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Abstract—The antiapoptotic protein Bcl-xL is involved in development of neurobiological resilience to stress; hence, the
possibility of use of psychotropic drugs to increase its expression in brain in response to stress is of considerable interest.
Lithium is a neurotropic drug widely used in psychiatry. In work, we studied effects of lithium administration (for 2 or 7 days)
on the expression of Bcl-xL mRNA and protein in the hippocampi and cortices of rats subjected to stress that induced
depression-like behavior in the animals. In contrast to the brain-derived neurotrophic factor (BDNF), whose expression
decreased in the hippocampus in response to acute stress, stress increased the level of Bcl-xL mRNA in the hippocampus,
but decreased it in the frontal cortex. Treatment of stressed animals with lithium for 2 or 7 days increased Bcl-xL protein
levels 1.5-fold in the hippocampus, but it decreased them in the cortex. Therefore, Bcl-xL expression in the brain can be
modulated by both stress and psychotropic drugs, and the effects of these factors are brain region-specific: both stress exposure and lithium administration activated Bcl-xL expression in the hippocampus and suppressed it in the frontal cortex. The
activation of Bcl-xL expression in the hippocampus by lithium, demonstrated for the first time in this study, suggests an
important role of this protein in the therapeutic effects of lithium in the treatment of stress-induced psychoemotional disorders.
DOI: 10.1134/S0006297917030130
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Dysregulation of brain neuronal plasticity caused by
exposure to stress is believed to be one of the reasons for
the development of depression [1]. Brain-derived neurotrophic factor (BDNF) regulates neurogenesis and cell
survival and plays an important role in the structural
effects of stress in the brain. Some of BDNF neuroprotective functions are mediated by antiapoptotic proteins
such as Bcl-xL [2]. Apart from its main function, which is
protection of all types of cells against programmed cell
death, Bcl-xL also regulates the number, size, and activity of synapses, release of neurotransmitters, synaptic vesicle recycling, and spontaneous and induced synaptic
responses [3-6]. Bcl-xL expression can rapidly change in
response to increase in neuronal activity [7]. Such
changes in expression levels are typical for proteins
involved in neuroplasticity processes that can change the
structure and properties of neurons upon their activation.
* To whom correspondence should be addressed.

Similar properties of Bcl-xL might explain the observed
correlations between increased levels of Bcl-xL expression and psychoemotional and neurochemical resistance
of brain to short-term stress or to the action of antidepressants [8-11]. This raises the question whether Bcl-xL
expression in brain can be activated by psychotropic
agents under stress exposure. Lithium salts have attracted
considerable interest as potential neuroprotective agents.
These compounds are already widely used as mood stabilizers in the therapy of bipolar disorders [12, 13]. It was
found that lithium can also alter the expression of BDNF
and of the antiapoptotic Bcl-2 protein in brain [14, 15].
Bcl-2 is the best-studied antiapoptotic protein; it is similar to Bcl-xL in its ability to protect cells against apoptosis. However, there is still no evidence that Bcl-2 can
affect the stability of synaptic connections, neurotransmitter release, or response to neuronal firing.
Considering the role of Bcl-xL in neuroplasticity [3-7], it
seemed important to investigate the effects of lithium on
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the expression of this protein in brain to understand the
mechanisms of action of compounds of this class or to
search for new therapeutic targets. In this study, we evaluated the effects of short-term (2- and 7-day) administration of lithium (LiCl) on the expression of Bcl-xL mRNA
and protein in the cortex and hippocampus of adult rats
subjected to stress that induced depression-like behavior.
For comparison, we estimated the changes in the expression of the classical neuroprotective factor BDNF.

MATERIALS AND METHODS
Adult male Wistar rats of four groups (10 animals per
group) were used in experiments. Animals of the first
group received no injections. Animals of the second
group were injected peritoneally with physiological saline
for 7 consecutive days. Animals of the third group were
injected with physiological saline for five consecutive days
and then with LiCl (84 mg/kg body weight, i. p.) for 2
days. Animals of the fourth group were injected peritoneally with the same dose of lithium chloride for 7 consecutive days. The lithium chloride dose used is known to
provide therapeutic levels of lithium in human brain and
to cause behavioral effects in experimental animals. On
days 6 and 7, rats were exposed to stress 2 h after injections. The stress exposure included two sessions of forced
swimming: 15-min pretest session and 5-min test session.
Two hours after the last session, i.e. after the animals
developed the typical depression-like behavior, they were
sacrificed on ice. Frontal cortices and hippocampi were
rapidly isolated and stored in liquid nitrogen.
Total RNA was isolated from the brain tissue samples
by a one-step guanidine isothiocyanate method. The
mRNAs for the bdnf and bcl-xL genes were quantified by
real-time qPCR with the actb mRNA as a calibrator using
a set of TaqMan® Gene Expression Assay primers/probes
(Rn02531967_s1 for bdnf, Rn00437783_m1 for bcl-xL,
and Rn00667869_m1 for actb; Applied Biosystems, USA)
in an ABI VIIA™ 7 Real-Time PCR System (Applied
Biosystems). The mRNA contents were calculated using
the ∆∆Ct method.
To estimate the levels of Bcl-xL protein by Western
blot analysis, hippocampal and cortical tissue samples
were homogenized in lysis buffer containing 150 mM
NaCl, 50 mM Tris, 1% Triton X-100, and protease
inhibitors (2 mM PMSF, 2 µg/ml leupeptin, 2 µg/ml pepstatin, and 2 µg/ml aprotinin). Protein samples (50 µg)
were fractionated by electrophoresis in 12% polyacrylamide gel with sodium dodecyl sulfate in a Mini-Protean
3 Dodeca Cell (Bio-Rad, USA) and transferred onto
0.45 µm nitrocellulose membrane with a Trans-Blot system (Bio-Rad). The proteins were stained with primary
anti-Bcl-xL rabbit monoclonal antibodies (dilution 1 :
500; Cell Signaling, USA) and rabbit polyclonal anti-βactin antibodies (dilution 1 : 20,000; Santa Cruz

Biotechnology, USA; sc-1616). Secondary anti-rabbit
IgG (Bio-Rad) were used at 1 : 1000 and 1 : 10,000 dilutions for Bcl-xL and β-actin staining, respectively. The
blots were developed with a SuperSignal™ West Femto
Maximum Sensitivity Substrate chemiluminescence kit
(Life Technologies, USA) and quantified after scanning
with a ChemidocTM Touch Imaging System (Bio-Rad)
using the Scion Image 4.0.3.2 program (Scion
Corporation, USA). The amounts of Bcl-xL protein were
expressed in arbitrary units relatively to the amounts of βactin in the same sample.
The results on the levels of mRNAs and the corresponding proteins are presented as means ± SEM. The differences between the groups were estimated by one-way
ANOVA with post-hoc comparison using Fisher’s LSD
test. The differences were considered significant at p < 0.05.

RESULTS
We found that in animals injected with physiological
saline and stressed by repeated forced swimming showed
considerable (almost 40%) decreased amount of BDNF
mRNA in the hippocampus (Fig. 1a), but did not change
the levels of this transcript in the frontal cortex (Fig. 1b)
compared to non-stressed control animals. In rats injected with lithium for 2 days, the levels of BDNF mRNA in
the hippocampus (Fig. 1a) and frontal cortex (Fig. 1b)
were similar to those in the stressed rats receiving saline
injections. However, in the frontal cortex, lithium exacerbated the suppressive effect of stress on BDNF expression
and decreased BDNF mRNA content to a level that was
significantly different from that in the non-stressed rats.
In rats injected with lithium for 7 consecutive days, the
levels of BDNF mRNA in the hippocampus significantly
decreased compared to the control (rats injected with
saline). The observed changes in BDNF expression suggest that both stress and lithium administration might
modulate brain neural plasticity.
Both these factors also noticeably affected expression of the antiapoptotic protein Bcl-xL in the studied
brain regions (Fig. 2). However, the effects of stress were
much more pronounced than those of lithium. Thus, the
levels of Bcl-xL mRNA increased more than 1.5-fold in
the hippocampus (Fig. 2a) and decreased by one-third in
the frontal cortex in the stressed animals compared to the
non-stressed controls (Fig. 2b). At the same time, no
changes in the Bcl-xL mRNA content were observed in
the cortex after either 2- or 7-day administration of lithium. In the hippocampus, lithium injections for 2 days did
not affect the stress-induced increase in the mRNA levels. When injected for 7 days, lithium decreased the levels
of Bcl-xL mRNA in the stressed animals to the levels
observed in the non-stressed controls.
The effects of lithium on the levels of Bcl-xL protein
in stressed animals were even more pronounced and were
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Fig. 1. Levels of BDNF mRNA in the hippocampus (a) and frontal cortex (b) of adult male rats after forced swimming-induced stress
(expressed as a percentage of the mRNA levels in control). BDNF mRNA level in non-stressed animals (control) was taken as 100% and
shown in the graph as a solid line; broken lines, ± SEM. C, rats injected with physiological saline; Li2 and Li7, rats injected with LiCl for 2
and 7 consecutive days, respectively; * p < 0.05, compared to non-stressed rats; # p < 0.05, compared to saline-treated rats.
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Fig. 2. Levels of Bcl-xL mRNA in the hippocampus (a) and frontal cortex (b) of adult male rats after forced swimming-induced stress
(expressed as a percentage of the mRNA levels in control). Bcl-xL mRNA level in non-stressed animals (control) was taken as 100% and is
shown in the graph as a solid line; broken lines, ± SEM. C, rats injected with physiological saline; Li2 and Li7, rats injected with LiCl for 2
and 7 consequent days, respectively; * p < 0.05, compared to non-stressed rats.

different in the studied brain regions (Fig. 3). Thus, in the
hippocampus, lithium injections for either 2 or 7 days
increased the content of Bcl-xL protein almost 1.5-fold
(Fig. 3a), while in the cortex the same injections
decreased the levels of Bcl-xL protein by a third (Fig. 3b)
compared to the control animals injected with saline; i.e.
the effects of lithium that were almost unnoticeable for
the mRNA levels were more distinct for the Bcl-xL protein levels. Note the unidirectionality of the stress- and
neuroleptic-induced changes in the mRNA transcript
levels – an increase in the hippocampus and decrease in
the frontal cortex.
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Together, our results show that, similarly to many proteins involved in neural plasticity, expression of the antiapoptotic protein Bcl-xL in the brain can be modulated by
stress and neuroleptics. The effects of these two factors
depend on the brain region – activation of expression in
the hippocampus and its suppression in the frontal cortex.

DISCUSSION
In this work, we demonstrated that the psychotropic
agent lithium chloride can modulate expression of Bcl-
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Fig. 3. Levels of Bcl-xL protein (normalized to β-actin) in the hippocampus (a) and frontal cortex (b) of adult male rats after forced swimming-induced stress. C, rats injected with physiological saline; Li2 and Li7, rats injected with LiCl for 2 and 7 consequent days, respectively;
* p < 0.05 compared to saline-treated rats.

xL, an antiapoptotic protein that has several properties
typical for proteins involved in neural plasticity, in the
frontal cortex and hippocampus of rats subjected to stress.
The effects of lithium chloride were brain region-specific.
Thus, stress and lithium administration activated Bcl-xL
expression in the hippocampus, but suppressed it (both
the mRNA transcript and the Bcl-xL protein) in the
frontal cortex. Note that there was no clear correlation
between the levels of the mRNA transcript and the
amounts of synthesized Bcl-xL protein.
Since the effects of lithium on Bcl-xL expression in
vivo were observed for the first time, there are no data so
far that would allow discussion of possible mechanisms of
action of lithium on the expression of the bcl-xL gene. A
similar effect of lithium has been described for BDNF,
whose involvement into neural plasticity in the brain has
been well studied. LiCl was found to decrease BDNF protein levels in the cortex, but not in the hippocampus [16].
At the same time, activation of BDNF TrkB receptors by
a long-term lithium administration was observed in the
cortex, but not in the hippocampus [17]. Similar regionspecific effects of lithium were also found for proteins of
other signaling systems. For example, lithium significantly changed expression of subunits of guanidine-binding
protein in the hippocampus, but produced no similar
effect in the cortex [18].
The observed stress- and lithium-induced changes in
the BDNF mRNA levels indicate that both these factors
can modulate brain neural plasticity. These changes represent some of the numerous effects of lithium on BDNF
gene expression [14, 15]. It was demonstrated earlier that
lithium increased the content of BDNF in a cell culture
[19]. In addition, BDNF levels in the hippocampus and
the cortex increased after 2- to 4-week (but not 1-week)

administration of lithium [20]. However, there are also
contradicting data that lithium produced no effect on the
contents of BDNF protein [21] and mRNA [22] or that it
even decreases BDNF transcript levels [23, 24]. The discrepancies between the effects of lithium on the mRNA
and protein levels observed in our work are not unique for
Bcl-xL and have been described in several studies [21, 23]
for BDNF mRNA and protein levels in nerve tissue.
The effects of lithium on the expression of the antiapoptotic Bcl-2 protein [14, 15] have also been studied.
Thus, incubation of cerebellum granular cell culture in
the presence of LiCl for 7 days increased the levels of
both Bcl-2 mRNA and protein in the cells [25].
Activation of Bcl-2 expression by lithium has also been
demonstrated in vivo [26]. Recently, lithium was found to
increase the levels of mRNAs for Bcl-2 and Bcl-xL in
hippocampal neuron culture [19]. The in vivo data
obtained in our work correlate well with the in vitro
results and suggest that lithium might have some neuroprotective effect mediated by Bcl-xL, at least in the hippocampus. Out of 62 genes that are expressed differently
in bipolar depression patients in response to lithium
treatment, the most pronounced difference in the levels
of gene expression was observed for Bcl-xL (BCL2L1)
[27]. According to the authors, increased Bcl-xL expression in the blood cells of patients responding to lithium
treatment (but not in nonresponding or untreated individuals) indicates a specific role of this gene in the therapeutic response to the neuroleptic. The results of our
work show that lithium increases Bcl-xL expression not
only in blood cells [27] or in a cell culture [19], but also
in the rat hippocampus, which is the most important
brain structure involved in the regulation of the organism’s psychosomatic status.
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In conclusion, we showed that Bcl-xL expression in
the brain is affected by stress and the action of neuroleptics in a region-specific manner – Bcl-xL expression is
activated in the hippocampus and suppressed in the
frontal cortex. Activation of Bcl-xL expression in the hippocampus by lithium, which was observed in this work for
the first time, suggests that this antiapoptotic protein
might mediate the therapeutic effects of the neuroleptic
in the treatment of psychoemotional disorders.
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