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Lactate is an antidepressant that mediates resilience to stress by
modulating the hippocampal levels and activity of histone
deacetylases
Nabil Karnib 1, Rim El-Ghandour1, Lauretta El Hayek1, Patrick Nasrallah2, Mohamad Khalifeh1, Nour Barmo1, Vanessa Jabre1,
Pascale Ibrahim1, Maria Bilen1, Joseph S. Stephan3, Edward B. Holson4,5, Rajiv R. Ratan6 and Sama F. Sleiman 1,2

Chronic stress promotes depression in some individuals, but has no effect in others. Susceptible individuals exhibit social avoidance
and anxious behavior and ultimately develop depression, whereas resilient individuals live normally. Exercise counteracts the
effects of stress. Our objective was to examine whether lactate, a metabolite produced during exercise and known to reproduce
specific brain exercise-related changes, promotes resilience to stress and acts as an antidepressant. To determine whether lactate
promotes resilience to stress, male C57BL/6 mice experienced daily defeat by a CD-1 aggressor, for 10 days. On the 11th day, mice
were subjected to behavioral tests. Mice received lactate before each defeat session. When compared with control mice, mice
exposed to stress displayed increased susceptibility, social avoidance and anxiety. Lactate promoted resilience to stress and rescued
social avoidance and anxiety by restoring hippocampal class I histone deacetylase (HDAC) levels and activity, specifically HDAC2/3.
To determine whether lactate is an antidepressant, mice only received lactate from days 12–25 and a second set of behavioral tests
was conducted on day 26. In this paradigm, we examined whether lactate functions by regulating HDACs using co-treatment with
CI-994, a brain-permeable class I HDAC inhibitor. When administered after the establishment of depression, lactate behaved as
antidepressant. In this paradigm, lactate regulated HDAC5 and not HDAC2/3 levels. On the contrary, HDAC2/3 inhibition was
antidepressant-like. This indicates that lactate mimics exercise’s effects and rescues susceptibility to stress by modulating HDAC2/3
activity and suggests that HDAC2/3 play opposite roles before and after establishment of susceptibility to stress.

Neuropsychopharmacology (2019) 44:1152–1162; https://doi.org/10.1038/s41386-019-0313-z

INTRODUCTION
Major depressive disorder or depression is the leading cause of
disability worldwide. The World Health Organization estimates
that 320 million people suffer from this disease [1]. Antidepres-
sants that target neurotransmitter systems are currently pre-
scribed; however, less than half of the depressed patients achieve
complete remission upon treatment [2]. Because of the limited
efficacy of traditional antidepressants, there is an urgent need to
identify novel cellular pathways involved in regulating suscept-
ibility and resilience to stress. Interestingly, some individuals are
more susceptible to depression, and the molecular mechanisms
underlying this vulnerability are poorly understood. It is clear that
genetic predisposition, aberrant changes in gene expression and
environmental factors such as chronic stress are involved [3].
Recent work has focused on the epigenetic basis of mental illness
and on the identification of epigenetic modulators that are
responsible for the gene expression patterns that mediate
susceptibility or resilience to stress [4]. Evidence suggests that
histone acetylation has important roles in this context [5], with
class I and class II histone deacetylases (HDAC) implicated in
various aspects of depression. Indeed, brain region-specific

infusion of HDAC inhibitors rescues depression phenotypes
[6–9]. Interestingly, physical exercise counteracts the effect of
chronic stress by inducing changes in gene expression in the brain
through regulation of HDAC activity [10].
Exercise has many positive effects on brain physiology [11, 12].

It rescues many features of neurodegenerative disorders [13] and
is linked to improved mental health [14, 15]. Chronic exercise
induces antidepressant-like behavior in mice subjected to learned
helplessness, forced swim, and tail suspension tests [16]. More-
over, voluntary exercise promotes resilience to chronic social
defeat stress (CSDS) by inducing changes in gene expression in
the nucleus accumbens [15]. These results in animals have been
substantiated in human studies [17]. Hence, it is valuable to
harness the therapeutic potential of exercise [18].
Exercise induces the production of metabolites such as β-

hydroxybutyrate (DBHB) [10] and lactate that coordinate to
mediate its positive effects on the brain. Lactate administration
reproduces specific brain exercise-related changes [19]. Indeed,
lactate promotes memory formation by maintaining normal
synaptic function [20–22] and protects against ischemic stress
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[23]. In addition, lactate has antidepressant effects in a
corticosterone-induced model of stress [24].
In this work, we tested the hypothesis that lactate promotes

resilience to CSDS. We showed that lactate promotes resilience to
stress by restoring normal levels and activity of the class I HDACs,
HDAC2, and HDAC3. Our results reveal that the molecular
pathways involved in establishing resilience to stress are distinct
from those important for antidepressant effects after susceptibility
is established. We also discovered that lactate can serve as an
antidepressant after the establishment of the defeat phenotype. In
this case, lactate mediates its effects by decreasing hippocampal
levels of the class II HDAC, HDAC5 rather than affecting class I
HDACs.

MATERIALS AND METHODS
Animal housing and lactate injections
Adult male C57BL/6 mice were housed in cages and divided
according to the experimental groups: saline or lactate-receiving.
Male mice were intraperitoneally injected with lactate (180 mg/kg)
alone or in combination with the class I HDAC inhibitor, CI-994
(30 mg/kg) or with saline. The lactate dose used yields 20 mM
lactate concentrations in the blood. This is consistent with both
lactate plasma and hippocampal levels reported after exercise
[25–28]. Animal care and use was in accordance with the
guidelines and as approved by the ACUC.

Chronic social defeat stress (CSDS)
We performed the CSDS in mice, as previously described [29].
Briefly, the CSDS consisted of three stages. The first stage involved
the screening and selection of aggressive CD-1 mice. The second
stage comprised 10 days of CSDS sessions, during which
experimental mice were exposed to social defeat by introduction
to the compartment containing the aggressor mouse for 7 min,
then transferred to the other compartment of the cage
allowing only sensory interaction between the intruder and
resident mouse. The third stage involved social behavioral testing
on the eleventh day followed by animal sacrifice and tissue
harvesting.

Social interaction test
The social interaction test was performed one day after the last
defeat session as previously described [30]. Mice were habituated
for 5 min in a cage containing three compartments with two
compartments having a circular wire enclosure separated by an
empty compartment. After habituation, a social stimulus C57BL/6J
mouse was confined to one of the empty chambers and the
experimental mouse was reintroduced to the cage in the central
chamber. The experimental mouse was allowed to freely navigate
between the different chambers and its movement was recorded
with a camera. The time spent in each compartment was
measured by the ANY-maze program. The total time spent by
the mouse in the social compartment was divided by the total
time spent in the non-social compartment and the mouse was
considered susceptible if the ratio was <1 and resilient if the ratio
was >1 [31]. Because the defeat groups included both susceptible
and resilient animals, we chose to have a higher n number in the
defeat and defeat+ lactate groups to ensure having sufficient
tissues for the biochemical analyses.

Elevated plus maze
The elevated plus maze (EPM), a validated test for anxiety [32],
measures anxiety-like behaviors by using a cross apparatus to
measure the time spent in the open vs. closed arms. Experimental
mice were allowed to freely navigate the maze for 5 min. The time
spent in the closed and open arms was recorded with a camera
and measured by the ANY-maze program.

Open field
Each mouse was allowed to freely explore the open field for 5 min.
The average distance traveled was recorded.

Immunoblot analyses
To determine protein levels, total cellular proteins were extracted
by lysing the hippocampi in RIPA-B in the presence of protease
inhibitors.

RNA extraction and real time PCR
Total RNA was prepared from hippocampi using the Rneasy Plus
Mini RNA extraction kit (Qiagen) according to the manufacturer’s
protocol. Reverse transcription and real-time PCRs were per-
formed using standard PCR protocol.

Statistical analysis
Unpaired t-test, one-way or two-way ANOVA followed by the
Dunnett, Tukey, or Bonferroni post tests, respectively, were used
to measure statistical significance. p < 0.05 was considered to be
statistically significant.

RESULTS
Lactate promotes resilience to chronic social defeat stress
To determine whether lactate promotes resilience to stress, we
subjected C57BL/6J male mice (6–7weeks) to a CSDS paradigm, a
validated model of depression [33, 34]. For ten days, mice received
intra-peritoneal injections of either vehicle or lactate. Four hours
after each injection, mice were exposed to CSDS sessions followed
by sensory contact with the aggressor, while control mice were
only exposed to sensory contact with the resident mouse. This
paradigm yields a depressed phenotype among the defeat group
that can be reversed by the administration of antidepressants [9].
Twenty-four hours after the final defeat session, mice underwent
social interaction testing to screen for susceptibility vs. resilience
to stress (Fig. 1a). Previous work has established that mice
exposed to CSDS can be divided into two distinct categories:
susceptible mice characterized by social avoidance and anxiety
behaviors, and resilient mice with wild-type social behaviors [33].
This sorting was based on the social interaction time of the mice
with a social stimulus. When the ratio of the time spent in a
chamber containing a social stimulus to the time spent in an
empty chamber was greater than 1, the mouse was classified as
resilient to stress. Our data showed that animals exposed to CSDS
were split into 25 susceptible animals and 8 resilient animals. We
found that lactate promotes resilience to stress since the
percentage of resilient mice within the defeat group increased
from 24% (8/33) in the defeat group receiving vehicle, to 72% (23/
32) in the defeat group receiving lactate (Fig. 1b).

Lactate enhances social interaction and decreases anxiety
In addition to promoting resilience to stress, lactate also enhanced
social interaction. Defeat mice spent significantly less time
interacting with the social stimulus as compared to the control
groups receiving vehicle or lactate (Fig. 1c). This social avoidance
behavior was reversed by lactate. Indeed, the average time spent
interacting with the social stimulus was significantly higher in the
defeat group receiving lactate as compared to the defeat group
receiving vehicle (Fig. 1c). This confirms that lactate rescues the
social behavior deficits induced by CSDS. Next, we assessed
anxiety-like behaviors using the elevated plus maze (EPM). In the
EPM, we measured the time spent exploring the open arms of the
maze to assess the anxiety levels of the different mice groups. A
significant decrease in the time spent exploring the open arms of
the maze is indicative of anxious behavior. We found that defeat
mice spent significantly less time in the open arms of the maze as
compared to the control mice (Fig. 1d). This effect was reversed by
lactate administration. Indeed, the time spent exploring the open
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Fig. 1 Lactate mediates resilience to chronic social defeat stress and rescues social avoidance behavior and anxiety. a The chronic social
defeat paradigm consists of 10 days of daily defeat sessions that involve direct physical contact with an aggressor mouse for 7 min. On the
11th day, behavioral tests and tissue collection are conducted. Mice receive daily intra-peritoneal injections of either vehicle, lactate or the
class I HDAC inhibitor, CI-994, 4 h before each defeat session. b Lactate increases resilience to stress. In the group of mice (n= 33) receiving
saline and subjected to CSDS 24.2% are resilient to stress, whereas 75.8% are susceptible to stress. In the group of mice (n= 32) receiving
lactate (180mg/kg, daily for 10 days) and subjected to CSDS, 71.9% are resilient to stress, whereas 28.1% are susceptible to stress. c Intra-
peritoneal injections of lactate (180mg/kg, daily for ten days) reverse the chronic social defeat phenotype as shown by the increase in the
time spent in interaction zone of the social interaction test. Statistical significance was measured by two-way Anova followed by multiple
comparison test. Significance was measured vs. the defeat groups (Interaction: treatment F1,85= 31.17, p < 0.0001 and stress F1,85= 17.77, p <
0.0001; No interaction: treatment F1,85= 19.61, p < 0.0001 and stress F1,85= 9.008, p= 0.0035). ****p < 0.0001. The n numbers for the control,
control+ lactate, defeat (susceptible), and defeat+ lactate are 15, 16, 25, and 32 respectively. d Intra-peritoneal injections of lactate decrease
anxiety as measured by the significant increase in the time spent in the open arms of the elevated plus maze (EPM). Statistical significance was
measured by unpaired t-test. Significance was measured vs. the defeat groups *p < 0.05. The n numbers for the control, control+ lactate,
defeat (susceptible), and defeat+ lactate are 15, 16, 25, and 32, respectively. e The locomotor activity of all mice groups was not affected by
lactate or defeat as measured by the distance traveled in the open field. Statistical significance was measured by one-way Anova followed by
the Tukey’s multiple comparison test (F3,54= 1.162, p= 0.3328)

Lactate is an antidepressant that mediates resilience to stress by. . .
N Karnib et al.

1154

Neuropsychopharmacology (2019) 44:1152 – 1162



arms of the maze by the defeat mice receiving lactate was
comparable to control mice and significantly greater than that of
the defeat mice receiving vehicle (Fig. 1d). Importantly, lactate
treatment did not affect exploratory behavior of mice (Fig. 1e).
Taken together, our data demonstrate that lactate rescues social
deficits associated with CSDS and promotes resilience to stress.
We next wanted to decipher the molecular mechanisms under-
lying the lactate-induced resilience to stress.

The resilient phenotype is associated with a decrease in class I
HDACs (HDAC2 and HDAC3) protein levels in the hippocampus
Upon exposure to CSDS, multiple brain region-specific gene
networks regulating susceptibility to stress have been deciphered
[33, 35–37]. Consistent with these changes in gene expression
patterns, many epigenetic modifications and modulators have
been implicated in the progression of the CSDS. These modifica-
tions and modulators play unique roles in different brain regions
(reviewed in refs. [4, 38]). For instance, the levels of acetylated
histone H3 decrease in the amygdala during exposure to CSDS
and amygdala-specific inhibition of the class I HDACs (HDAC1-3)
by MS-275 rescues social behavior, but not sucrose preference [7].
In contrast, the levels of acetylated histone H3 increase in the
hippocampus of mice during exposure to CSDS, but are restored
to normal levels by the end of experimental paradigm [7].
Interestingly, hippocampal-specific inhibition of the class I HDACs
by MS-275 only rescued sucrose preference, but not social
behavior [7]. Because of the dynamics of the observed histone
acetylation changes in the hippocampus, we focused on the role
of class I HDACs in CSDS. First, we assessed HDAC1-3 and HDAC8
mRNA levels. Only HDAC3 mRNA levels were significantly reduced
in the hippocampi of defeat mice, and we found that lactate
restored these levels to normal (Fig. 2a). We next focused on
determining whether class I HDAC protein levels are altered in the
hippocampi of defeat mice. Specifically, we were interested in
determining whether these HDAC proteins are differentially
expressed in susceptible vs. resilient mice. For that reason, we
compared the protein expression of class I HDACs in the
hippocampi of susceptible and resilient mice. We found that only
HDAC2 and HDAC3 protein levels were significantly decreased in
the hippocampi of susceptible mice as compared to resilient
mice (Fig. 2b–d). We observed no changes in hippocampal
levels of HDAC1, HDAC5, or HDAC8 (Fig. 2e, f). These observed
differences in HDAC2 and HDAC3 levels between susceptible
and resilient mice correlated with changes in the expression
of genes previously implicated in depression (Fig. 2g). We
were next interested in determining whether lactate restores
normal hippocampal HDAC2 and HDAC3 levels in mice exposed to
CSDS.

Lactate restores control HDAC2 and HDAC3 protein levels in the
hippocampi of mice exposed to CSDS
Lactate treatment alters the protein levels of class I HDACs. As
expected, western blot analysis revealed that HDAC2 and HDAC3
expression levels were significantly decreased in the hippocampi
of defeat mice receiving vehicle as compared to the hippocampi
of control mice (Fig. 3a–d). Interestingly, lactate restores normal
levels of these HDACs (Fig. 3a–d) and does not increase the
baseline levels of HDAC2 or HDAC3 (Fig. 3e, f). Our results are
consistent with the hypothesis that a decrease in hippocampal
class I HDAC levels correlates with susceptibility to stress, and that
lactate can potentially promote resilience by restoring normal
HDAC2/HDAC3 levels and activity in the hippocampus. We next
tested this hypothesis.

Lactate promotes resilience to stress by restoring HDAC2 and
HDAC3 protein levels and deacetylase activity
In order to test whether lactate promotes resilience to stress by
restoring HDAC2 and HDAC3 levels and activity, we decided to

assess the effect of a combinatorial treatment of lactate and a
selective class I HDAC inhibitor (HDACi), CI-994, on social behavior
in response to CSDS. CI-994 is a benzamide-based HDACi that is
brain-permeable and that targets both HDAC2 and HDAC3. Intra-
peritoneal injections of 30mg/kg CI-994 result in long-lasting
levels of the compound in the brain and do not affect baseline
behavior [39, 40]. Indeed, we found that intra-peritoneal injections
of CI-994 either alone or when combined with lactate induce a
significant increase in histone H3 lysine 9 (K9) acetylation in the
hippocampus (Fig. 4a, b). This supports the observations that the
compound reaches the hippocampus and induces changes in
gene expression due to class I HDACi [39]. Consistent with our
previous observations that lactate restores hippocampal HDAC2/3
levels, we also found that intra-peritoneal injections of lactate
induce a decrease in histone H3K9 acetylation (Fig. 1a, b). We next
assessed the effect of class I HDAC inhibition on lactate-mediated
resilience to stress. In these experiments, mice received daily
injections of vehicle, lactate, CI-994 or lactate+ CI-994. Four hours
after the injections, the mice were exposed to CSDS. We found
that as expected, 75% (3/4) of animals exposed to CSDS were
susceptible to stress. Lactate promoted resilience to stress. 100%
(5/5) of the mice exposed to CSDS and receiving lactate were
resilient to stress. CI-994 failed to promote resilience to stress. Only
14% (1/7) of the mice exposed to CSDS and receiving CI-994 were
resilient to stress. Interestingly, when combined together, CI-994
attenuated lactate’s ability to promote resilience to stress. Indeed,
33% (2/6) of the mice exposed to CSDS and receiving CI-994+
lactate were resilient (Fig. 4c). Taken together, these experiments
suggest that lactate mediates resilience to stress by restoring
HDAC2/3 levels and importantly their deacetylase activity. We
were next interested in assessing the social interaction and
anxiety behaviors of the mice receiving the combined treatment.
Both CI-994 and the combined treatment did not significantly
rescue social avoidance phenotypes (Fig. 4d), nor anxiety
behaviors (Fig. 4e). Indeed, no increase in the time spent
interacting with the social stimulus was observed in mice exposed
to CSDS and receiving either treatment (Fig. 4d). In addition, these
mice also failed to explore the open arms of the EPM (Fig. 4e).
These results support the hypothesis that lactate mediates its
effects on social interaction and anxiety by restoring hippocampal
HDAC2/3 levels and activity. Indeed, restoring hippocampal
HDAC2/3 protein levels only is not sufficient for rescuing the
behavioral deficits induced by CSDS. This is supported by the
observation that lactate alone or in combination with CI-994 can
restore hippocampal HDAC2/3 protein levels (Fig. 4f–h). As a
result, the failure to rescue these activities in the combined
treatment is due to the ability of CI-994 to inhibit deacetylase
enzymatic activity. Taken together, our results suggest that lactate
mediates resilience to stress and rescues social deficits induced by
CSDS by restoring hippocampal HDAC2/3 levels and deacetylase
activity.

Lactate exhibits antidepressant-like effects by rescuing social
avoidance associated with depression
We were next interested in assessing whether lactate has an
antidepressant effect, and whether this effect is mediated by class I
HDACs. To assess the antidepressant role of lactate, we modified
the previously described CSDS paradigm (Fig. 5a). The modified
paradigm consisted of ten daily CSDS sessions; however, no
treatments were administered to the experimental mice. On the
eleventh day, the mice exposed to CSDS were divided into
susceptible and resilient groups based on the social interaction ratio
calculated on day 11 (test day 1). Susceptible mice were divided
into four groups that received intra-peritoneal injections of either
vehicle, lactate (180mg/kg), CI-994 (30mg/kg) or a combination of
lactate and CI-994 for an additional 13 days. These treatments were
followed with behavioral tests on day 26 (test day 2) (Fig. 5a). In
order to investigate the potential antidepressant effect of each
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Fig. 2 The resilient phenotype is associated with increased hippocampal HDAC2 and HDAC3 protein levels as compared to the susceptible
phenotype. a Real time RTPCR results showing that only Hdac3 mRNA expression is significantly decreased in the hippocampi of defeat
animals as compared to control; whereas lactate restores normal Hdac3 mRNA expression. Statistical significance was measured by one-way
Anova followed by the Dunnett’s multiple comparison test (F2,7= 7.266, p < 0.05); defeat vs. control *p= 0.0270 and defeat vs. defeat+ lactate
*p= 0.0188. The n numbers for control, defeat, and defeat+ lactate are 3, 3, and 4, respectively. No significant changes in Hdac1, Hdac2, Hdac5,
or Hdac8mRNA levels are observed. The n numbers for control, defeat and, defeat+ lactate are 4, 4, and 4, respectively, for Hdac1, Hdac2, and
Hdac8. The n numbers for control, defeat, and defeat+ lactate are 8, 9, and 7, respectively, for Hdac5. b Representative western blot images
depicting hippocampal HDAC2 and HDAC3 levels in susceptible vs. resilient mice. c Quantification of the HDAC2 western blots. Statistical
significance was measured by unpaired t-test *p < 0.05. The n number of hippocampi analyzed is 9 for the susceptible and 10 for the resilient
groups. d Quantification of the HDAC3 western blots. Statistical significance was measured by unpaired t-test *p < 0.05. The n number of
hippocampi analyzed is 8 for the susceptible and 10 for the resilient groups. e Representative western blot images depicting hippocampal
HDAC1, HDAC5, and HDAC8 levels in susceptible vs. resilient mice. f Quantification of the HDAC1, HDAC5, and HDAC8 western blots.
Statistical significance was measured by one-way Anova followed by the Dunnett’s multiple comparison test (HDAC1: F2,5= 8.63766, p=
0.0239; susceptible vs. control p= 0.1251 and susceptible vs. resilient p= 0.1457; HDAC5: F2,6= 5.065, p= 0.0515; susceptible vs. control p=
0.2845 and susceptible vs. resilient p= 0.2480; HDAC8: F2,6= 0.9725 p= 0.4307; susceptible vs. control p= 0.9822 and susceptible vs. resilient
p= 0.3920). The n number of hippocampi analyzed is 8 for the susceptible and 10 for the resilient groups. g Real time RTPCR results show that
the expression of the histone methyltransferase G9a, the NMDA receptor subunit Grin2a and the immediate early gene Arc mRNA is
significantly decreased in the hippocampi of resilient mice as compared to susceptible mice. G9a was previously shown to be involved in
cocaine-induced vulnerability to stress in the nucleus accumbens [44]. Grin2 was found to be involved in mood related disorders [45, 46].
Statistical significance was measured by t-test (G9a: p= 0.05, Grin2a: p= 0.047 and Arc: p= 0.038). The n number of hippocampi analyzed is 3
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Fig. 3 Lactate restores hippocampal protein levels of HDAC2 and HDAC3 in mice exposed to CSDS. a Representative western blot images
depicting hippocampal HDAC2 levels in control, defeat, and defeat+ lactate mice. Mice exposed to CSDS have lower levels of hippocampal
HDAC2 vs. control. Daily intra-peritoneal injections (180mg/kg, daily for 10 days) of lactate restored HDAC2 protein levels. b Quantification of
the HDAC2 western blots. Statistical significance was measured by 1way Anova followed by Tukey’s multiple comparison test (F2,11= 4.316,
p= 0.0413). Significance was measured vs. defeat **p < 0.01 and *p < 0.05. The n number of hippocampi analyzed is 4 for control, 5 for defeat,
and 5 for the defeat+ lactate groups, respectively. c Representative western blot images depicting hippocampal HDAC3 levels in control,
defeat, and defeat+ lactate mice. Mice exposed to CSDS have lower levels of hippocampal HDAC3 vs. control. Daily intra-peritoneal injections
(180mg/kg, daily for 10 days) of lactate-restored HDAC3 protein levels. d Quantification of the HDAC3 western blots. Statistical significance
was measured by one-way Anova followed by Tukey’s multiple comparison test (F2,12= 5.342, p= 0.0219). Significance was measured vs.
defeat *p < 0.05. The n number of hippocampi analyzed is 5 for control, 5 for defeat, and 5 for the defeat+ lactate groups, respectively.
e Representative western blot images depicting hippocampal HDAC2 and HDAC3 levels in control and control+ lactate mice. f Quantification
of the HDAC2/HDAC3 western blots
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treatment, we compared the social behavior phenotypes of each
group in test day 1 and test day 2. As expected, mice subjected to
CSDS spent significantly less time interacting with the social
stimulus (Fig. 5b). On test day 2, mice that received vehicle
treatment continued to exhibit social avoidance behavior, whereas

mice receiving lactate, CI-994 or the combined treatment recovered
and spent significantly more time interacting with the social
stimulus (p < 0.001, p < 0.0001, and p < 0.001, respectively) (Fig. 5b).
Interestingly, these compounds did not show similar effects when
tested for their ability to rescue anxiety. CI-994 treatment
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significantly rescued anxiety. Indeed, mice receiving CI-994 alone or
in combination with lactate spend significantly more time exploring
the open arms of the EPM (p < 0.01) (Fig. 5c). Lactate, on the other
hand, was unable to rescue this behavior (Fig. 5c). Further
behavioral tests may be needed to fully substantiate that lactate
is not anxiolytic. Our results suggest that both lactate and CI-994
have antidepressant-like effects with CI-994 being a more potent
antidepressant and anxiolytic. These results suggest that the
molecular pathways engaged by lactate to promote resilience to
stress are different from those engaged by lactate to reverse the
depression phenotype once susceptibility is established. For this
reason, we decided to further investigate the antidepressant
mechanism of action of lactate.

Lactate treatment after depression establishment does not affect
class I HDAC protein levels
We assessed the protein levels of HDAC2/3 in the hippocampus in
response to lactate antidepressant treatment (Fig. 5a). We found
that HDAC2 and HDAC3 protein levels were similar in control mice
vs. defeat/depressed mice receiving either vehicle, or lactate
(Fig. 5d, e). This suggests that once susceptibility to stress is
established, hippocampal class I HDAC protein levels normalize.
This is consistent with our finding that CI-994 has antidepressant
effects when administered after susceptibility to stress is
established. Taken together, our data are consistent with the
hypothesis that HDAC2/3 activity mediates lactate’s ability to
promote resilience to stress, but may be dispensable for its
antidepressant activity.

Lactate treatment after depression establishment promotes pan-
histone H3 acetylation and decreases HDAC5 levels
Considering that our results with CI-994 suggest that systemic
delivery of brain-permeable class I HDAC inhibitors has

antidepressant effects, we decided to assess whether lactate
treatment also affects histone acetylation. We found that lactate
treatment after depression establishment induces increases in
hippocampal pan-histone H3 acetylation (Fig. 5f). This was of
particular relevance because class I HDAC inhibition is usually
associated with acetylation of histone H3K9 and not pan-histone
H3 acetylation [39]. These results raised the possibility that lactate
mediates its antidepressant effects by modulating the expression
or activity of another class of HDACs. Interestingly, hyperacetyla-
tion of hippocampal histones has also been observed after chronic
imipramine treatment and has been associated with a selective
downregulation of the class II HDAC5 [9]. Furthermore, viral-
mediated HDAC5 overexpression in the hippocampus blocked
imipramine’s ability to reverse depression-like behavior [9]. Since
lactate treatment induced hyperacetylation of hippocampal
histones without affecting class I HDAC levels, we decided to test
whether lactate, like imipramine, alters hippocampal protein levels
of HDAC5. We found that indeed lactate also reduces hippocam-
pal HDAC5 levels (Fig. 5g). Taken together, our data suggest that
lactate mediates its antidepressant effect by altering histone
acetylation in the hippocampus, possibly by indirectly decreasing
the levels of the class II HDAC5.

DISCUSSION
With only half of the patients diagnosed with depression
achieving remission, the need for novel antidepressants is high
[2]. Even though the available antidepressants are highly selective,
their inefficiency could be due to our limited knowledge of the
molecular mechanisms underlying the disease [3]. In this study, we
showed that lactate, a metabolite known to be increased during
exercise, acts as an antidepressant and promotes resilience to
stress in a CSDS mouse model of depression. We have also shown

Fig. 4 Lactate promotes resilience and rescues social behavior in mice exposed to CSDS by restoring HDAC2 and HDAC3 protein levels and
deacetylase activity. a The brain-permeable class I HDACi, CI-994, induces acetylation of histone H3 lysine (K)9 levels. Lactate treatment
decreases acetyl histone H3K9 levels in defeat mice as compared to defeat, whereas the combined treatment of lactate+ CI-994 significantly
increases acetyl histone H3K9 level. Representative western blot images depicting hippocampal acetyl histone H3K9 levels in defeat and
defeat+ CI-994 mice as well as in defeat, defeat+ lactate, and defeat+ lactate+ CI-994 mice. b Quantification of the acetyl histone H3K9
western blots. Statistical significance was measured by the unpaired t-test. Significance was measured vs. defeat *p < 0.05. The n of
hippocampi analyzed are 3 for defeat, 3 for defeat+ lactate, 3 for defeat+ lactate+ CI-994, and 4 for the defeat+ CI-994 groups, respectively.
c The lactate-mediated increases in resilience to stress are dependent on class I HDAC activity. In the group of mice (n= 4) receiving saline and
subjected to chronic social defeat stress, 25% are resilient to stress, whereas 75 % are susceptible to stress. In the group of mice (n= 5)
receiving lactate (180mg/kg, daily for ten days) and subjected to CSDS, 100% are resilient to stress. In the group of mice (n= 7) receiving CI-
994 (30mg/kg, daily for 10 days) and subjected to CSDS, 14.3% are resilient to stress, whereas 85.7 % are susceptible to stress. In the group of
mice (n= 6) receiving the combined lactate (180mg/kg, daily for ten days) and CI-994 (30mg/kg, daily for 10 days) treatment and subjected to
CSDS, 33.3% are resilient to stress, whereas 66.7 % are susceptible to stress. Even though the n number for control, defeat, defeat+ lactate is
relatively low, these experiment follow the same paradigm as Fig. 1c and show identical results. We opted not to compile these experiments
together and include only the animals that were subjected to chronic social defeat stress at the same time as the CI-994 or combined
treatments. The results with the CI-994 and the combined treatment were conclusive even with the n= 7 and 6, respectively, and did not
warrant further increases in the number of animals. d Intra-peritoneal injections of the combined lactate and CI-994 treatment fail to reverse
the chronic social defeat phenotype. This is shown by non-significant change in the time spent in interaction zone of the social interaction
test by this group (defeat+ lactate+ CI-994) as compared to defeat mice. CI-994 on its own was also unable to rescue social avoidance,
whereas, as expected, lactate reversed it. Statistical significance was measured by one-way Anova followed by Dunnet’s multiple comparison
test (interaction: F4,17= 4.935, p= 0.008; no interaction: F4,17= 8.625, p= 0.0005). Significance was measured vs. the defeat groups. *p < 0.05,
**p < 0.01. The n numbers for the control, defeat, defeat+ lactate, defeat+ CI-994, and defeat+ lactate+ CI-994 are 3, 3, 5, 7, and 7,
respectively. e Intra-peritoneal injections of the combined lactate and CI-994 treatment fails to rescue anxious behavior as measured in the
EPM. This is shown by non-significant change in the time spent in the open arms of the EPM by this group (defeat+ lactate+ CI-994) as
compared to defeat mice (p= 0.4624). CI-994 on its own was also unable to rescue anxiety, whereas as expected lactate reversed it. Statistical
significance was measured by one-way Anova followed by Dunnet’s multiple comparison test (F4,19= 7.473, p= 0.0009). Significance was
measured vs. the defeat groups. **p < 0.01. The n numbers for the control, defeat, and defeat+ lactate, defeat+ CI-994, and defeat+ lactate
+ CI-994 are 3, 3, 6, 7, and 6, respectively. f Lactate restores hippocampal HDAC2 and HDAC3 protein levels even when administered with CI-
994. Representative western blot images depicting hippocampal HDAC2 and HDAC3 levels in control, defeat, defeat+ lactate, and defeat+
lactate+ CI-994 mice. Mice exposed to CSDS have lower levels of hippocampal HDAC2/HDAC3 vs. control. Daily intra-peritoneal injections of
lactate or lactate+ CI-994 restored hippocampal HDAC2/HDAC3 protein levels. g Quantification of the HDAC2 western blots. Statistical
significance was measured by one-way Anova followed by Dunnet’s multiple comparison test (F3,12= 2.838, p= 0.0828). Significance was
measured vs. defeat *p < 0.05. The n of hippocampi analyzed are 4 for each group. h Quantification of the HDAC3 western blots. Statistical
significance was measured by one-way Anova followed by Dunnett’s multiple comparison test (F3,12= 5.256, p= 0.0151). Significance was
measured vs. defeat **p < 0.01. The n of hippocampi analyzed are 4 for each group
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that these effects are achieved by modulating epigenetic path-
ways, namely histone acetylation/deacetylation dynamics.
It was previously established that cell- and gene-specific

targeting of histone modifications controls CSDS behavior [41].
In this work, we showed that class I HDACs (HDAC2/3) have

opposite roles during the time-course of depression. Initially,
hippocampal HDAC2/3 mediate lactate-induced resilience to
stress. Indeed, our results confirm the important role had by
HDAC2/3 in the maintenance of normal social behavior and brain
function [42, 43] and suggest that normal levels and deacetylase
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activity of these enzymes are necessary to promote resilience or
inhibit a susceptibility transcriptional profile. In contrast, once the
defeat or depressed phenotype is established, HDAC2/3 inhibition
through CI-994 has antidepressant effects. This latter result
confirms that class I HDAC inhibitors can be used as antidepres-
sants and reinforces the viability of these HDAC isoforms as
potential targets for antidepressant development. Our results are
the first demonstration that systemic delivery of a class I selective
HDACi rescues social deficits and anxiety, and thus mimics the
previous results obtained with brain region-specific delivery of
similar inhibitors [6, 7]. We have also shown that lactate acts as an
antidepressant itself. Lactate reverses the social avoidance
behavior, but not anxiety when administered as a therapeutic
agent. Unlike resilience to stress, this effect is potentially related to
regulation of the levels of the class II HDAC, HDAC5. Treatment
with antidepressants such as imipramine decreases hippocampal
HDAC5 levels [9] and promotes cytosolic export of HDAC5 [8]. This
is thought to contribute to the beneficial effects of antidepres-
sants on brain plasticity. Indeed, overexpression of HDAC5 in the
hippocampus blocked imipramine’s ability to reverse depression-
like behavior [9].
Even though our work provides evidence for the important

roles that class I HDACs play in the hippocampus, we have not
delineated the hippocampal regions where they exert their
functions. Indeed, we can not rule out a role for these enzymes
in other parts of the brain. Previous work has shown that infusion
of the class I HDACi, MS-275, into the medial prefrontal cortex,
hippocampus, and amygdala exerts antidepressant effects [6].
Since we used systemic delivery of CI-994, our findings are
consistent with the idea that brain region- specific overlapping
molecular events are required to rescue the behavioral pheno-
types. In addition, the opposite roles played by HDAC2/3 during
the timeline of disease progression suggest that targeting these
enzymes can serve as a therapeutic, but not a prophylactic.
In this work, we have shown that lactate, a metabolite known to

be increased during exercise, promotes social interaction and
rescues depression. Further work will be needed to more
accurately delineate these temporal HDAC contributions and the
brain regions involved. Because we have used lactate as an agent
to mimic the effects of exercise, it will be ultimately interesting to

determine whether exercise mediates resilience to chronic stress
by increasing hippocampal lactate levels and activating its
downstream epigenetic pathways.
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