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Abstract

Benzodiazepines (BZs) are safe drugs for treating anxiety, sleep, and seizure disorders, but their use also results in
unwanted effects including memory impairment, abuse, and dependence. The present study aimed to reveal the
molecular mechanisms that may contribute to the effects of BZs in the hippocampus (HIP), an area involved in drug-
related plasticity, by investigating the regulation of immediate early genes following BZ administration. Previous
studies have demonstrated that both brain derived neurotrophic factor (BDNF) and c-Fos contribute to memory- and
abuse-related processes that occur within the HIP, and their expression is altered in response to BZ exposure. In the
current study, mice received acute or repeated administration of BZs and HIP tissue was analyzed for alterations in
BDNF and c-Fos expression. Although no significant changes in BDNF or c-Fos were observed in response to twice-
daily intraperitoneal (i.p.) injections of diazepam (10 mg/kg + 5 mg/kg) or zolpidem (ZP; 2.5 mg/kg + 2.5 mg/kg),
acute i.p. administration of both triazolam (0.03 mg/kg) and ZP (1.0 mg/kg) decreased BDNF protein levels within the
HIP relative to vehicle, without any effect on c-Fos. ZP specifically reduced exon IV-containing BDNF transcripts with
a concomitant increase in the association of methyl-CpG binding protein 2 (MeCP2) with BDNF promoter IV,
suggesting that MeCP2 activity at this promoter may represent a ZP-specific mechanism for reducing BDNF
expression. ZP also increased the association of phosphorylated cAMP response element binding protein (pCREB)
with BDNF promoter I. Future work should examine the interaction between ZP and DNA as the cause for altered
gene expression in the HIP, given that BZs can enter the nucleus and intercalate into DNA directly.
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Introduction

Benzodiazepines (BZs) and related drugs such as zolpidem
increase GABA-mediated inhibition via positive allosteric
modulation of GABAA receptors throughout the central nervous
system [1]. This drug class is commonly prescribed for treating
anxiety, sleep, and seizure disorders, and while clinically
valuable, their use can result in undesirable effects including
memory impairment as well as abuse and dependence [2,3].
Given their widespread application, understanding more fully
how BZs produce their effects is an important public health
issue that will provide a framework for designing novel
compounds to overcome their limitations as therapeutics.

A recent study using functional imaging to visualize global
drug action within the brain suggested that alterations in
coordinated brain activity within networks of brain regions may
underlie the changes in observable behavior induced by BZ-
like drugs [4]. Meanwhile, the cell surface interactions between
BZs and specific subtypes of the GABAA receptor has been
shown to be critically important for determining the behavioral
response to these drugs [5]. Together, network and receptor
mechanisms contribute to our understanding of how BZs affect
behavior, but there is a gap in our knowledge regarding the
molecular substrates mediating the effects of this drug class.

Previous studies have provided the foundation for examining
the influence of BZs on intracellular processes and signaling
cascades by showing that proteins involved in regulating
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synaptic function and plasticity are sensitive to BZ challenge
[6-8]. Accordingly, changes in immediate early gene expression
[9-14] have been observed following BZ treatment. Brain-
derived neurotrophic factor (BDNF) and c-Fos are of particular
interest in this regard given that both are reduced by BZ
exposure [6,9,15-17], although contradictory results have been
reported [18]. Further, both are implicated in learning- [19,20]
and drug abuse-related [21-23] neuronal plasticity. Together,
their importance in brain function and the modulation of their
expression by BZs, suggests that examining BDNF and c-Fos
may provide insight that will be informative for clarifying the
molecular mechanisms of BZ action.

The present study investigated the regulation of BDNF and
c-Fos following administration of the BZs triazolam (TZ) and
diazepam (DZ), as well as zolpidem (ZP), which is structurally
distinct but BZ-like in its mechanism of action. It was
hypothesized that understanding how administration of BZ-like
drugs affects immediate early gene expression would reveal
potential points of intervention for influencing the regulation of
key proteins as strategies for avoiding or ameliorating the
limiting effects BZs. Acute and repeated drug challenges were
employed to replicate and extend previous findings [6,9-17].
Results indicated that while there was a significant reduction in
BDNF protein in the hippocampus (HIP), an area involved in
drug-related plasticity [24], there was no change in c-Fos
levels. Consequently, the study focused on BZ-induced
regulation of the BDNF gene.

Methods

Ethics Statement
These studies were approved by the Institutional Animal

Care and Use Committees of the Harvard University Medical
School (Protocol 04184) and McLean Hospital (#11-10/2-6),
and they were conducted according to the Guide for the Care
and Use of Laboratory Animals (NIH publication no. 85–23,
revised 1996).

Animals
A total of 134 (62 acute and 72 repeated) male C57BL/6J

(four to six weeks of age) were group housed in a temperature-
and humidity- controlled facility with a 12 hour light/dark cycle
(lights on at 7AM). All animals were provided with water and
food ad libitum. Mice were handled and habituated to the
housing room for at least one week prior to drug treatment.
Mice in the acute treatment group were randomly assigned to
receive a single injection of TZ (0.03 mg/kg), ZP (1.0 mg/kg), or
vehicle (VEH; 80% propylene glycol/20% sterile water) [25],
and they were sacrificed within 30 min of treatment [26]. Those
mice in the repeated treatment group were randomly assigned
to receive twice-daily injections (10 am and 4 pm) of DZ (10
mg/kg + 5 mg/kg), ZP (2.5 mg/kg + 2.5 mg/kg), or VEH (10%
cyclodextrin in sterile water) over the course of seven
consecutive days [27,28], and they were sacrificed 60 min after
the last injection. All injections were via the intraperitoneal
route and in a volume of 0.01 ml/g. At the conclusion of the
injection paradigm, animals were euthanized with CO2 followed
by decapitation. After sacrifice all brains were removed quickly

and the hippocampi were dissected. Tissue was flash frozen
using 2-methylbutane and maintained at -80° C.

Western Blotting
Whole cell extracts from dissected brain tissue were used for

blots as described previously [29,30]. Briefly, 20 μg of each
sample was boiled in the presence of sample buffer for 5 min
before separation on 10-20% SDS-polyacrylamide gel. Proteins
were transferred to nitrocellulose membranes. The
immunoblots were blocked with 5% nonfat dry milk dissolved in
Tris-buffered saline containing 0.2% Tween 20 (TBST) for 60
min. The membranes were incubated overnight at 4° C with
specific antibodies including anti-BDNF 1:700 (Aviva Systems
Biology), anti-TrkB 1:600 (Santa Cruz), anti-cFos 1:400
(Abcam), anti- phosphorylated cAMP response element binding
protein (pCREB, Ser 133) 1:500 (Millipore), anti-CREB 1:700
(Abcam), anti-di-acetyl lysine 9, lysine14 histone H3
(H3K9K14Ac2; AcH3) 1:1000 (Millipore), anti-Methyl-CpG
binding protein 2 (MeCP2) 1:500 (Abcam), and anti-GAPDH
1:1000 (Abcam). Primary antibody incubation was followed by
six washes (10 min, rocking at room temperature) in TBST
before incubation with the secondary antibody (HRP-
conjugated goat anti-rabbit IgG; Jackson ImmunoResearch
Laboratories), followed by visualization using the enhanced
chemiluminescence detection system (NEN).

Enzyme-Linked Immunosorbant Assay (ELISA)
Brain tissue was lysed, homogenized, and diluted to 20 μg/μl

in order to quantify the concentration of BDNF using the
Chemikine™ BDNF Sandwich ELISA kit (Chemicon
International Inc.). The tissue samples and serial dilutions of
BDNF standards were loaded in triplicate onto a microplate
coated with rabbit anti-mouse BDNF polyclonal antibodies and
incubated overnight at 4° C. After four washes, biotinylated
mouse anti-mouse BDNF monoclonal antibody (1:1000) was
added for 2.5 h at room temperature. The plates were washed
four times, strepavidin-enzyme conjugate was added, and
plates incubated for 1 h. After further washing,
tetramethylbenzidine chromagenic substrate was added and
the reaction was stopped after 15 min. The absorbance at 450
nm was measured with a plate reader, and BDNF
concentration in the tissue was assessed by comparing values
to the prepared standard curve.

RNA Extraction and Reverse Transcription
RNA was extracted using the RNeasy kit (Qiagen) according

to manufacturer’s instructions and as described previously
[29,30]. Reverse transcription reactions were performed using
the Superscript First Strand Synthesis System for RT-PCR
reactions (Invitrogen) using specific primers to quantify the
amount of gene expression as compared to a standard curve.
Primers included GAPDH and BDNF as previously published
sequences [30-32]. Quantitative real time-PCR was performed
in an iCycler (Bio-Rad) using SYBR-green PCR Master Mix
(Applied Biosystems) through 50 PCR cycles (95° C for 30 s,
57° C for 60 s, 72° C for 90 s). The threshold cycle for each
sample was chosen from the linear range and converted to a
starting quantity by interpolation from a standard curve run on
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the same plate for each set of primers. Levels of mRNA were
normalized to GAPDH.

Chromatin Immunoprecipitation (ChIP)
The ChIP technique was used to analyze DNA/protein

complexes in the dissected brain tissue. Protocols were
adapted and modified from previously published studies [33,34]
and described extensively in recent work [30,32]. Briefly, the
tissue underwent a formaldehyde cross-linking step to link the
proteins of interest to DNA. Samples then were homogenized
and subjected to immunoprecipitation with 5 µg of antibodies
specific for Methyl-CpG binding protein 2 (MeCP2; Abcam), di-
acetyl lysine 9, lysine14 histone H3 (H3K9K14Ac2; AcH3;
Millipore), or pCREB (Abcam). The antibody-transcription
factor-DNA complexes were washed to reverse the crosslinks,
and the DNA was detected by qPCR using specific primers for
the multiple BDNF promoters. Threshold amplification cycle
numbers (Tc) using iCycler software were used to calculate IP
DNA quantities as percentage of corresponding inputs. The
exon-specific BDNF primers were designed based on
previously published sequences [35-37] and used for real-time
PCR analysis.

Data Analyses
For western blot analyses integrated density values (% IDV)

were calculated by dividing the density values for the protein of
interest by the density values for GAPDH for each sample.
Transcript levels also were analyzed as a percentage of
GAPDH. Data then were analyzed with ANOVAs to examine
treatment effects. Post-hoc pairwise comparisons were
performed with Bonferroni to assess treatment effects at a
significance level of p< 0.05.

Results

A number of measurements were obtained following acute or
repeated treatment with two classical BZs, TZ and DZ, as well
as the BZ-like hypnotic ZP. All three drugs bind to a site on the
native pentameric GABAA receptor that is situated between the
γ2 subunit and an α subunit, but while the classical BZs are
non-selective and will bind α1, α2, α3, or α5 subunit-containing
receptors [38,39], ZP exhibits relatively selective affinity for
GABAA receptors containing an α1 subunit [40,41].

Levels of c-Fos and BDNF protein were measured by
western blots and analyzed with one-way ANOVAs. While
acute BZ treatment had no significant effect on c-Fos relative to
VEH (Figure 1A & B), there was a significant decrease in
BDNF following acute treatment with both ZP and TZ in the HIP
[F(2,9)= 4.57, p= 0.043] (Figure 1A & C). This observation was
confirmed with ELISA, which also demonstrated a significant
reduction in BDNF protein levels in the HIP following acute ZP
and TZ [F(2,9)= 9.568, p= 0.006] (Figure 1D).

The BDNF gene is comprised of eight untranslated 5′ exons
that are spliced onto the coding 3′ exon containing the coding
domain used to generate multiple mRNAs [31,42,43]. The
function of these transcripts is not known, however, their
expression pattern differs between brain nuclei and they are
differentially targeted and translated within cells. A two-way

ANOVA examining the expression of BDNF exon I, II, IV, and
VI-containing transcripts in the HIP following BZ treatment
indicated that not only do the amounts of the four transcripts
vary within this brain region as illustrated by the white bars
representing VEH in Figure 2 [F(3, 55)= 16.05, p< 0.0001], but
there was a significant main effect of treatment [F(2, 55)= 3.26, p=
0.046]. Specifically, there was a significant decrease in BDNF
exon IV-containing transcript levels following acute treatment
with ZP (p< 0.01; Figure 2).

Because acute BZ treatment reduced BDNF levels in the
HIP, the molecular mechanisms by which BZs regulate BDNF
expression were investigated. Given that gene expression is
influenced by sequence-specific binding of transcription factors
to promoter regions, it was hypothesized that BZ-induced
decreases in BDNF levels in the HIP resulted from alterations
in the assembly of transcription factors at BDNF promoters.
BDNF gene expression is regulated by the activity of a number
of transcription factors, including CREB and MeCP2 [35,37,44].
Therefore, changes in pCREB (phosphor-Ser133; the activated
form of CREB) and MeCP2 in response to acute BZ treatment
were measured next.

CREB is known to regulate the expression of promoter I- and
IV-containing BDNF transcripts [35,44], therefore it was
predicted that BZs would decrease pCREB. Although one-way
ANOVA indicated there were no statistically significant changes
in total CREB [F(2,9)= 1.99, p= 0.183] or overall levels of pCREB

Figure 1.  BDNF levels are decreased following acute BZ
treatment.  (A) Representative immunoblots for c-Fos, BDNF,
and GAPDH, as well as Coomassie gel representing the
loading control for VEH, ZP, or TZ-treated HIP; (B) There is no
change in c-Fos protein levels following BZ treatment as
measured by western blots (n= 3). (C) There is a significant
decrease in BDNF levels in the HIP following ZP and TZ
treatment as measured by western blots (n= 4); (D) There is a
significant decrease in BDNF levels following BZ treatment as
measured by ELISA (n= 3-6). * p< 0.05; IDV: integrated density
values.
doi: 10.1371/journal.pone.0084806.g001
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(normalized to total CREB) following treatment [F(2,9)= 0.134, p=
0.877] (Figure 3A), global pCREB levels do not represent
action at individual gene promoters. Therefore, ChIP was used
to assess alterations in pCREB binding to BDNF promoters.
Two-way ANOVA examining drug effects on the association
with promoters I or IV indicated a significant increase in pCREB
binding to BDNF exon I promoter following ZP treatment
[F(2,27)= 5.65, p= 0.009] such that the association following
zolpidem specifically was greater than that for VEH and TZ (p<
0.05; Figure 3B).

MeCP2 repression of BDNF promoter IV has been well
described in previous studies [30,35,37]. A requisite step in
BDNF promoter IV-containing gene expression is de-
repression caused by the dissociation of MeCP2 from promoter
IV [35]. Based on the observed reduction in BDNF promoter IV
transcript in response to ZP, it was predicted that ZP would
increase MeCP2 association at this specific promoter. One-way
ANOVA indicated no change in overall levels of MeCP2 in the
HIP [F(2,6)= 0.33, p= 0.729] (Figure 4A). However, two-way
ANOVA revealed a significant increase in the association of
MeCP2 with BDNF exon IV promoter in the HIP following acute
treatment with ZP as measured by ChIP [F(1,9)= 6.09, p= 0.036]
(Figure 4B).

Chromatin remodeling through modification of histone
proteins is another requisite mechanism for gene expression.
In general, histone acetylation is a modification that relaxes
chromatin and corresponds to increased transcription; thus, we
predicted that a decrease in acetylation may underlie the
observed decrease in BDNF levels within the HIP following
acute treatment. As shown in Figure 5A, one-way ANOVA
indicated no change in overall AcH3 protein levels in the HIP
as measured by western blots [F(2,6)= 0.12, p= 0.887]. Because
global alterations in histone proteins do not necessarily
translate into changes in histone association with specific gene
promoters, ChIP was used next to assess the extent to which
BZ treatment altered AcH3 association with BDNF promoters
as a putative mechanism underlying the decrease in BDNF
expression in the HIP. The ChIP assay revealed no significant

Figure 2.  BDNF exon IV-containing transcript is decreased
following acute ZP treatment.  There is a selective and
significant decrease in BDNF exon IV-containing transcript
following ZP treatment compared to VEH in the HIP (n= 4-7). **
p < 0.01.
doi: 10.1371/journal.pone.0084806.g002

changes in the association of AcH3 with BDNF promoters as
two-way ANOVA indicated no significant main effects of
treatment (p= 0.766) or transcripts (p= 0.621; Figure 5B).

One-way ANOVAs demonstrated that neither acute ZP nor
acute TZ had an effect on TrkB receptor [F(2,6)= 2.00, p= 0.22]
protein levels as measured by western blots (data not shown).
Moreover, chronic injections of ZP or DZ had no effect on
BDNF protein levels compared to VEH [F(2,21)= 0.15, p= 0.87].
Examination of the activity-related proteins c-Fos [F(2,12)= 0.09,
p= 0.92] and pCREB [F(2,12)= 0.89, p= 0.44] also indicated no
effect of treatment in the repeated condition (data not shown).
For this reason MeCP2, AcH3, and TrkB protein, as well as
exon-specific mRNA levels, were not examined in the tissue.

Figure 3.  pCREB levels in the HIP following acute BZ
treatment.  (A) There is no change in total pCREB protein
levels in the HIP following BZ treatment as measured by
western blots (n= 4); (B) There is a significant increase in
pCREB association with BDNF promoter I in the HIP following
ZP treatment as measured by ChIP (n= 5-7). * p< 0.05; IDV:
integrated density values.
doi: 10.1371/journal.pone.0084806.g003
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Discussion

In the present study, acute administration of both TZ and ZP
resulted in decreases in BDNF protein levels within the HIP. ZP
specifically reduced exon IV-containing BDNF transcripts with a
concomitant increase in the association of MeCP2 with BDNF
promoter IV, while also increasing the association of pCREB
with BDNF promoter I. No significant effects were observed in
response to chronic BZ treatment.

BDNF was hypothesized as a candidate for contributing to
the effects of BZs because of its importance in psychoactive

Figure 4.  Increased MeCP2 association with BDNF
promoter IV in the HIP following acute BZ treatment.  (A)
There is no change in total MeCP2 protein levels in the HIP
following BZ treatment as measured by western blots (n= 3);
(B) There is a significant increase in MeCP2 association with
BDNF promoter IV in the HIP following ZP treatment as
measured by ChIP (n= 3-4). * p< 0.05; IDV: integrated density
values.
doi: 10.1371/journal.pone.0084806.g004 drug action in general [45-47] and processes related to abuse

and dependence [23] and learning and memory [20]
specifically. The data presented here agree with previous
findings implicating BDNF in the acute effects of BZs [6,15-17],
although repeated drug administration failed to influence BDNF
expression. Given that TZ and ZP are known to have
deleterious effects on memory when administered acutely [48],
a potential explanation for a reduction in BDNF following acute
drug administration is that these changes may provide the
foundation for drug-induced memory deficits. This
interpretation, while speculative without concurrent behavioral
outcomes, is consistent with a number of studies showing the
blockade of hippocampal long-term potentiation [49-52] or the

Figure 5.  No change in histone acetylation in the HIP
following acute BZ treatment.  (A) There is no change in total
AcH3 protein levels in the HIP following BZ treatment as
measured by western blots (n= 3); (B) There is no change in
AcH3 association with BDNF promoters in the HIP following ZP
treatment as measured by ChIP (n= 4). IDV: integrated density
values.
doi: 10.1371/journal.pone.0084806.g005
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acquisition of fear conditioning [53 and references therein] by
BZs. While ZP once was believed to engender fewer memory
impairing effects relative to its non-selective counterparts
[54,55], it has since been shown to possess LTP-blocking
activity as well [56]. These outcomes are consistent with
immunohistochemical data showing that in the HIP there is an
abundance of the ZP-specific GABAA receptor subtype (i.e.,
those containing an α1 subunit) in addition to those with lower
ZP binding affinity [57,58], all of which provide binding sites for
the classical BZs.

Another possible interpretation for drug-induced changes in
BDNF involves stress-related mechanisms within the brain.
Reductions in BDNF [59-61] and mRNA for BDNF exons I and
IV [62] have been shown to result from acute exposure to a
stressor, suggesting that the inhibitory drug treatment may
induce a stress response. While the previously demonstrated
reductions in exon-specific mRNA were accompanied by
reduced acetylation levels [62] which we did not observe here,
the idea of initiating a stress response is consistent with studies
showing that BZs and ZP especially, have the ability to activate
the hypothalamic-pituitary-adrenocortical axis and elevate
plasma corticosterone levels in rodents [63,64]. Moreover, this
idea is consistent with work showing that an increase in HIP
BDNF associated with a neurogenic antidepressant response
[65] was blocked by BZ administration [66,67].

Although both acute drug treatments reduced BDNF, they
did not exhibit clear effects on pCREB with the exception of the
dramatic ZP-induced increase in pCREB association with
BDNF promoter I. While this interaction is in agreement with a
previous study demonstrating a BZ-induced increase in pCREB
levels in mouse brain extract [8], the present result suggests
that a drug-activity relationship may exist, perhaps mediated
via GABAA receptors containing an α1 subunit specifically.
Alternatively, observed effects on pCREB and its association
with BDNF promoters may be non-specific and irrelevant to the
ability of BZs to modulate BDNF. BZs have been shown to bind
to central receptors located within the nucleus [68,69],
suggesting that they may be able to bypass the immediate
early genes and affect gene expression through a direct
interaction with DNA. This idea is supported by a study
demonstrating the ability of a BZ to intercalate into DNA,
resulting in a more stable and compact DNA conformation [70].
Therefore, it is possible that this type of BZ-induced structural
change or interaction may prevent access to the gene and
hinder the transcriptional machinery, thus providing a
mechanism to explain the reduction in BDNF without the
involvement of CREB or histone acetylation. Recently it has
been shown that BZs are potent inhibitors of bromodomain and
extra-terminal (BET) family of transcriptional co-regulators
[71,72]. Bromodomain-containing proteins are epigenetic
readers associated with open chromatin architecture and
transcriptional activation [73]. Inhibition of BET proteins,
therefore, is another potential mechanism whereby BZs can
alter the expression of genes such as BDNF.

Though there were no significant changes in pCREB or
acetylated histone association with BDNF promoters in
response to acute BZ treatment, there was a significant ZP-
induced increase in MeCP2 binding to BDNF exon IV promoter.

Given the significant decrease in BDNF exon IV-containing
transcript levels following ZP treatment, increases in MeCP2 at
this promoter may represent an underlying mechanism
whereby ZP specifically reduces BDNF expression. Indeed,
previous studies have demonstrated that removal of MeCP2
from BDNF promoter IV is involved in the activity-dependent
increase in the expression of BDNF exon IV-containing
transcripts [35,37]. Further, NMDA receptor stimulation of
cultured HIP neurons increased phosphorylation of MeCP2, its
dissociation from the promoter, and increased BDNF exon IV
transcript levels [74]. Considering that GABA maintains the
balance between excitation and inhibition as evidenced by BZ
blocking of NMDA-related activity [75-77], ZP’s ability to
enhance GABAergic neurotransmission may oppose
glutamatergic activity, thus keeping MeCP2 bound to the BDNF
promoter. In addition, increased MeCP2 binding may represent
an indirect measure of increases in DNA methylation of CpG
islands which are the binding sites for MeCP2. Because
MeCP2 binds methylated cytosines, the implication of our
finding is that association of MeCP2 to BDNF promoter IV
results from a ZP-induced increase in DNA methylation. This
idea is speculative, but it provides a rationale for further study.

In the present study, c-Fos expression was unaltered by
either acute or repeated BZ treatment. However, unlike the
consistent reduction in BDNF reported in previous work
[6,15-17], the expression of c-Fos was not altered reliably by
BZs. For instance, while DZ-induced reductions in c-Fos mRNA
were observed in the cortex as well as the HIP [6,9], several
others reported DZ-induced increases [12,13] or no change in
rodent brain tissue [12,78] or cell lines [10]. Considering that a
prominent mechanism for influencing transcription of the c-fos
gene occurs via a pCREB pathway [79] and pCREB was
unchanged here, our results are consistent with one another as
well as with the body of literature indicating no early effect of
BZs on c-Fos [10,12,78].

Examination of intracellular drug-induced alterations was
expected to provide further insight regarding the effects of BZs,
especially because previous research had implicated several
proteins involved in the regulation of synaptic function and
plasticity as being important for mediating those effects
[6-8,15-17]. However, other work examining GABAergic drugs
including muscimol [17,80], bicuculline [81], and ethanol [82],
suggests that interpreting the effects on BDNF and exon-
specific mRNA may not be attributable to BZs in particular, but
modulation of GABAA receptors in general. While our results
would provide the foundation for arguing that the modulation of
GABAA receptors containing an α1 subunit specifically is
important, the overall significance of these inhibition-induced
alterations and why they are observed only following acute
treatment still is unknown. Future work examining the
interaction between ZP and DNA as the cause for altered
BDNF expression in the HIP is warranted.
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