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Abstract
Rationale Currently available antidepressants upregulate
hippocampal neurogenesis and prefrontal gliogenesis after
chronic administration, which could block or reverse the
effects of stress. Allosteric α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptor potentiators (ARPs),
which have novel targets compared to current antidepres-
sants, have been shown to have antidepressant properties in
neurogenic and behavioral models.
Objectives This study analyzed the effect of the ARP Org
26576 on the proliferation, survival, and differentiation of
neurons and glia in the hippocampus and prelimbic cortex
of adult rats.
Materials and methods Male Sprague-Dawley rats received
acute (single day) or chronic (21 day) twice-daily intraper-
itoneal injections of Org 26576 (1–10 mg/kg). Bromodeox-
yuridine (BrdU) immunohistochemistry was conducted
24 h or 28 days after the last drug injection for the analysis
of cell proliferation or survival, respectively. Confocal

immunofluorescence analysis was used to determine the
phenotype of surviving cells.
Results Acute administration of Org 26576 did not increase
neuronal cell proliferation. However, chronic administration
of Org 26576 increased progenitor cell proliferation in
dentate gyrus (~40%) and in prelimbic cortex (~35%) at the
10-mg/kg dosage. Cells born in response to chronic Org
26576 in dentate gyrus exhibited increased rates of survival
(~30%) with the majority of surviving cells expressing a
neuronal phenotype.
Conclusion Findings suggest that Org 26576 may have
antidepressant properties, which may be attributed, in part,
to upregulation of hippocampal neurogenesis and prelimbic
cell proliferation.
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Introduction

Major depressive disorder (MDD) is a debilitating, poten-
tially fatal illness with greater than 15% lifetime prevalence
among the US population (Kessler et al. 2003). Depression
currently ranks among the top ten causes of disability
among the world population (Lopez et al. 2006) and is
projected to rank among the top three causes of disability
by 2020–2030 (Mathers and Loncar 2006). Currently
available treatments have limited efficacy, with only 65%
of people with depression showing some improvement after
any of several antidepressant medications and only after
many weeks or months of treatment (Nestler et al. 2002).
Furthermore, research suggests that presently available
chemical antidepressants, which all act upon the mono-
amine neurotransmitters, serve to modulate other neuro-
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biological systems which may play a more primary role in
depression (Heninger et al. 1996).

Recent research aimed at elucidating these systems has
led to a neurotrophic hypothesis of depression (Duman and
Monteggia 2006). This posits that stress induces atrophy
and loss of neurons in certain brain regions which may be
involved in the neurobiology of depression and that
antidepressant treatment can reverse or block these effects
(Duman and Monteggia 2006). Various classes of anti-
depressants increase levels of hippocampal neurogenesis,
which is required for the behavioral effects of antidepres-
sants in certain animal models of the disorder (Santarelli et
al. 2003; see Warner-Schmidt and Duman 2007). Further-
more, loss of glia in the prefrontal cortex is implicated in
depression (Banasr and Duman 2008), and gliogenesis in
the same region may play a role in treatment response
(Banasr and Duman 2007; Kodama et al. 2004).

The limited effectiveness as well as tolerability issues of
current antidepressant medications argues for the develop-
ment of new molecular approaches targeting novel mecha-
nisms in ongoing drug discovery for the treatment of
depression. A novel class of antidepressants is the positive
allosteric modulator of the α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptor subtype of gluta-
mate receptors, referred to as AMPA receptor potentiators
(ARPs). ARP administration has been reported to increase cell
proliferation in limbic brain structures implicated in depres-
sion ( Bai et al. 2003), to be effective in the forced-swim test
and tail suspension test, two behavioral models of antide-
pressant efficacy (Bai et al. 2001), and to increase levels of
brain-derived neurotrophic factor (BDNF) expression in
neuronal culture (Legutko et al. 2001) in entorhinal/
hippocampal slice cultures (Lauterborn et al. 2000) and in
rat hippocampus in vivo (Mackowiak et al. 2002). Further-
more, fluoxetine, a classical antidepressant, has been found
to alter AMPA receptor phosphorylation in a manner
expected to increase AMPA receptor signaling (Bleakman
et al. 2007). The precise mechanisms by which ARPs exert
their effects in neurogenic and behavioral models of depres-
sion remain unclear; however, they are a promising class of
compounds for novel antidepressant discovery (Mathew et al.
2008; Zarate and Manji 2008). The latter notion is partially
supported by recent evidence suggesting that the antidepres-
sant properties of ketamine may at least in part be mediated
by AMPA receptor activation (Maeng et al. 2008).

The focus of the present study is to evaluate the effectiveness
of the ARPOrg 26576 (Erdemli et al. 2007; Jordan et al. 2005)
on cell proliferation in limbic brain regions of rat brain.
Because this compound was not designed to directly affect
brain levels of the monoamine neurotransmitters, it represents
a novel class that may have improved antidepressant efficacy
or may be effective in treating a subset of patients who do not
respond to traditional antidepressant treatment. Furthermore,

their novel pharmacologic properties suggest that ARPs may
be effective in augmenting the action of existing antidepres-
sants which act through monoamine neurotransmitter systems
(Li et al. 2003). A growing body of evidence suggests that
there is a correlation between hippocampal neurogenesis as
well as prefrontal cortex gliogenesis and antidepressant
treatment. The present study was conducted to determine
whether the ARP Org 26576 would increase hippocampal cell
proliferation, survival, and differentiation to neuronal pheno-
types and whether it would also increase prefrontal cortex cell
proliferation and survival.

Materials and methods

Animals Adult male Sprague-Dawley rats (Charles River
Laboratories, Wilmington, MA, USA) with initial weights
of 230–250 g were used for experiments. Animals were
housed, three per cage, under standard laboratory conditions
(12-h light/dark cycle) and constant temperature (25°C) with
ad libitum access to food and water. All procedures were in
accordance with the National Institutes of Health guidelines
for animal research and approved by the Yale Animal Care
and Use Committee.

Drug administration protocols Dose selection for Org 26576
was based on maintaining consistency with doses showing in
vivo activity (Erdemli et al. 2007; Jordan et al. 2005). For
acute drug administration, rats were administered Org 26576
at 8:00 a.m. and 4:00 p.m. by intraperitoneal (IP) injection at
1, 3, or 10 mg/kg or given vehicle (Fig. 1a). Drug was
dissolved in 5% mulgofen (a detergent which improves
solubility) in 0.9% NaCl. For chronic drug administration,
Org 26576 (10 mg/kg) or vehicle (5% mulgofen in 0.9%
NaCl) was administered twice a day at 8:00 a.m. and 8:00 p.
m. for 21 days (Fig. 1b). For the survival and differentiation
study, Org 26576 (10 mg/kg) or vehicle was administered in
exactly the same way for 21 days, after which rats were
allowed to survive for 28 days (Fig. 1c). Animal weights
were measured every 3 days in each experiment. There were
no differences in body weight among the treatment groups.

Bromodeoxyuridine administration For proliferation studies,
rats received two administrations of 150 mg/kg bromodeox-
yuridine (BrdU; Sigma, St. Louis, MO, USA) by IP injection
30 and 150 min after the last drug injection, respectively.
Twenty-four hours after the last BrdU injection, rats were
anesthetized by 400 mg/kg chloral hydrate and transcardially
perfused with 100 ml of 0.1 mol/l cold phosphate-buffered
saline (PBS), followed by 200 ml of 4% cold paraformalde-
hyde plus PBS. For the survival and differentiation study, rats
received 150mg/kg BrdU once daily on each of the last 2 days
of the 21-day drug administration and were then allowed to
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survive for 28 days after the last BrdU injection. Animals were
then anesthetized and perfused exactly as described above.

Immunohistochemistry After perfusion, all brains were
postfixed overnight in 4% paraformaldehyde in PBS at 4°C
and cryoprotected in 30% sucrose at 4°C. Serial sections of
the brains (40-µm thickness) were cut on a freezing
microtome, and sections were stored in a glycerol-based
cryoprotectant. Free-floating sections were subjected to
deoxyribonucleic acid denaturation by incubation for 2 h in
50% formamide/2× standard saline citrate (SSC) at 65°C,
followed by a 2× SSC rinse. Sections were then incubated for
30 min in 2 N HCl, PBS, and then 10 min in 0.1 mol/l boric
acid, pH 8.5. Sections were incubated for 30 min in 3%
hydrogen peroxide to eliminate endogenous peroxidases.
Sections were incubated with blocking buffer (3% normal
horse serum in 0.3% Triton X-100, PBS) for 30 min. Then,
sections were incubated with mouse anti-BrdU (1:100;
Becton Dickenson, San Jose, CA, USA) with blocking
buffer overnight at 4°C. Sections were then incubated for 1 h
with biotinylated horse antimouse antibody (1:200; Vector
Laboratories, Burlingame, CA, USA) with blocking buffer,
followed by amplification with an avidin–biotin complex

(Vector Laboratories), and cells were visualized with
diaminobenzidine (Vector Laboratories) with a light micro-
scope (Zeiss Axioskop, Carl Zeiss, Jena, Germany).

For double labeling, brain sections were incubated for
30 min with 2 N HCl and PBS, followed by blocking buffer
(3% normal goat serum, 0.3% Triton X-100, PBS). Sections
were then incubated for 2 days at 4°C with rat anti-BrdU
(1:100; Accurate; Harlan Olac, Bicester, UK) and mouse
antineuronal nuclei (NeuN; 1:500; Chemicon, Billerica,
MA, USA). The secondary antibodies were Alexa Fluor
488 goat antimouse (1:200) and Alexa Fluor 546 goat
antirat (1:200; Molecular Probes, Carlsbad, CA, USA) and
were applied for 1 h and visualized with confocal Z-plane
sectioning by a Zeiss LSM 510 (Carl Zeiss).

Quantification of BrdU labeling An experimenter blinded
to the identity of the sections counted BrdU-labeled cells.
Stereo Investigator software (MBF Bioscience, Williston, VT,
USA) was used for all counting procedures. To distinguish
single cells within clusters, all counts were performed at ×400
under a light microscope (Zeiss Axioskop, Carl Zeiss). For
cell counting in the dentate gyrus, every tenth section
throughout the whole hippocampus was processed for BrdU
immunohistochemistry. A cell was counted as being in the
subgranular zone (SGZ) of the dentate gyrus if it was touching
or in the subgranular zone, which was defined as the cell layer
located between the granule cell layer and the hilus. For
prelimbic cortex, every tenth section was collected and
immunostained through 4.20- to 2.20-mm bregma with
reference to the Paxinos and Watson (1998) Rat Atlas,
resulting in five sections for each brain examined. For cell
counting in the prelimbic cortex, a 1×1-mm square scale was
used. All positive cells within the square scale were counted
under ×400 magnification.

For double labeling, slices were analyzed on a confocal
microscope (Zeiss Axiovert LSM510, Carl Zeiss). At least
50 dentate gyrus BrdU-positive cells per animal were
analyzed with Z-plane sectioning (1-µm steps) to confirm
the colocalization of both BrdU and NeuN.

Statistical analysis The differences among groups were
analyzed by one-way analysis of variance followed by the
Fischer’s protected least significant difference or unpaired t
test, respectively; data were presented as mean ± SEM. The
level of statistical significance was set at p<0.05. Statistical
analysis was conducted using StatView 5 software (SAS,
Cary, NC, USA).

Results

Acute administration of Org 26576 does not significantly
affect cell proliferation in the hippocampus The effect of

Fig. 1 Time schedule for drug and bromodeoxyuridine (BrdU)
administration. a Acute Org 26576 administration paradigm. Animals
received two injections, followed by BrdU, and perfusion 24 h later. b
Chronic Org 26576 paradigm. Animals received two injections daily
for 21 days, followed by BrdU and perfusion. c Survival and
differentiation study paradigm. Animals received drug injections for
21 days with BrdU on days 20 and 21 and were allowed to survive for
28 days after the last BrdU injection
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acute Org 26576 administration is shown in Fig. 2a, b.
Representative sections of BrdU immunohistochemistry in
the 3-mg/kg Org 26576 group for the dentate gyrus and
hilus are shown in Fig. 2c, d. BrdU-positive cells are
primarily found along the subgranular zone (Fig. 2c).
BrdU-positive cells are often observed as clusters of three
or more adjacent cells (Fig. 2d). None of the doses tested
significantly increased the number of BrdU-positive cells in
the dentate gyrus compared with the vehicle group
(Fig. 2a). There was no significant effect of Org 26576 on
BrdU-positive cells in the hilus (Fig. 2b).

Chronic administration of Org 26576 increases cell
proliferation in the hippocampus Chronic Org 26576
significantly increases the number of BrdU-positive cells

in the subgranular zone versus vehicle (Org 26576 increase
vs. vehicle=42%, two-sample t22=2.457, P=0.0224; n=12
per group; Fig. 3a). Two experiments with groups of six
animals each were conducted under identical protocols and
the results were pooled. There was a robust increase in the
number of cells within each BrdU-positive cluster, with a
cluster defined as three or more adjacent cells (Org 26576
increase vs. vehicle=20% representing an average of one
more cell per cluster, two-sample t22=3.984, P=0.0006;
Fig. 3b). Org 26576 did not significantly influence the
number of BrdU-positive cells in hilus (Fig. 3c).

Survival and phenotype of cells after chronic Org
26576 The numbers of cells surviving after chronic Org
26576 was significantly increased as measured by numbers

Fig. 2 Effects of acute Org
26576 on cell proliferation in
SGZ and hilus in rats. a Acute
administration does not increase
cell proliferation in SGZ (n=6
per group). b Acute administra-
tion does not affect hilus cell
proliferation. c Representative
bright-field image showing
BrdU+ cells (black arrowheads)
in the SGZ under the 3-mg/kg
dosage (×200 magnification;
scale bar, 100 µm). d BrdU+
clustered proliferating cells in
SGZ (×400 magnification; scale
bar, 50 µm)

Fig. 3 Effects of chronic Org 26576 on cell proliferation in SGZ and
hilus. a Chronic Org 26576 at the 10-mg/kg dosage increases cell
proliferation in SGZ as measured by number of BrdU+ cells (P<0.05;

n=12 per group). b Chronic Org 26576 increases size of average
proliferating clusters in SGZ (P<0.005). c Chronic Org 26576 does
not significantly affect hilus cell proliferation
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of BrdU-positive cells in the granular cell layer (GCL)
sampled at the 28-day time point after the last drug
administration (Org 26576 increase vs. vehicle=32%,
two-sample t10=2.484, P=0.0323; n=6 per group;
Fig. 4a). A majority of surviving cells express the neuronal
marker NeuN (vehicle, 93±3%; Org 26576, 91±2%;
Fig. 4b). The percent of NeuN and BrdU double-labeled
cells was not changed by Org 26576. Representative
confocal images showing a BrdU-positive and NeuN-
positive double-labeled cell are shown in Fig. 4c–e.

Chronic administration of Org 26576 increases cell
proliferation in prelimbic cortex Chronic Org 26576
significantly increased the number of BrdU-positive cells
per square millimeter of prelimbic cortex in the cell
proliferation experiment (Org 26576 increase vs. vehicle=
35%, two-sample t9=3.425, P=0.0076; vehicle, n=5; Org
26576, n=6; Fig. 5a). One animal in the group receiving
vehicle exhibited poor BrdU staining and was excluded.
Survival of cells born in prelimbic cortex as measured by
numbers of BrdU-positive cells sampled at the 28-day time
point after the last drug Org 26576 administration was not
significantly changed (Fig. 5b).

A representative section showing BrdU-positive cells in
prelimbic cortex in the proliferation study is shown in
Fig. 5c. Significantly fewer BrdU-positive cells are found

in prelimbic cortex as compared to dentate gyrus. A
schematic adapted from the Paxinos and Watson (1998)
Rat Atlas diagramming the location of the 1×1-mm
counting frame used in quantifying prelimbic cortex is
shown in Fig. 5d.

Discussion

The results of the present study extend previous work on
the potential role of ARPs as novel antidepressants with
two significant findings. First, the results demonstrate that
chronic but not acute administration of Org 26576 increases
neurogenesis in the adult hippocampus, as reflected by
statistically significant increased levels of cell proliferation
and survival, with the majority of surviving cells expressing
a neuronal phenotype. Previous findings (Bai et al. 2003)
analyzed the effect of another ARP, LY451646, on cell
proliferation in the same brain region and demonstrated an
increase but did not measure survival or differentiation to
neuronal phenotypes. Second, the results demonstrate for
the first time that chronic ARP administration (Org 26576)
increases cell proliferation in prelimbic cortex. Reduced
volume and decreased cell number in the prelimbic cortex
have been reported in brain imaging and postmortem

Fig. 4 Effects of Org 26576 on
cell survival and phenotype in
GCL. a Chronic Org 26576
administration at the 10-mg/kg
dosage increases survival of
BrdU+ cells in GCL measured
28 days later (P<0.05, n=6
per group). b The majority of
BrdU+ cells which survive in
GCL express the neuronal
marker NeuN. Org 26576 does
not change the percentages of
double-labeled cells. c–e
Representative confocal image
showing NeuN and BrdU
colocalizations. NeuN: c, BrdU:
d, merge: e (scale bar, 25 µm)
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studies of depressed patients (Cotter et al. 2002; Drevets et
al. 1997), whereas gliogenesis in this region has been
implicated in the actions of antidepressant treatment (Banasr
et al. 2007). Previous animal research has shown newly
dividing cells in prelimbic cortex adopt a glial phenotype
(Banasr et al. 2007; Kodama et al. 2004) which, taken
together with the present findings, further supports the
antidepressant properties of Org 26576. The active dose of
Org 26576 in the current study is consistent with the dose range
used in other reports which examined the in vivo AMPA-
receptor-mediated central effects of Org 26756 (Erdemli et al.
2007; Jordan et al. 2005), although these studies analyzed the
effects of acute, rather than chronic, administration.

The upregulation of neurogenesis in the adult hippo-
campus in response to Org 26576 was observed after
chronic (21 days) but not acute (two injections 8 h apart)
administration, consistent with the time course for known
chemical antidepressants (Malberg et al. 2000; Santarelli et
al. 2003). All current chemical antidepressants require
chronic treatment before a clinical antidepressant effect
emerges. The findings that the neurogenic actions of Org
26576 are dependent on chronic administration are consis-
tent with the time lag for the actions of antidepressant, and
with a previous report of ARP induction of BrdU-positive
cells in the hippocampus, although the latter study did
report an acute effect on cell clusters (Bai et al. 2003).

Chronic Org 26576 significantly increased cell prolifer-
ation in the adult hippocampus as measured by the number

of BrdU-positive cells. This effect was seen in measures of
total number of BrdU-positive cells and average cells per
cluster in the SGZ. Clusters, which are defined as groups of
more than three adjacent BrdU-positive cells, likely
represent amplifying neural progenitors stimulated to
undergo more than one round of mitotic division, as
opposed to the proliferation of quiescent neural progenitors,
which is induced by electroconvulsive therapy but not most
chemical antidepressants (Segi-Nishida et al. 2008). How-
ever, as ARPs act by upregulation of AMPA-receptor-
mediated signaling rather than modulation of monoamine
neurotransmitters, further research is needed before it may
be concluded that ARPs do not influence quiescent
progenitors. We also found that the newborn cells survived
when analyzed 28 days after the last Org 26576 adminis-
tration and that these cells expressed a neuronal phenotype,
demonstrating an overall increase in neurogenesis in
response to ARP treatment.

There was no effect of Org 26576 on cell proliferation in
the hilus of the hippocampus. Cells of the hilus primarily
express a glial phenotype, and hilar gliogenesis has not
been implicated in depression or antidepressant treatment.
Results in the hilus serve as a negative control for the
experimental methods utilized in the present study and
provide further validation for results obtained.

Hippocampal neurogenesis is a correlate of antidepres-
sant efficacy (Duman et al. 2001) and has been shown to be
required for the behavioral effects of antidepressants in

Fig. 5 Effects of chronic Org
26576 treatment on cell prolif-
eration and survival in PFC. a
Chronic Org 26576 administra-
tion at the 10-mg/kg dosage
increases cell proliferation in
prelimbic cortex (P<0.05;
vehicle, n=5; Org 26576, n=6).
b Chronic Org 26576 does not
significantly influence survival
of BrdU+ cells in prelimbic
cortex (n=6 per group). c
Representative bright-field
image showing BrdU+ cells in
prelimbic cortex (×200 magnifi-
cation; scale bar, 100 µm; inset
shows detail of boxed region
containing BrdU+ cells). d
Schematic diagramming 1×1-
mm counting frame used to
quantify BrdU+ cells in prelim-
bic cortex (shaded gray box)
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certain animal models (Santarelli et al. 2003). However,
research has suggested that this requirement may be species
and strain dependent, with BALB/cJ mice showing behav-
ioral responses to the SSRI fluoxetine in a neurogenesis-
independent manner (Holick et al. 2008). This demonstrates
that several mechanisms may underlie antidepressant-like
effects, with neurogenesis not necessarily an essential
correlate in all cases and not in the BALB/cJ background
characterized. However, a body of research supports the
link between hippocampal neurogenesis and antidepressant
efficacy (Malberg et al. 2000; Sahay and Hen 2007). Taken
together, the results in the hippocampus showing enhanced
neurogenesis suggest that the ARP Org 26576 may have
antidepressant properties under chronic administration.

Currently, the functional significance of new neurons
generated in the adult hippocampus is not well-characterized;
however, many possibilities exist. It has been shown that
newly generated hippocampal neurons adopt the passive
membrane properties of mature neurons, fire action potentials,
and integrate into the existing network circuitry (van Praag et
al. 2002). As such, new neurons may enhance hippocampal
function involved with antidepressant action. It has been
hypothesized that neurogenesis in the ventral hippocampus
may be involved in the regulation of emotional responses
(Sahay and Hen 2007). Adult neurogenesis may likewise
serve to modulate hippocampal function or possibly regulate
function of the hypothalamic–pituitary–adrenal axis. Finally,
given the role of hippocampus in learning, neurogenesis in
this region may influence plasticity and adaptation responses
(Sahay and Hen 2007).

An increasing body of evidence suggests that there is a
role for AMPA-receptor-mediated signaling in depression
and the action of antidepressant treatments (Alt et al. 2006;
Zarate and Manji 2008). ARPs hold promise in ongoing
drug discovery because of their differential mechanisms of
action compared to currently available antidepressant
medications. ARPs are known to exert their positive
allosteric effects on AMPA receptors by attenuating
receptor deactivation and/or desensitization in the presence
of agonist (Alt et al. 2006; Jin et al. 2005). Although it is
not known which of these respective receptor processes Org
26576 preferentially targets, nonetheless, Org 26576 exerts
a primary influence through a different pathway compared
with existing chemical antidepressants (Erdemli et al.
2007), all of which influence monoamine neurotransmitter
systems. As such, ARPs such as Org 26576 may represent a
different means of treatment for depressive symptoms.
Furthermore, Org 26576 represents a structurally distinct
series derived from the first-generation ARP CX516
(Staubli et al. 1994) and displays 10–30 greater potency
in potentiating AMPA-mediated electrophysiological
responses in rat hippocampal cultured neurons (Jordan et
al. 2005), arguing for its increased specificity. At present,

the half-life of Org 26576 in the brain is not known,
although it is possible that the requirement of chronic rather
than acute administration for its effects may be due in part
to lag time needed to reach maximal brain concentration.

Results presented in the current as well as previous
studies support the antidepressant-like effect of ARPs in
neurogenic and gliogenic models of depression. The precise
mechanisms by which ARPs exert these effects downstream
of AMPA receptor signaling remain to be elucidated;
however, a number of different pathways may be implicated.
ARPs may exert an indirect effect on progenitor populations
via a neuronal or glial intermediate. ARPs may act by
increasing levels of the neurotrophin BDNF, a pathway that
has been previously implicated (Lauterborn et al. 2000;
Mackowiak et al. 2002). Or ARPs may influence other
trophic factors implicated in antidepressant action, notably
VEGF (Warner-Schmidt and Duman 2007). Results
obtained in this study show that a downstream effect of
chronic administration of the ARP Org 26576 is to increase
neurogenesis in adult rat hippocampus and cell proliferation
in prefrontal cortex. Combined with previous findings that
implicate adult hippocampal neurogenesis and prefrontal
gliogenesis in antidepressant action, this supports the
conclusion that Org 26576 has antidepressant properties in
a neurogenic model of depression.
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