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Summary
The adult hippocampal dentate gyrus (DG) exhibits cell proliferation and neurogenesis throughout
life. We examined the effects of daily administration of eszopiclone (Esz), a commonly used
hypnotic drug and GABA agonist, compared to vehicle, on DG cell proliferation and
neurogenesis, and on sleep-wake patterns. Esz was administered during the usual sleep period of
rats, to mimic typical use in humans. Esz treatment for 7 days did not affect the rate of cell
proliferation, as measured by 5-bromo-2’-deoxyuridine (BrdU) immunostaining. However, twice
daily Esz administration for two weeks increased survival of newborn cells, by 46%. Most
surviving cells exhibited a neuronal phenotype, identified BrdU-NeuN double-labeling. NeuN
(Neuronal nuclei) is a marker of neurons. NREM sleep was increased on day one, but not on days
7 or 14 of Esz administration. Delta EEG activity was increased on days 1 and 7 of treatment, but
not on day 14.

There is evidence that enhancement of DG neurogenesis is a critical component of the effects of
antidepressant treatments of major depressive disorder (MDD). Adult born DG cells are
responsive to GABAergic stimulation which promotes cell maturation. The present study suggests
that Esz, presumably acting as a GABA agonist, has pro-neurogenic effects in the adult DG. This
result is consistent with evidence that Esz enhances antidepressant treatment response of MDD
patients with insomnia.
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Introduction
Sleep disturbance is an established harbinger and correlate of major depressive disorder
(MDD) (Ford and Chamber, 1989). A recent double-blind study showed that adjunctive
treatment of MDD patients with insomnia with a hypnotic, eszopiclone (Esz), in conjunction
with fluoxetine (Flu) substantially accelerated and enhanced the antidepressant response to
Flu (Fava et al., 2006). The study described here is focused on a mechanistic link between
the effects of this hypnotic and its use for adjunctive treatment of MDD. It is now
recognized that new neurons are produced throughout life in the subgranular zone of the
hippocampal dentate gyrus (DG) (reviewed in Kempermann et al., 2004b; Ming and Song,
2005). Adult hippocampal neurogenesis is found in humans (Eriksson et al., 1998) as well as
several other mammalian species (Kempermann et al., 2004b). Newborn cells mature into
functional DG neurons and contribute to hippocampal-dependent cognitive functions (e.g.,
(Saxe et al., 2006; Winocur et al., 2006)). There is evidence that enhancement of adult
hippocampal DG neurogenesis is a critical factor in the treatment of MDD. In preclinical
studies, the efficacy of antidepressant agents such as Flu depended on enhanced DG
neurogenesis (Dranovsky and Hen, 2009; Sahay and Hen, 2007).

DG neurogenesis requires a series of processes, including initiation of the cell cycle and cell
division, herein called proliferation, as well as generation of a vascular niche, expression of
genes determining cell phenotype and supporting growth of axons, dendrites, and receptors,
and cell migration (Kempermann et al., 2004a; Lledo et al., 2006). Each stage of adult
neurogenesis may be modulated, either positively or negatively, by particular physiological
and behavioral events. Many proliferating cells do not survive to maturity. Thus, survival of
proliferating cells is a key endpoint in the neurogenic process, and investigation of factors
that affect survival has been a focus of recent research (Epp et al., 2007; Tashiro et al.,
2007). Sleep fragmentation and sleep restriction strongly suppress adult DG neurogenesis
(Guzman-Marin et al., 2007; Hairston et al., 2005; Mueller et al., 2008; Roman et al., 2005;
Tung et al., 2005). Stress, an important etiological factor in MDD, also suppresses DG
neurogenesis (Cameron and Gould, 1994; Gould et al., 1992). Sleep deprivation increases
subsequent stress responses (Meerlo et al., 2002). Thus, use of hypnotics to reduce sleep
fragmentation and restriction and to reduce awake stress responses could facilitate adult
neurogenesis.

Recent studies suggest an additional mechanism underlying possible effects of sedative
hypnotics on adult neurogenesis. Shortly after birth, proliferating DG cells express GABAA
receptors and respond to GABA (Ge et al., 2006; Mayo et al., 2005; Wadiche et al., 2005;
Wang et al., 2005). Treatment with GABA agonists increases maturation and survival of
proliferating cells (Ge et al., 2006; Tozuka et al., 2005). In adult newborn cells, GABA is
excitatory (Tozuka et al., 2005; Wadiche et al., 2005), due to early expression of the Na+-
K+-2Cl− transporter (NKCC1), a Cl− importer (Ge et al., 2006). The excitatory response to
GABA is critical to the pro-maturation effects of GABAergic stimulation (Ge et al., 2006;
Tozuka et al., 2005).

Like other non-benzodiazepine hypnotics, Esz binds to the benzodiazepine-GABA receptor
complex, acting as an allosteric modulator (Hanson et al., 2008). Based on these concepts,
we hypothesized that Esz would facilitate the rate of proliferation and the survival in
proliferating cells in the adult DG, in conjunction with facilitation of sleep. In 3
experiments, Esz was administered during the usual sleep period, to mimic its typical use in
humans.
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Methods
All protocols were conducted in accordance with the National Research Council Guide for
the Care and Use of Laboratory Animals and were reviewed and approved by the Animals
Care and Use Committee at the V.A. Greater Los Angeles Healthcare System. Forty-four
male Sprague-Dawley rats (Harlan, IN), initially 220–250 g, were used for this study. The
ages of animals at the beginning of the study were 60–70 days. Animals were housed in
individual Plexiglas cages (27×29×30 cm) in a 12:12 hr light/dark cycle (lights on at 06.00h,
denoted as ZT0) with access to food and water ad libitum. In two studies, rats were
surgically prepared for sleep-wake cycle monitoring in aseptic conditions using Ketamine 80
mg (kg body weight)−1i.p and xylazine 10 mg (kg body weight)−1i.p to induce anesthesia.
Six stainless steel gold-plated electrodes were implanted in the frontal and parietal bones of
the skull for electroencephalogram (EEG) recording, and three stainless steel gold-plated
wires were inserted into nuchal muscles for electromyogram (EMG) recording. All
electrodes were then connected with a plug and fixed to the skull with dental cement. Post-
surgically, the rats received 1 injection/day of 5.0 ml/kg Carprofen, once daily, for 3 days.
Rats were allowed 10 – 12 days for post-surgical recovery before initiating treatments.

Experimental Procedures
In all studies, Esz or vehicle (Veh) were administered during the light phase of the 24h light-
dark cycle during the usual primary sleep period of rats. In all experiments, rats were
adapted to individual enclosures within a temperature controlled incubator (23±0.5 °C) and
in Experiment 1, were connected to overhead cables for sleep-wake recordings, for 3 days
before beginning studies. Recording cables were counterweighted and attached to slip rings
to minimize disturbance to animals.

In pilot studies we determined that a 5 mg/Kg Esz dose, administered at ZT3, when baseline
sleep amounts are high, had no significant effects on the amounts of NREM or REM sleep.
In all subsequent studies we studied effects of Esz at a dose of 10 mg/Kg, IP, or vehicle
(Veh). Esz was dissolved in 50 mM acetate buffer (pH 4.5) and prepared in a concentration
of 5 mg/mL, and diluted to an injected volume of 1.0 mL. To assess cell proliferation and
neurogenesis, rats were injected IP with 5-bromo-2’-deoxyuridine (BrdU, Sigma-Aldrich,
St. Louis, MO), freshly dissolved in warm sterile saline (15 mg/mL).

Exp. 1 assessed the effects of Esz compared to Veh on sleep-wake parameters. Esz or Veh
were administered twice daily, at ZT3 and ZT9, for 14 consecutive days, in conjunction with
continuous EEG and EMG recordings. EEG (2 channels) and EMG signals were filtered at
1.0 and 30 Hz and 30–300 Hz, respectively, and digitized at 128 Hz for EEG signals and
256Hz for EMG signals with the Cambridge Electronic Design Spike 2 (V 5.0) data
acquisition system. Sleep–wake states were scored off-line in 10 s epochs on the basis of the
predominant state within the epoch, with the aid of the Sleep Sign software. Wake was
identified by low amplitude, high-frequency EEG activity and sustained neck muscle tone.
High-amplitude, low frequency EEG with decreased muscle activity defined non-rapid eye
movement (NREM) sleep whereas rapid eye movement (REM) sleep was defined by higher
frequency, low amplitude EEG with dominant theta frequency (4–8 Hz), combined with
minimum tonic muscle tone. The percentages of each state were calculated for 4 24-hour
periods (Baseline, day 1, day 7, and day 14). In addition, we measured the duration of sleep
bouts. EEG spectral power in the low (0.75–2.0 Hz) and high (2.1–4.0 Hz) delta ranges
within NREM sleep was quantified as a percent of total power within NREM during Esz or
Veh treatment.

Exp. 2 assessed the effects of Esz on survival of proliferating cells. BrdU (200 mg/Kg, IP)
was administered at ZT9 for three consecutive days. Beginning two days after the last BrdU
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administration, Esz or Veh was administered for twice daily for 14 consecutive days, at ZT3
and ZT9, exactly as in Exp. 1. Animals were then returned to their home cages and left
undisturbed for another 14 days. They were sacrificed at ZT 11, 33 days after the beginning
of BrdU injection. Esz- and Veh- treated animals gained 40.5 and 41.8 gms, respectively,
during the course of the study.

Exp. 3 assessed the effects of Esz treatment on the proliferative stage of adult neurogenesis.
Rats were administered Esz or Veh at ZT 3 for seven consecutive days. BrdU (200 mg/Kg,
IP) was administered at ZT12 on days 3, 5, and 7 of Esz or Veh treatment. Rats were
sacrificed at ZT15 on day 7. We note that BrdU labels cells in the “S”- or DNA synthesis
phase of the mitotic cell cycle. The S phase in the adult rat DG is estimated to last about 9
hrs, and BrdU was found to be available for 2 hrs after injection (Cameron and McKay,
2001). Thus, BrdU injections at ZT12 label cells that enter the S-phase between ZT3 and
ZT14.

Two daily doses of Esz were administered in experiments 1 and 2 because a single daily
dose had little sustained effect on sleep. Experiments 1 and 2 focused on the possible
sustained or cumulative effect of Esz on cell survival and correlated changes in sleep. In
experiment 3, one dose was used because the potential effects of drug on the initial stage of
proliferation would be expected to occur acutely during the over-lapping time windows of
Esz availability and BrdU labeling of the S phase.

Perfusion, Immunohistochemistry, and Cell Counting
Animals from Exps. 2 and 3 were deeply anesthetized (Nembutal 100 mg kg−1), perfused
transcardially with phosphate buffer (PB) 0.1 M followed by ice cold paraformaldehyde
(4%); brains were removed and stored in 10% and 30% sucrose at 4 °C until they sank.
Brains were cut in 40 µm coronal sections. Sections encompassing the hippocampus were
preserved in a cryoprotectant solution containing sucrose, polyvinyl-pyrrolidone (PVP-40,
Sigma, St. Louis, MO, USA) and ethylene glycol dissolved in PB pH 7.2, which provides
long-term protection of the tissue. Sections were processed for BrdU immunohistochemistry
or double immunofluorescence labeling to identify cell phenotype. As primary antibodies
we used: mouse-anti-BrdU (1:200, BD Bioscience, San Jose, CA, USA) or rat anti-BrdU
(1:200, Accurate, Westbury, NJ, USA), and mouse anti-NeuN (1:300, Chemicon, Temecula,
CA, USA).

For single labeling, to visualize the expression of the BrdU alone we used the peroxidase
method (ABC system, Vectastain, Vector Laboratories, Burlington, CA, USA).
Immunohistochemistry was performed simultaneously on sections from Esz- and Veh-
treated rats to maximize the reliability of comparisons across groups. Staining was
performed on slide-mounted sections. Slides were placed in pre-stirred boiling citric acid
(0.01 M, pH = 6.0) for 40 min. After cooling, slides were rinsed in water (X5) and then PBS
(X5 after this and each subsequent step unless otherwise specified). Sections were pretreated
for BrdU immunostaining by DNA denaturation (2 N HCl at 37 °C for 30 min) followed by
10 min in borate buffer (pH 8.5). Tissue was rinsed in Tris-buffered saline (TBS) 0.1 M.
Sections were then incubated with a mouse anti-BrdU primary antibody in PBS containing
0.5% Tween 20 for 48 h at 4°C. Tissue from Esz- and Veh-treated groups was treated with
aliquots from the same batch of antibodies. Sections were subsequently incubated with a
biotinylated horse anti-mouse IgG (1:200, Vector Laboratories), then acted with avidin–
biotin complex (1:100, Vector Elite) and developed with diaminobenzidine
tetrahydrochloride (DAB) in hydrogen perioxide (Sigma kit). Absence of the primary
antibody resulted in an absence of specific nuclear staining (samples available on request).
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BrdU-positive cells were counted using a 40 × objective (Nikon E600, Nikon, Tokyo, Japan)
in one-in-six series of sections from the full rostrocaudal extent of the DG. A modified
optical fractionator method was used for counting. Briefly, in every section, the contours of
SGZ/GLC and hilus areas were first delineated for counting using the tracing function of the
MicroBrightfield Stereo Investigator stage control system software. The SGZ was defined as
a layer 2 cell diameters thick adjacent to the GCL. Following this, the optical fractionator
software component was activated. Due to the sparse and sporadic nature of BrdU-labeling,
we used exhaustive sampling, counting all labeled cells in the selected sections. The
precision of estimates of the number of cells was expressed using the coefficient of error
(CE) and stereological sampling was considered acceptable when CE was ≤ 0.05 (West et
al., 1991). In the present study, the ventral SGZ/GCL was identified, in frontal sections,
from about AP −4.8 to −6.0 (Paxinos and Watson, 1998), in which it is seen as a separate
island and can be unambiguously identified. Counts from more posterior sections, in which
the SGZ/GCL is seen as a single structure, were included in the dorsal SGZ/GCL.

The phenotype of the newly generated BrdU-positive cells was determined in 1-in-12 series
of sections from animals of each group using double immunolabeling with antibodies to
BrdU and NeuN. After pretreatment (see above) and blocking with goat serum and Triton-X
10% in TBS, sections were incubated in a mixture with antibodies against BrdU
(monoclonal from rat) and NeuN (monoclonal from mouse) in TBS for 3 days at 4 °C. After
rinsing with TBS and blocking for 1 h, sections were incubated in an antibody mixture of
Alexa 488 goat anti-rat and Alexa 555 goat anti-mouse, both at 1:300 (Molecular Probes,
Eugene, OR, USA) in TBS for 2 h. Sections were mounted and coverslipped with Vectastain
(Vector) mounting medium.

The phenotype of BrdU-labeled cells was assessed in 25–68 cells per animal (100 cells in
one animal) by visualization of occurrence of red (NeuN) fluorescence in green (BrdU)
fluorescent cells (Nikon E-600). Co-localization was confirmed in a sub-sample by z-series
analysis (z-step, 0.36 µm) through the cell nucleus and three-dimensional reconstruction of
cells in the x–z and y–z planes. An individual blinded to the experimental conditions did all
counting.

Statistical Methods
Sleep state percentages were evaluated by two-way ANOVA (factors Esz or Veh treatment
and sleep stage), followed by Holm-Sidak post-hoc multiple comparisons. EEG spectral data
were evaluated with a one-way ANOVA followed by Holm-Sidak post-hoc multiple
comparisons or Kruskal-Wallis one-way ANOVA on ranks, with factor Esz or Veh
treatment. Effects of Esz on proliferation and survival of proliferating cells were assessed by
Students t test. Counts are shown as Mean ± SEM.

Results
Exp. 1

Effects of Esz on sleep were assessed on drug treatment days 1, 7, and 14. Compared to
Veh, Esz significantly increased NREM sleep percent while decreasing wake for 6 hrs on
day 1, but had no sleep stage effects on days 7 or 14 (Fig 1). Both low frequency (0.75–2.0
Hz) and higher frequency (2.1–4.0 Hz) delta power within NREM sleep were increased in
Esz-treated animals throughout most of the 24 h recording on day 1 (Fig. 2). By day 7, only
higher frequency delta was increased, and primarily during the 2 or 3 hrs following Esz
administration, although a significant increase persisted some hrs after the second injection.
On day 14, Esz no longer significantly affected delta power. We also compared sleep and
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wake bout durations, but these were not significantly changed by Esz treatment on any of
the three days analyzed (data not shown).

Exp. 2
This study compared the effects of 14 consecutive days of twice daily Esz administration,
compared to Veh, on survival of proliferating cells labeled by BrdU injections on days 5, 4,
and 3 days before treatments. The Esz and Veh administration protocol was identical to that
used in Exp. 1. The numbers of BrdU-labeled cells were determined 33 days after the first
BrdU injection. As shown in Fig 3A, Esz treatment significantly increased the numbers of
BrdU-labeled cells in the SGZ/GCL, by 46% (Esz: 7482 ± 520, Veh: 5168 ± 553, t= 3.05,
p< 0.01). Sample sections showing BrdU labeling following sustained Esz or Veh treatment
are shown in Fig. 4. BrdU-labeled cell counts were significantly increased in dorsal/
posterior SGZ/GCL (t=3.14, p<0.01), but not in ventral SGZ/GCL. We also examined the
phenotype of labeled cells by assessing the expression of the mature neuronal marker, NeuN
in strongly BrdU-labeled cells (Fig 5). There were no significant differences between Esz-
and Veh-treated groups in percentages of BrdU-labeled cells expressing NeuN in either
SGZ/GCL (91.8 vs 85.4%) or hilus (22.5 vs 17.3%).

Exp. 3
This study compared the numbers of cells labeled by BrdU, administered on days 3, 5, and
7, following 7 days Esz or Veh treatment. There were no differences between groups in the
numbers of BrdU-labeled cells counted in the SGZ/GCL immediately following treatments
(Fig. 3B , Esz: 7152±1614, Veh:7488±1505). Separate analyses showed no significant
effects of Esz in dorsal/posterior or ventral portions of the SGZ or the hilus (data not
shown). Thus, under the conditions of this experiment, the proliferative stage of
neurogenesis was not altered by Esz treatment.

Discussion
Our study examined the effects of treatment with the hypnotic drug, Esz, administered
during the usual rat sleep period, on two stages of neurogenesis in the adult rat dentate
gyrus. We found that Esz administration for 7 days had no effect, compared to Veh, on the
numbers of newly-proliferated cells in the SGZ/GCL . However, 14 day Esz treatment
strongly enhanced the survival of proliferating cells labeled before Esz administration. We
suggest that this finding is best explained by recent evidence that GABAergic input to
proliferating cells facilitates their survival and maturation. Newly-proliferative cells express
GABAA receptors, and exhibit excitatory responses to GABA (Tozuka et al., 2005; Wadiche
et al., 2005; Wang et al., 2005). GABAergic stimulation of newly-proliferative cells induced
NeuroD, a positive regulator of DG neuronal differentiation (Tozuka et al., 2005). The
excitatory response to GABA reflects the early expression in immature neurons of the Na+-
K+-2Cl− transporter, a Cl− importer (Ge et al., 2006; Tozuka et al., 2005). Knock-down or
knock-out of this importer resulted in impaired development of dendritic arborization in new
neurons (Ge et al., 2006). Seven days treatment with the partial GABA agonists,
phenobarbital or pentobarbital, increased survival of BrdU-labeled neurons at 28 days, and 7
day antagonist treatment reduced survival (Tozuka et al., 2005). The pro-maturational
effects of excitatory responses to GABA in adult born cells is congruent with similar
mechanisms during early brain development (Ben-Ari, 2002).

Since our study did not include a cage control group, we must consider the possibility that
the Veh control group exhibited reduced cell survival due to the stresses of injections, and
that Esz did not directly facilitate cell survival, but only counteracted the effects of stress.
The following evidence argues against that interpretation. Studies in rats (Cowen et al 2008,
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Takase et al, 2009, Su et al, 2009) or mice (Païzanis et al, 2009, Wentz and Magavi, 2009)
have shown that daily injections do not necessarily affect cell survival.

A recent study (Su et al, 2009) also examined the effects of Esz (10 mg/Kg, as in our study)
as well as fluoxetine (Flu, 5 mg/Kg) on cell proliferation and survival. Neither drug nor the
combination significantly affected proliferation assessed following 21 day drug treatments,
but the combination significantly increased cell survival in the dorsal GLC. Esz alone
resulted in an approximately 25% increase in survival in the whole GLC, but this was not
significant. The larger and significant increase in survival found in the present study may be
due to our twice daily Esz treatment. Among other differences between studies were the
duration of Esz treatment (28 days in Su et al vs 14 days in our study) and the timing and
dose of BrdU (at ZT1, 150 mg/Kg for 3 days in Su et al vs at ZT 9, 200 mg/Kg for 3 days in
our study).

Treatment with another hypnotic, zolpidem, for 21 days failed to affect survival of
proliferating cells (Takase et al., 2009). However, the response of newborn cells to a
particular GABA agonist will depend on the receptor subunit binding of the agonist and the
receptor subunit expression in the cells. Although newborn cells are responsive to GABAA
agonists, the receptor lacks α1 subunits (Wadiche et al., 2005), which could limit responses
to zolpidem, but not Esz (Hanson et al., 2008). Thus, the potential use of particular GABA
agonists to enhance neurogenesis must be confirmed experimentally.

Other studies of the effects of GABA agonists on the proliferative phase of neurogenesis
have been inconsistent. Administration of phenobarbital for 3 days reduced numbers of cells
in the early proliferative state, designated as type 2 (nestin-expressing) cells (Tozuka et al.,
2005). In another study, a single dose of diazepam increased numbers of BrdU+ cells after
24 h (Petrus et al., 2009), but had no clear effect on numbers of type 2a rapidly amplifying
cells. In the same study diazepam could oppose an increase in the number of proliferating
cells expressing calretinin, an early marker of neuronal lineage, induced by an NMDA
antagonist. Our failure to find an effect of 7 days Esz treatment on proliferation is consistent
with a report that 2 days treatment with zolpidem, another hypnotic, had no effects on
proliferation in younger mice and suppressed proliferation in older mice (Takase et al.,
2009), although, as noted above, the lack of the α1 subunit in the GABAA receptor in
proliferating cells, may limit the response to zolpidem. Anesthetics that bind to GABA
receptors also do not acutely affect proliferation (Tung et al., 2008). Proliferation is
currently understood to consist of distinct developmental steps (Kempermann et al., 2004a),
which may have differential sensitivity to GABA agonists (Petrus et al., 2009). In this
context, one factor in the varying findings may be the number of treatments; more than a
single treatment seems to be ineffective or, in the case of phenobarbital, to have anti-
proliferative effects, possibly reflecting opposing effects on initial and later stages of
proliferation. In our study, Esz was given for 7 days; BrdU was given on 3 of those 7 days.
We also have not excluded the possibility that two daily Esz doses, like those used in the
survival study, could significantly alter proliferation.

Considering the effects of Esz on sleep, to our knowledge, this is the first study to report
effects of sustained administration of Esz in an animal model. Previous studies reported
sleep changes during the first 2–6 hrs of treatment (Alexandre et al., 2008; Gauthier et al.,
1997; Noguchi et al., 2004; Xi and Chase, 2008), usually to zopiclone, the racemic analog of
Esz. In agreement with these short term studies, we found an initial enhancement of NREM
sleep (Alexandre et al., 2008; Noguchi et al., 2004) and delta activity within NREM sleep
(Xi and Chase, 2008) on day 1 of treatment, and waking was decreased. However, REM
sleep was not significantly changed. On the seventh treatment day, sleep stage amounts were
no longer affected, but significant increases in the amount of 2.1–4.0 Hz delta activity were
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still observed. By the fourteenth day, delta EEG changes were no longer found. We
emphasize that Esz was administered during the light phase, when sleep amounts and delta
activity are normally high, and no insomnia-like characteristics were induced. In humans
with chronic insomnia, during daily use for 6 months, Esz had sustained efficacy (Krystal et
al., 2003; Walsh et al., 2007).

Although an association of suppression of adult DG neurogenesis with the etiology of MDD
is unlikely, there is strong evidence that pharmacological enhancement of neurogenesis can
play a positive role in treatment of MDD (Sahay and Hen, 2007). Diverse antidepressant
treatments have in common the enhancement of neurogenesis. In preclinical studies, the
effects of several antidepressant treatments, including administration of Flu, on depression-
like behaviors are prevented if increases in adult neurogenesis are blocked (e.g. (Santarelli et
al., 2003)). Further, to enhance neurogenesis, these treatments must be applied chronically,
mimicking that requirement for clinical efficacy of antidepressant treatments (Malberg et al.,
2000). The delay in the efficacy of antidepressant treatments can be explained by the time
requirement for maturation of new DG neurons (Jacobs et al., 2000). In this context, the
enhancement of neurogenesis by Esz could also confer an antidepressant benefit. As noted
above, Su et al (2009) found that the combination of Esz and Flu increased survival in dorsal
SGZ.

Our result and those of Su et al provides a mechanistic explanation for the finding that
adjunctive treatment with Esz, in MDD patients with insomnia, increased speed and efficacy
of the antidepressant response to Flu (Fava et al., 2006). Further, the benefits of Esz
persisted after discontinuation of Esz cotherapy with Flu (Krystal et al., 2007), pointing to a
possible role of underlying structural changes in brain, such as enhancement of DG
neurogenesis. It must be emphasized that these possible benefits may not apply to all patient
groups; in randomized trials of hypnotic vs. placebo, incidence of depression was slightly
increased by hypnotics (Kripke, 2007).

We note that studies using proton magnetic resonance spectroscopy in medication-free
MDD patients have shown that GABA levels are reduced in occipital cortex (Bhagwagar et
al., 2007; Sanacora et al., 1999, 2004), and probably in prefrontal (Hasler et al., 2007) and
cingulate cortex (Bhagwagar et al., 2008). Treatment with citalopram or fluoxetine or ECT
increased occipital GABA levels in MDD patients (Bhagwagar et al., 2004; Sanacora et al.,
2002; Sanacora et al., 2003). Possibly, these antidepressant treatments act, at least in part,
through GABAergic stimulation of newborn DG cells. Esz could then have a synergistic
action. However, there is limited information on hippocampal GABA in MDD. A post
mortem study showed reduced expression of the GABA-synthesizing enzyme, glutamic acid
decarboxylase (GAD65) in bipolar patients, including in dentate gyrus (Heckers et al., 2002),
but another study found higher densities of GAD-immunoreactive neurons in both MDD and
bipolar patients, but noted likely influences of prior medication (Bielau et al., 2007).

At least three mechanisms could underlie effects of Esz on adult DG neurogenesis. These
include 1) facilitation of sleep, 2) prevention of sleep deprivation induced enhancement of
stress responses (Meerlo et al., 2002), and 3) direct effects of Esz on GABA receptors on
proliferating cells, as summarized above. The present findings primarily support the last
possibility. As Esz- and Veh-treated animals in this study were treated identically, and no
particular stressors were applied, it is unlikely that stress played a role in our outcome. The
role of sleep in adult neurogenesis has been studied using severe sleep deprivation,
fragmentation, or restriction (Guzman-Marin et al., 2005; Guzman-Marin et al., 2007;
Hairston et al., 2005; Mueller et al., 2008; Roman et al., 2005; Tung et al., 2005). There is
no evidence that, in normally-sleeping animals, modest Esz-induced increases in NREM
sleep and delta activity above a normal background would have a direct neurogenesis-
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enhancing effect. Nevertheless, in MDD patients, who exhibit sleep fragmentation and who
are susceptible to stress, Esz treatment could enhance DG neurogenesis through each of
these three mechanisms.

This study did not address a number of issues. For example, we do not know 1) what
receptor binding properties or doses of GABA agonists that would maximally enhance
neurogenesis, 2) if the time of day of administration is important, or 3) what is an optimal
treatment duration or cycle. Future studies should address the effects of hypnotic agents in
models of insomnia, and control for co-variations in sleep.
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Fig. 1.
Twenty-four hour sleep-wake state effects on days 1, 7, and 14, of twice daily treatment
with Esz (10 mg/Kg), compared to Veh. Esz was administered at ZT 3 and 9. Esz treatment
resulted in significant increases in NREM and decreases in wake for 6 hrs on day 1 of
treatment, from ZT 5 through ZT10. On day 1, from ZT0 to ZT12, total NREM was: Esz,
44.9±1.3%, Veh, 34.4±1.8% (p < 0.001) and wake was: Esz, 50.2±1.1, Veh, 58.7±1.4
(p<0.001). No significant effects of Esz on sleep-wake stages were found after ZT12 on day
1, or on either days 7 or 14. (N=8 in both Esz and Veh groups)
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Fig. 2.
Changes in low band (0.75–2.0 Hz) and high band (2.1–4.0 Hz) delta activity, within NREM
sleep, on days 1, 7, and 14 induced by twice daily Esz treatment. On day 1, both low and
high band delta were significantly increased for most of the 24 hrs following injections; the
increase in high band delta was transiently suppressed following the second injection. On
day 7 of Esz treatment, high band delta was increased for 2 hrs following the first injection,
and for 6 partially non-continuous hrs following the second injection. By day 14, no effects
of Esz on delta power were found.
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Fig. 3.
Effects of Esz treatment, compared to Veh, on hippocampal cell survival (A) and
proliferation (B). Cell survival was assessed 33 days after the first of 3 daily BrdU
injections. Esz was administered twice daily for 14 days after BrdU injections. The total
number of BrdU-labeled cells was increased by 46% (P<0.008). Cell proliferation was
assessed by counting BrdU-labeled cells following seven days Esz treatment; BrdU was
administered on days 3, 5, and 7. Significant changes in proliferation were not found.
(Survival study: N=8 for both Esz and Veh groups. Proliferation study; N=6 in both groups.)
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Fig. 4.
Examples of surviving BrdU-labeled cells in the dentate gyrus in Esz (A) and Veh (B)
treated animals (100×). Esz treatment increased the numbers of surviving cells in the
subgranular zone and dentate gyrus. We counted both solid and punctate-labeled cells using
exhaustive sampling, in a one of six series, at 400X, using the MicroBrightfield
Stereoinvestigator system, focusing through the depths of sections.
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Fig. 5.
Determination of neuronal phenotype of surviving BrdU-labeled cells as assessed by
visualization of coincidence of red (NeuN) fluorescent in strongly-labeled green (BrdU)
fluorescent cells A. Orthogonal reconstruction of fluorescent signals derived from a stack of
56 images at 0.36 µm intervals. B. There was no significant difference between Esz- and
Veh-treated groups in the percentages of strongly BrdU-labeled cells also exhibiting NeuN-
labeling in either the GCL/SGZ or hilus.
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