANG3

1Department of Anesthesiology, The Affiliated Nanjing Maternity and Child Health Care Hospital, Nanjing Medical
University, Nanjing, China, 2Department of Psychiatry, PLA 102nd Hospital and Mental Health Center of Military,
Changzhou, China, and 3Department of Anesthesiology, Jinling Hospital, School of Medicine, Nanjing University,
Nanjing, China

Abstract
Objectives. Active inflammatory responses play an important role in the pathogenesis of depression. We hypothesized that the
rapid antidepressant effect of ketamine is associated with the down-regulation of pro-inflammatory mediators.
Methods. Forty-eight rats were equally randomized into six groups (a control and five chronic unpredictable mild stress
(CUMS) groups) and given either saline or 10 mg/kg ketamine, respectively. The forced swimming test was performed, and the
hippocampus was subsequently harvested for the determination of levels of interleukin (IL)-1b, IL-6, tumour necrosis factor-a
(TNF-a), indoleamine 2,3-dioxygenase (IDO), kynurenine (KYN), and tryptophan (TRP).
Results.CUMS induced depression-like behaviours and up-regulated the hippocampal levels of IL-1b, IL-6, TNF-a, IDO, and
the KYN/TRP ratio, which were attenuated by a sub-anaesthetic dose of ketamine.
Conclusion. CUMS-induced depression-like behaviours are associated with a reduction in hippocampal inflammatory
mediators, whereas ketamine’s antidepressant effect is associated with a down-regulation of pro-inflammatory cytokines in
the rat hippocampus.
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Introduction

Depression is a common, serious, recurrent illness. In
American adults, the 12-month prevalence rate of a
major depressive episode is 8.3%, and the lifetime
prevalence rate is 19.2% (1). Unfortunately, the path-
ogenesis of depression remains insufficiently under-
stood, and currently available monoamine-based
therapies are associated with delayed onset times
and low remission rates (2). These limitations raise
an urgent and unmet need for more efficacious and
fast-acting antidepressant agents, particularly for
depressed subjects with high suicide rates.

Recently, much attention has been paid to the
hypothesis that inflammationcontributes todepression.
A growing body of evidence has shown that depression
is associated with increased concentrations of inflam-
matory cytokines in the serum and cerebrospinal fluid
(CSF), which is correlated with the severity of depres-
sion (2-4). Recent studies and our previous results have
shown that the peripheral or intra-cerebral administra-
tion of the cytokine-inducer lipopolysaccharide (LPS)
and intra-cerebral injections of interleukin (IL)-
6 induced a depressive behaviour in rats (5-7). Further-
more, inhibition of pro-inflammatory responses
improves depressive symptoms and facilitates the
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therapeutic efficacy of conventional antidepressants
(2,3). Preclinical and clinical data suggest that depres-
sion may be an inflammation-related disorder, and
inhibition of pro-inflammatory responses is probably
implicated in the treatment of depression. This implies
that pro-inflammatory cytokines may be used as bio-
markers to predict the development of depression and
the therapeutic efficacy of antidepressants.
One pathway by which inflammatory stimuli con-

tribute to depression is indoleamine 2,3-dioxygenase
(IDO), which is activated by pro-inflammatory cyto-
kines, such as IL-1, IL-6, and tumour necrosis factor-
a (TNF-a) (8). If activated, IDO depletes tryptophan
(TRP), reduces 5-hydroxytryptamine (5-HT) in sev-
eral regions of the brain, and ultimately elicits depres-
sion symptoms (9). IDO activity, as evaluated by the
levels of metabolites in the kynurenine (KYN) path-
way, is associated with the severity of inflammation as
well as depressive symptoms (3). Conversely, the
inhibition of IDO abrogates depression-like beha-
viours induced by acute or chronic pro-inflammatory
stimuli (10,11). Thus, IDO plays a key role in the
induction of depression-like behaviours in response to
inflammation.
Ketamine is a commonly used anaesthetic. The

administration of a sub-anaesthetic dose of ketamine
has been shown to produce rapid, robust, and long-
lasting antidepressant properties (12-14) and to exert
anti-inflammatory reactions in both humans and ani-
mals (15-17). These anti-inflammatory effects can be
linked to ketamine’s antidepressant activity mainly via
a direct inhibition of inflammatory cytokines and reg-
ulators and an indirect influence on the kynurenine
signal pathway (18). However, little attention has been
paid to the anti-inflammatory signalling pathway that
mediates ketamine’s antidepressant effect.Wehypoth-
esized that down-regulation of pro-inflammatory
cytokines may be one of the possible mechanisms
underlying ketamine’s antidepressant properties.
Thus, we investigated whether ketamine alleviating
depressive behaviours is related with inhibition of
inflammatory responses in chronic unpredictable
mild stress (CUMS) in a rat model.

Materials and methods

Animals and drug administration

The animal experiments were approved by the Ethics
Committee of Jinling Hospital and were performed in
accordance with the Guide for the Care and Use of
Laboratory Animals from the National Institutes of
Health, USA. Forty-eight male adult Wistar rats
weighing 200–250 g were purchased from the Shang-
hai Animal Centre, Shanghai, China. They were

housed five per cage with food and water available
ad libitum and were maintained on a 12-h light/dark
cycle (lights on at 7.00 a.m.). After 7 days of accli-
matization, the rats were randomly divided into six
groups of eight rats each. The control group received
an intraperitoneal injection of 0.9% saline. Rats in the
five CUMS groups were given an intraperitoneal
injection of 0.9% saline or a sub-anaesthetic dose
of ketamine (10 mg/kg) in the same volume of
1 mL. Behavioural tests were performed 0.5 h after
saline administration and 0.5, 1, 2, and 4 h after
ketamine administration in the CUMS groups.

CUMS

The CUMS procedure was performed as previously
described (19) with a slight modification. Briefly, the
rats were subjected to different stressors: cage tilting
for 24 h; wet bedding for 24 h (200 mL of water per
individual cage, which is enough to wet the sawdust
bedding); cold swimming for 5 min (at 4�C); swim-
ming in water for 5 min (at 45�C); fasting for 48 h;
water deprivation for 24 h; level shaking for 10 min;
tail nip for 1 min (1 cm from the end of the tail); and
inversion of the light/dark cycle for 24 h. These nine
stressors were applied for 21 days, during which each
stressor was applied 2–3 times. Rats in the CUMS
groups received one of these stressors at a different
time each day, and the same stressor was never
applied consecutively so that the animals could not
predict the stimulation. Rats in the control group were
undisturbed except for necessary procedures, such as
routine cage cleaning.

Forced swimming test (FST)

The swimming session was conducted by placing the
rats in cylinders that were 65 cm tall, 30 cm in
diameter, and filled with water (22–23�C) to a depth
of 40 cm. All the procedures were conducted between
09.00 and 15.00. The FST was conducted for 6 min,
and the immobility time (in seconds) was recorded
during the last 5 min of the 6-min test by two obser-
vers blinded to the group assignment. Immobility was
defined as floating in the water without struggling and
only making necessary movements to keep the head
above water. The water in the tank was changed after
every test.

Novelty-suppressed feeding test (NSFT)

NSFT was performed as previously described (20).
Before testing, rats were food-deprived overnight.
Rats were placed in an open field (75 cm �
75 cm � 40 cm) with a small amount of food in
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the centre. Animals were allowed to explore the open
field for 8 min. The latency to feed, specifically the
time it took for the animal to approach and take the
first bite of the food, was recorded with a stopwatch.
Home cage food intake was measured right after the
test as a control value.

Open field test (OFT)

Before the test session of the FST, OFT was used to
test whether locomotor activities were affected in the
experimental rats. Locomotor activity of rats was
evaluated by the OFT at 0.5 h after the administration
of saline or ketamine. The apparatus consisted of an
arena of 75 cm � 75 cm square floor surrounded by a
40 cm high wall. The floor of the arena was divided
into 25 equal squares. Rats were placed in the centre
of the square, and the numbers of crossings and
rearings were subsequently recorded by the same
two observers in a blinded manner. The open field
was cleaned entirely after each test.

Stereotype rating

To study psychosis-like behaviours, stereotype rating
was performed at 0.5 h after the last administration of
saline or ketamine as in the study of Zuo and co-
workers (21). This activity was observed for 5 min
every time. For the test, the same two observers rated
the stereotyped behaviour every minute in this pro-
cedure in a blinded manner. Score 1, lying down, eyes
closed (asleep); Score 2, lying down, eyes open (inac-
tive); Score 3, normal grooming or chewing cage litter
(in place activities); Score 4, moving around in the
cage, sniffing, rearing (normal, alert, active); Score 5,
running movement (hyperactive); Score 6, repetitive
exploration of the cage at a normal level of activity
(slow patterned); Score 7, repetitive exploration of the
cage with hyperactivity (fast patterned); Score 8,
remaining in same place in cage with fast repetitive
head and/or foreleg movement (restricted); Score 9,
backing up, jumping, seizures, abnormally main-
tained postures, dyskinetic movements (dyskinetic-
reactive).

IL-1b, IL-6, and TNF-a determinations

Rat brain was removed, and the hippocampus was
dissected and stored at �80�C until assayed. IL-1b,
IL-6, and TNF-a levels were measured using a radio-
immunoassay (RIA) (North China Institute of Bio-
technology, Beijing, China). All analytical steps were
performed in accordance with the manufacturer’s
recommendations. The assays used can detect the
biologically active form of the protein. Concentrations

of IL-1b, IL-6, and TNF-a were calculated by refer-
ring to a standard curve, according to the man-
ufacturer’s instructions.

IDO determination

IDO levels were determined using a commercially
available enzyme-linked immunosorbent assay
(ELISA) (R&D, Minneapolis, MN, USA) following
the manufacturer’s instructions. In this procedure,
flat-bottom 96-well plates were coated with anti-
IDO monoclonal antibodies to bind IDO, and the
plates were incubated overnight at 4�C. The plates
were washed, and a second specific anti-IDO poly-
clonal antibody was added and the incubation went
on for 60 min at 37�C so that the captured IDO
bound the polyclonal antibody. After washing, the
amount of specifically bound polyclonal antibody was
then determined using species-specific antibody con-
jugated to horseradish peroxidase as a tertiary reac-
tant. Unbound conjugate was removed by washing.
The conjugates were revealed by incubating with a
chromogenic substrate. The absorbency was mea-
sured using an automatic ELISA microplate reader.

TRP and KYN determinations

TRP and KYN levels were analysed by means of a
high-performance liquid chromatography (HPLC)
system. Rat brains were first weighed and then
homogenized in 500 mL of a 0.1 N HClO4/10 mM
ascorbate solution using a 1.5 mL centrifuge tube and
a disposable pestle. Upon complete homogenization,
the brain samples were centrifuged at 12,000g for
5 min at 4�C. After homogenization, the supernatant
was extracted and loaded into a Costar Spin-X tube
filter and centrifuged at 12,000g for 5 min at 4�C. For
the current study, sample extracts were then diluted at
1:10 (v:v) in 0.02 NHClO4 and analysed for TRP and
KYN. A standard curve was generated on each day
from concentrated (2 mM) TRP and KYNmade up in
0.02 N HClO4 and held at 4�C until a volume of
20 mL was injected into the system. A standard curve
was created using the system software, and samples
were not analysed unless a linear standard curve with
r2 greater than 0.995 was achieved. The KYN/TRP
ratio was calculated as an estimate of IDO activity.

Statistical analysis

Data are expressed as the mean ± SEM or n (%) and
were calculated by the Statistical Product for Social
Sciences (SPSS; Version 16.0, IL, USA). Compar-
isons between groups were performed by one-way
analysis of variance followed by the Bonferroni test
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for post-hoc comparisons. P < 0.05 was considered
statistically significant.

Results

Effects of CUMS exposure and ketamine on the
locomotor activity and stereotypic movements

Compared with the controls, rats subjected to the
CUMS exposure did not present any changes in the
crossings and rearings (P > 0.05) of the locomotor
activity and the stereotypic movements (P > 0.05). To
investigate the effects of ketamine on the locomotor
activity and psychosis-like behaviour of the rats, we
injected 10 mg/kg ketamine into the rats subjected to
CUMS exposure. It was found that rats given keta-
mine at 0.5, 1, 2, and 4 h had unaffected locomotor
activities and stereotypic movements (all P > 0.05).

Effects of CUMS exposure and ketamine on the
immobility time during FST and the latency to feed
during NSFT

Compared with the controls, rats subjected to CUMS
exposure presented a significantly increased immo-
bility time (P < 0.001, Figure 1a) and latency to feed
(P < 0.05, Figure 1b). To investigate the effects of
ketamine on the depressive-like behaviours of the rats,
we injected ketamine to the rats subjected to CUMS
exposure. It was found that ketamine administration
prevented the CUMS-induced increase in immobility
time and latency to feed at 0.5, 1, 2, and 4 h (all
P < 0.05) (Figure 1).

Levels of IL-1b, IL-6, and TNF-a in the hippocampus

Compared with the control group, the levels of IL-1b,
IL-6, and TNF-ameasured by RIA were significantly
increased in the rat hippocampus after CUMS expo-
sure (P < 0.05). To determine the effects of ketamine
on the pro-inflammatory cytokines, we injected keta-
mine to rats subjected to CUMS exposure. RIA
analysis revealed that ketamine administration pre-
vented the CUMS-induced increases in IL-1b at
0.5 and 1 h, IL-6 at 0.5, 1, 2, and 4 h, and TNF-a
at 2 and 4 h in the hippocampus (P < 0.05) (Figure 2).

IDO levels and the KYN/TRP ratio in the hippocampus

Compared with the control group, the levels of IDO
and the KYN/TRP ratio measured by ELISA and
HPLC were significantly increased in the hippocam-
pus after CUMS exposure (P < 0.05). To determine
the effects of ketamine on the downstream signalling
of pro-inflammatory cytokines, we injected ketamine
to the rats subjected to CUMS exposure. ELISA and
HPLC analysis revealed that ketamine administration
prevented the CUMS-induced increase in IDO levels
and the KYN/TRP ratio at 0.5, 1, 2, and 4 h in the
hippocampus (P < 0.05) (Figure 3).

Discussion

We found that CUMS exposure induced depression-
like behaviours and up-regulated the levels of IL-1b,
IL-6, TNF-a, IDO, and the KYN/TRP ratio in the rat
hippocampus, which were attenuated by a sub-
anaesthetic dose of ketamine. This suggests that the
rapid antidepressant effect of ketamine is related to

Figure 1. Effects of CUMS exposure and ketamine administration on immobility time during FST and latency to feed during NSFT of rats.
Data are presented as the mean ± SEM of 8 rats per group. *P < 0.05, ***P < 0.001, versus control, #P < 0.05, ##P < 0.01, ###P < 0.001, versus
CUMS (saline). Ket = ketamine.
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Figure 2. Effects of CUMS exposure and ketamine administration on the levels of IL-1b (A), IL-6 (B), and TNF-a (C) in the rat
hippocampus. Levels of IL-1b at 0.5 and 1 h (A), IL-6 at 0.5, 1, 2, and 4 h (B), and TNF-a at 2 and 4 h (C) were reduced after ketamine
treatment. Data are presented as the mean ± SEM of 8 rats per group. *P < 0.05, versus control, #P < 0.05, versus CUMS (saline).
Ket = Ketamine.

Figure 3. Effects of CUMS exposure and ketamine administration on IDO levels (A) and the KYN/TRP ratio (B) in the rat hippocampus. IDO
levels (A) and the KYN/TRP ratio (B) were reduced at 0.5, 1, 2, and 4 h after ketamine treatment. Data are presented as the mean ± SEM of
8 rats per group. *P < 0.05, versus control, ##P < 0.01, #P < 0.05, versus CUMS (saline). Ket = Ketamine.
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the down-regulation of the inflammatory response to
CUMS in the hippocampus.
Previous studies (22,23) have suggested that

depression is associatedwith increased levels of inflam-
matory cytokines, such as IL-1b, IL-2, IL-6, and
TNF-a. Two recent meta-analyses also demonstrated
higherserumIL-6concentrations indepressedpatients
compared with control patients, but there were no
differences in IL-10 concentrations (24,25). Recently,
a population-based longitudinal study demonstrated
that higher levels of the systemic inflammatory marker
IL-6 in childhood are associated with an increased risk
of developingdepression andpsychosis in young adult-
hood (26).Moreover, several lines of evidence indicate
that both acute and chronicuseof cytokines or cytokine
inducers may lead to depressive symptoms. For exam-
ple, the administration of LPS to normal mice effected
acute increases in depressive symptoms (27), and the
injection of a Salmonella typhi vaccine to healthy con-
trols elicited depressed moods (28). In the present
study, we found that the hippocampal levels of
IL-1b, IL-6, and TNF-a were significantly increased
after CUMS. Thismodel is generally thought to be the
most valuable and promising model of depression and
is widely used to study the pathogenesis of depression
and its therapeutic interventions.
It has been widely acknowledged that ketamine

down-regulates inflammatory responses, and it has
been recommended for use in surgery of sepsis
patients due to its anti-inflammatory effects
(15-17). Previous studies in both animals and humans
have shown that ketamine produces immunomodu-
latory effects and facilitates 5-HT production in the
hippocampus, partly contributing to the beneficial
effect of ketamine on depressive symptoms, which
is consistent with our data (17,29). Our previous
clinical study also suggested that serum IL-6 is a
predictive biomarker for the antidepressant effect of
ketamine in treatment-resistant patients (30).
IDO is an enzyme that regulates the first step of the

KYN pathway, which can be induced by the increased
production of pro-inflammatory cytokines. Recent
evidence has suggested IDO as a potential link
between inflammatory cytokines and the neurochem-
ical or neuroendocrine alterations that may be respon-
sible for the pathogenesis of depression (5,8,9). The
activation of IDO will promote the conversion of TRP
to KYN rather than 5-HT. Two hypotheses have been
put forward for the deteriorated effect of elevated
KYN formation in the pathogenesis of depression.
First, the up-regulation of KYN will reduce the bio-
availability of TRP for the synthesis of 5-HT (31).
Second, the metabolism of KYN can lead to 3-hydro-
xykynurenine (3-HK) and the end-product of quino-
linic acid (QUIN), increasing the formation of

reactive oxygen species involved in neuronal apopto-
sis and inducing the overstimulation of N-methyl-D-
aspartate (NMDA) receptors, respectively, leading
to hippocampal damage and the development of
depression (32,33). Alternatively, the metabolism of
KYN will lead to kynurenic acid (KYNA), an NMDA
receptor antagonist thought to be neuroprotective.
Recent studies have demonstrated decreased levels
of hippocampal KYNA in depressive patients (34)
and decreased KYNA as well as increased QUIN in
the CSF of suicidal individuals (35). Furthermore,
there were reduced serum KYNA to QUIN ratios in
patients with major depressive disorder (36,37) asso-
ciated with decreased hippocampal and amygdala
volumes (37).
A recent study showed that IL-6 induces IDO

expression through the JAK/STAT pathway (38).
In addition, IDO may participate in hyperactivity of
the hypothalamic-pituitary-adrenal (HPA) axis dur-
ing the development of depression (39). Taken
together, IDO plays a pivotal role in mediating
depression-like behaviours in response to immune
activation. In the present study, we examined the
value of the KYN/TRP ratio as an estimate of IDO
activity. Our study demonstrated that CUMS expo-
sure elevated the IDO levels and activities in the
hippocampus. That effect was blocked by ketamine,
supporting the hypothesis that IDO activated by pro-
inflammatory cytokines may contribute to the patho-
genesis of depression. On the contrary, Walker et al.
(40) have recently reported that ketamine abrogates
LPS-induced depression-like behaviours by targeting
QUIN, but not by affecting inflammatory responses in
the brain of C57BL/6J mice.
At the molecular level, there are scientific data

available that may implicate a possible role for
NMDA, a-amino-3-hydroxy-5-methyl-4-isoxazole-
propionic acid, brain-derived neurotrophic factor
(BDNF), mammalian target of rapamycin, and glyco-
gen synthase kinase-3 in the rapid antidepressant
action of ketamine (41-43). Nevertheless, the neuro-
transmitters underlying the molecular and cellular
activity of ketamine have not been fully elucidated.
Additionally, there is evidence to suggest that ketamine
is indeed changing glutamate transmission. Interest-
ingly, inflammatory cytokines have been shown to
interact with the glutamate pathways in several impor-
tant ways, including increasing the release of glutamate
from astrocytes and decreasing the expression of glu-
tamate transporters on relevant glial elements. Gluta-
mate released from astrocytes has preferential access to
extra-synaptic NMDA receptors, which have been
shown to decrease BDNF and increase excitotoxicity
(3). In addition, inflammatory cytokines, including
TNF-a, have been shown to reduce glutamine
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synthetase (44), which converts glutamate to gluta-
mine, potentially leading to a build-up of intracellular
and extracellular glutamate concentrations. Along with
cytokine-mediated induction of nitrogen and oxygen
free radicals, this build-up can lead to astrocyte death.
Cytokines, such as TNF-a, can also reduce glutamate
transporter expression on oligodendrocytes and, in
excess, are directly toxic to these cells. These effects
of inflammatory cytokines on glutamate metabolism,
reuptake, and release by astrocytes and oligodendro-
cytes, as well as the fundamental integrity and survival
of these glial elements, provide an intriguing intersec-
tion of the inflammation and glutamate hypotheses
of depression and their relationship to treatment
resistance.
In conclusion, our results suggest that depression is

associated with increased inflammatory mediators
and the antidepressant effect of ketamine may be
associated with the down-regulation of pro-
inflammatory mediators in the hippocampus. The
anti-inflammatory effect of ketamine is not likely to
be the only one but seems to be a major cause of its
antidepressant actions.
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National Natural Science Foundation of China
(No. 81271216).
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