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Abstract

Augmenting hippocampal neurogenesis represents a potential new strategy for treating depression.
Here we test this possibility by comparing hippocampal neurogenesis in depression-prone ghrelin
receptor (Ghsr)-null mice to that in wild-type littermates and by determining the antidepressant
efficacy of the P7C3 class of neuroprotective compounds. Exposure of Ghsr-null mice to chronic
social defeat stress (CSDS) elicits more severe depressive-like behavior than in CSDS-exposed
wild-type littermates, and exposure of Ghsr-null mice to 60% caloric restriction fails to elicit
antidepressant-like behavior. CSDS resulted in more severely reduced cell proliferation and
survival in the ventral dentate gyrus (DG) subgranular zone of Ghsr-null mice than in that of wild-
type littermates. Also, caloric restriction increased apoptosis of DG subgranular zone cells in
Ghsr-null mice, although it had the opposite effect in wild-type littermates. Systemic treatment
with P7C3 during CSDS increased survival of proliferating DG cells, which ultimately developed
into mature (NeuN+) neurons. Notably, P7C3 exerted a potent antidepressant-like effect in Ghsr-
null mice exposed to either CSDS or caloric restriction, while the more highly active analog
P7C3-A20 also exerted an antidepressant-like effect in wild-type littermates. Focal ablation of
hippocampal stem cells with radiation eliminated this antidepressant effect, further attributing the
P7C3 class antidepressant effect to its neuroprotective properties and resultant augmentation of
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hippocampal neurogenesis. Finally, P7C3-A20 demonstrated greater proneurogenic efficacy than a
wide spectrum of currently marketed antidepressant drugs. Taken together, our data confirm the
role of aberrant hippocampal neurogenesis in the etiology of depression and suggest that the
neuroprotective P7C3-compounds represent a novel strategy for treating patients with this disease.

INTRODUCTION

Despite the multitude of antidepressant drugs available to patients, major depression remains
a significant cause of morbidity and mortality in our society. Thus there is a great need to
further understand the mechanisms underlying depression in order to develop new
treatments. To that end, we have been investigating the relationship between the orexigenic
gut hormone ghrelin and depression. Ghrelin induces feeding by activating growth hormone
secretagogue receptors (Ghsr; ghrelin receptor) in the hypothalamus, caudal brainstem and
elsewhere in the central nervous system.1-4 Within the hippocampus and ventral tegmental
area, Ghsr mediates ghrelin’s enhancement of reward-related behaviors,>- cue-potentiated
feeding,> hippocampal spine synaptic density and memory retention.1% Ghrelin
additionally confers neuroprotective efficacy in models of kainic acid hippocampal toxicity,
spinal cord motor neuron excitotoxicity, dopaminergic neuron toxicity and oxygen glucose
deprivation in hypothalamic and cortical neurons.11-17 Notably, ghrelin also exerts
antidepressant efficacy in rodent models of depression.18-21 In mice, raising ghrelin levels
either directly through acute injection or indirectly via caloric restriction elicits an
antidepressant response in the forced swim test (FST), a common screening tool for new
candidate antidepressants.2! Additionally, elevated plasma ghrelin levels occur in mice
exposed to chronic social defeat stress (CSDS), a model of prolonged psychosocial stress
featuring aspects of major depression and posttraumatic stress disorder, and Ghsr-null mice
exhibit more severe depressivelike behavior after CSDS than wild-type littermates.”-21:22
Besides exaggerated depressive-like behavior, CSDS-exposed GHSR-deficient mice lack the
hyperphagia and conditioned place preference for high-fat diet otherwise present in CSDS-
exposed wild-type mice.”21:23 Ghrelin is also elevated in other models of acute and chronic
stress in animals, as well as in a model of psychosocial stress in people.23-30 Furthermore,
Ghsr polymorphism has been associated with major depression in humans, and
administration of ghrelin improves mood in some patients with major depression.18:31 Thus,
stress-associated activation of ghrelin signaling may help protect against depression, while
aberrant ghrelin signaling may confer increased sensitivity to stress-induced depression as
well as changes to the usual metabolic and food reward behavioral responses to stress.

The mechanism by which ghrelin confers antidepressant efficacy has previously eluded the
field, although clues in the literature point to involvement of hippocampus neurogenesis. For
example, changes in hippocampal neurogenesis and cell survival in the dentate gyrus (DG)
have been correlated with depressive-like behavior,32-35 and antidepressants and
environmental factors that elevate mood, such as exercise, environmental enrichment and
social interaction, increase the net magnitude of hippocampal neurogenesis.36-39 By
contrast, negative regulators of neurogenesis and cell survival, such as chronic stress, old
age, drugs of abuse and social isolation, are associated with depressed mood.2:38.40.41
Additionally, ablation of neurogenesis decreases the efficacy of some antidepressant drugs
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in rodents.#2-44 It has also been reported that ghrelin potently stimulates hippocampal
neurogenesis within the DG.45-48 The antidepressant efficacy of compounds initially
categorized as neuroprotective and/or proneurogenic, however, has not yet been described.
In considering the convergence of evidence linking neurogenesis with depressive-like
behavior, as well as the role of ghrelin in hippocampal neurogenesis and hippocampal
distribution of Ghsr,*? we hypothesized that the antidepressant efficacy of ghrelin might
relate to its proneurogenic effect. If so, both depression-prone Ghsr-null mice and even
wild-type mice with intact ghrelin signaling might be protected from stress-induced
depression by pharmacologically augmenting hippocampal neurogenesis. Here, we have
tested these hypotheses by utilizing the P7C3-series of neuroprotective compounds and
Ghsr-null mice.

MATERIALS AND METHODS

For full Material and Methods, refer to Supplementary Materials and Methods online.

Animals

Male Ghsr-null and wild-type littermates on pure C57/BL/6J genetic background were
generated and housed as described previously.”-°9 All procedures were performed according
to the protocols approved by The University of Texas Southwestern Medical Center
Institutional Animal Care and Use of Committee guidelines.

P7C3 compounds
P7C3 was from Asinex (Moscow, Russia). P7C3-A20 was prepared as described.>?

Behavioral testing

Behavioral tests were performed as described previously.’-21 P7C3 compounds were
administered intraperitoneally at 0900 and 1700 hours daily, and bromodeoxyuridine (BrdU)
was administered at 0900 hours. Body weights were unaffected by compounds
(Supplementary Figure S7).

CSDS

CSDS was performed as previously described.”-21:22

Focal cranial irradiation

Refer to online Methods. To achieve hippocampal focused cranial irradiation, the anterior
portion of the collimator was aligned and centered to where the caudal portion of orbits met
squamosal bone (Bregma~0.0 to 0.5 mm), providing an approximate irradiation field from
Bregma 0.5 to —5.5 mm.

Caloric restriction

Sixty percent calorie restriction protocol was performed as previously described.?! Mice
were provided with 60% of their usual daily calories, resulting in an 18-20% body weight
loss in both Ghsr-null and wild-type littermates (Supplementary Figure S7), as observed
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previously.2! Mice received twice-daily injections of either P7C3 (20 mg kg™t day™ 1 in
divided doses) or vehicle 5 days before and during 10 days of calorie restriction or ad
libitum feeding. On Day 16, the FST was performed for each mouse, as done previously.?!

Immunohistochemistry and stereology

Immunohistochemistry and quantification were performed as described previously.”-39:51

Quantitative reverse transcriptase-PCR

Brain punch collection and quantitative PCR was performed as previously described.>”

Determination of P7C3 levels in brain tissue

Refer to online Methods.

Comparison of P7C3 compounds and antidepressant drugs

Proneurogenic efficacies of P7C3 and P7C3-A20 were compared with vehicle (artificial
cerebrospinal fluid) and several antidepressants (Sigma-Aldrich, St Louis, MO, USA),
according to established methods.>1-53

Statistical analyses

GraphPad Prism 5.0 (GraphPad Software, Inc., La Jolla, CA, USA) was used for statistical
analysis. Significance was defined as P < 0.05. Data are presented as mean + s.e.m.

RESULTS

Chronic stress severely reduces DG cell proliferation and survival in Ghsr-null mice

The CSDS model of chronic psychosocial stress and major depression exposes male mice to
repeated bouts of social subordination by an older and larger aggressor mouse for 5 min per
day over 10 days.”21.22.54 Afterwards, the stressed mouse typically shows significantly
reduced social interaction with a novel mouse, reflected by decreased time spent in the
interaction zone with a novel mouse and/or increased time spent in the corners of the testing
chamber, mimicking stress-induced social avoidance and depression in humans.”22:54 CSDS
is a valuable model of depression, because the social avoidance behavioral manifestation of
depressive-like behavior is long-lasting and responsive to chronic, but not acute,
antidepressant administration.>*2> Exposure of male Ghsr-null mice to CSDS elicited
significantly more time in the corners and less time interacting with a novel mouse,
compared with wild-type littermates (Supplementary Figure S1), consistent with our
previous reports.’21

To determine whether the more severe depressive phenotype in Ghsr-null mice correlated
with effects on hippocampal neurogenesis, we harvested brain tissue from both
CSDSexposed and non-CSDS-exposed mice and performed immunohistochemistry for
Ki67, a marker of proliferating cells, in the DG subgranular zone where newborn neural
precursor cells proliferate. We separately analyzed the dorsal 2/3 (septal and intermediate
regions) and ventral 1/3 (temporal region) of the hippocampus based on reported differences
between these regions in neuronal projections, connectivity and gene expression profiles, as
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well as evidence differentially linking the ventral hippocampus to mood regulation and
emotion-based learning and the dorsal hippocampus to spatial learning and memory.56-62
More specifically, adult neurogenesis in the ventral DG has been correlated with an
antidepressant effect.53-65 In addition, ghrelin delivery to the ventral hippocampus
stimulates food intake, whereas delivery to the dorsal hippocampus does not.® Ghrelin
administration to the ventral hippocampus also induces various motivational and learning-
related eating behaviors (operant responding for sucrose reward and cue-potentiated
feeding).® Although both wild-type and Ghsr-null mice displayed an equally significant
reduction in the number of Ki67+ cells in the dorsal DG following CSDS (Figure 1a), there
was significantly greater reduction in Ki67+ cells in the ventral DG of Ghsr-null mice than
in wild-type littermates (Figures 1b—f).

Because the vast majority of newborn hippocampal neural precursor cells in mice die by
apoptosis, and pharmacologically inhibiting apoptosis augments hippocampal
neurogenesis,®! we wondered whether apoptosis of newborn neural precursor cells might
also be affected by CSDS. Therefore, we immunohistochemically stained adjacent tissue
sections for activated caspase 3 (AC3), a marker of apoptotic cells. Although CSDS had no
effect on AC3+ cell numbers in the dorsal DG (Figure 2a), the ventral DG of all animals
displayed significantly more AC3+ cells after CSDS. Furthermore, significantly more AC3+
cell numbers were observed in CSDS-exposed Ghsr-null mice than in CSDS-exposed wild-
type littermates (Figures 2b-1).

Taken together, these results demonstrate that the pool of proliferating cells contributing to
hippocampal neurogenesis throughout the DG is decreased in both wild-type and Ghsr-null
littermates after CSDS, with the negative effect on hippocampal neurogenesis further
exacerbated in the ventral DG by virtue of additionally elevated rates of cell death. This net
reduction in ventral DG cell survival is significantly more pronounced in Ghsr-null mice and
thus parallels the exacerbated depression-like behavior observed after CSDS in Ghsr-null
mice as compared with wild-type littermates. Localization of this ghrelin effect to the
ventral DG may be related to the hypothesized ventral DG role in regulating mood53-65 and
to a higher baseline Ghsr expression within the ventral DG relative to the dorsal DG, as
demonstrated here by quantitative reverse transcriptase-PCR of ventral and dorsal
hippocampal tissue punches taken from wild-type mice (Supplementary Figure S2).

P7C3 compounds augment DG neurogenesis in chronic stress-exposed mice

We next investigated whether protecting neural precursor cells from CSDS-associated
apoptosis might help protect against the depressive-like phenotype. To test this hypothesis,
we utilized P7C3, a neuroprotective aminopropyl carbazole that elevates hippocampal
neurogenesis by blocking apoptosis of DG neural precursor cells without affecting the
number of glial cells.>1-53 P7C3 and its active analogs have been shown to enhance
hippocampal-dependent spatial learning in young rats that have undergone blunt-traumatic
brain injury and in aged rats, and they have also shown potent protective efficacy in rigorous
preclinical models of neurodegenerative disease.51:52:66.67 The neuroprotective effect of
P7C3 is thought to involve protection of mitochondrial membrane integrity, although the
precise molecular target of this novel class of molecules has not yet been identified.>1 A
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twicedaily schedule of intraperitoneal P7C3 injections (20 mg kg~! day™ in divided doses)
was initiated 2 days before CSDS and continued throughout the 10-day procedure for both
wild-type and Ghsr-null littermates. Throughout the 10 days of CSDS, the thymidine analog
BrdU (50mg kg~ intraperitoneal) was administered daily to label newborn cells (Figure 3a).
Liquid chromatography—tandem mass spectrometry analysis of plasma and brain P7C3
concentrations revealed that similar P7C3 levels were achieved in wild-type and Ghsr-null
mice (Supplementary Figure S3).

Similar to the above Ki67 results, immunohistochemical examination of brain tissue from
these mice revealed that CSDS reduced the number of cells with BrdU incorporation (a
marker of dividing cells and/or cell survival) in both vehicle-treated wild-type and Ghsr-null
mice throughout the DG, with a more significant reduction in the ventral DG of Ghsr-null
mice (Figures 3b, ¢, f-i, I-q). In both wild-type and Ghsr-null mice, P7C3 administration
during CSDS blocked CSDS-induced reductions in BrdU+ cells throughout both dorsal and
ventral regions of the DG (Figures 3b, c, f-k). In parallel, vehicle-treated mice displayed an
elevation of AC3+ cells only in the ventral DG after CSDS, an outcome associated with a
stronger P-value in Ghsr-null mice (Figures 3d—e) and blocked by P7C3 administration
(Figures 3e—k). Thus, treatment with P7C3 blocked the elevated programmed cell death
usually observed in the DG after CSDS. Dual-label immunohistochemistry for both BrdU
and NeuN, which is a marker of mature neurons, revealed that P7C3 administration during
CSDS resulted in significantly more BrdU+/NeuN+ cells than vehicle administration,
reflective of increased survival of proliferating DG neural precursor cells that develop into
mature neurons®8 (Supplementary Figure S4). This, combined with the observed decreases
in DG subgranular zone AC3+ cells, supports a net effect of increased hippocampal
neurogenesis in mice receiving P7C3 during CSDS exposure.

P7C3 compounds reduce depression in chronic stress-exposed mice

Next, we used P7C3 and two P7C3 chemical analogs to investigate whether P7C3-mediated
preservation of ventral DG neurogenesis during CSDS might result in an antidepressant-like
effect. The analog P7C3-A20 substitutes a fluoride at the hydroxyl position in the linker
region, conferring significantly greater neuroprotective efficacy than P7C3,%2 as
demonstrated in animal models of Parkinson’s disease,%2 amyotrophic lateral sclerosis and
traumatic brain injury.66.67 Conversely, the analog P7C3-S184 replaces bromines on the
carbazole moiety with chlorines, and the aniline moiety with a naphthyl amine, leaving the
analog devoid of neuroprotective activity.5253 In CSDS-exposed wild-type mice, P7C3
treatment had no significant effect on depression-like behavior (Figures 4a and c). However,
in CSDS-exposed Ghsr-null mice, both P7C3 and P7C3-A20 showed antidepressant
efficacy, reflected by reduced time spent in the corners of the testing chamber and increased
time spent in the interaction zone (Figures 4b and d). The more highly active analog P7C3-
A20 also showed antidepressant efficacy in CSDS-exposed wild-type mice, as reflected by
significantly reduced time spent in the corners of the testing chamber (Figure 4a). The
inactive analog P7C3-S184 had no effect on stress-induced depressive-like behavior in
either genotype (Figures 4a—d). Neither P7C3 nor the two tested analogs influenced social
interaction test performance in non-CSDSexposed control mice (Supplementary Figure S5).
Thus, P7C3 displayed antidepressant efficacy in the stressed, depressionprone Ghsr-null
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mice, while the more highly active analog P7C3-A20 exhibited antidepressant efficacy both
in stressed Ghsr-null mice and in their more resilient, stressed wild-type littermates. Lack of
an antidepressant effect of P7C3-S184, which lacks neuroprotective activity, supports the
notion that the antidepressant efficacy of P7C3 and P7C3-A20 is due to neuroprotection.

We also tested the antidepressant efficacy of P7C3-A20 using the CSDS protocol in mice
that received focal irradiation targeting the hippocampus as compared with non-irradiated
sham controls. Hippocampus-directed cranial irradiation was performed at a dose of 15 gray,
which ablates proliferating cells without causing significant mRNA elevations in
inflammatory markers at 1 month postirradiation.59:’0 Administration of P7C3-A20 to
irradiated Ghsr-null and wild-type mice during CSDS resulted in significantly more time
spent in the corners and less time in the interaction zone as compared with that observed in
P7C3-A20-administered sham mice (Figures 4e and f). Therefore, cranial irradiation-
induced ablation of proliferating DG cells resulted in a loss of P7C3-A20’s antidepressant
efficacy, further suggesting that the antidepressant efficacy of P7C3 and P7C3-A20 is due to
their ability to augment the net magnitude of hippocampal neurogenesis by blocking death
of proliferating neural precursor cells.

P7C3 blocks apoptosis and restores the antidepressant response to caloric restriction in
Ghsr-null mice

Prolonged caloric restriction in wild-type mice elicits an antidepressant-like response in the
FST (decreased immobility), whereas this effect is not observed in Ghsr-null mice.2! We
first confirmed this finding2! (Figures 5d and e) and then investigated its relationship to
differences in DG cell survival, similar to what we observed following CSDS. We exposed
Ghsr-null and wild-type littermates to 60% caloric restriction for 10 days vs ad libitum food
access to control mice. Five days before and throughout the 10 days of restricted feeding,
mice received either P7C3 or vehicle. On Day 16, FST performance was assessed, followed
by quantification of AC3+ cells in the DG (Figure 5a). Surprisingly, the number of AC3+
cells after caloric restriction was reduced throughout the DG in wild-type mice, yet
increased in Ghsr-null mice (Figures 5b, ¢, f-p). Whereas P7C3 treatment did not further
reduce the number of AC3+ cells in caloric-restricted wild-type mice (Figures 5b and c), it
did block the increase in apoptosis observed after caloric restriction in Ghsr-null mice
(Figures 5b and c). Notably, this effect correlated with significantly decreased immobility of
Ghsr-null mice in the FST, with no behavioral effect in wild-type littermates (Figures 5d and
e). Thus, the neuroprotective efficacy of P7C3 in Ghsr-null mice restores the antidepressant-
like effect of caloric restriction to that normally observed in wild-type mice (Figures 5d and

e).

P7C3-A20 has greater proneurogenic efficacy than current antidepressants

We next compared the proneurogenic efficacy of P7C3 and P7C3- A20 to several currently
marketed antidepressants using screening conditions identical to those by which P7C3 was
discovered.>! Continuous and direct intracerebroventricular infusion of P7C3 or P7C3-A20
over a 1-week period of time into the left lateral ventricle markedly augmented BrdU
labeling in the contralateral hemisphere by about 100% or 160%, respectively
(Supplementary Figure S6). By contrast, only 4 out of the 14 antidepressants significantly
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increased DG BrdU labeling over vehicle. In particular, the norepinephrine—dopamine
reuptake inhibitor bupropion, the monoamine oxidase inhibitor phenelzine and the tricyclic
antidepressants clomipramine and desipramine increased BrdU labeling by about 49, 52, 75
and 102%, respectively. Of those, only clomipramine and desipramine were statistically as
effective as P7C3 in elevating BrdU+ cell number, and none was statistically as effective as
P7C3-A20. The remaining antidepressants tested, including the selective serotonin reuptake
inhibitors paroxetine, citalopram, fluoxetine and sertraline, the serotonin— norepinephrine
reuptake inhibitor venlafaxine, the noradrenergic and specific serotonergic antidepressant
mirtazapine, the monoamine oxidase inhibitor tranylcypromine and the tricyclic
antidepressants nortriptyline and imipramine, did not affect BrdU labeling. Thus the
proneurogenic efficacy of the P7C3 class of compounds is superior to a wide spectrum of
antidepressants representing the major classes currently prescribed. If indeed, as the current
studies suggest, augmentation of hippocampal neurogenesis is crucial for the manifestation
of antidepressant efficacy of endogenously generated substances (such as ghrelin) or
exogenously administered pharmacologic agents, then the magnitude of proneurogenic
efficacy offered by highly active members of the P7C3 class suggests that this chemical
scaffold may serve as a basis for developing a new and improved class of antidepressants.

DISCUSSION

In the current study, we have identified impaired hippocampal neurogenesis as a general
contributing factor to the depression associated with chronic psychosocial stress in our
mouse models. Furthermore, effects seen in Ghsr-null mice suggest that hippocampal
neuroprotection is a primary mechanism by which stress-induced elevations in ghrelin
protect against what would otherwise be worsened stress-associated depression. These new
insights led us to determine the antidepressant efficacy of the P7C3 class of neuroprotective
compounds in our animal models of depression. Indeed, P7C3 blocked both the decrease in
hippocampal neurogenesis and the exacerbated depression-like behavior observed in CSDS-
exposed Ghsr-null mice. Notably, even depression-like behavior observed in CSDS-exposed
wild-type mice was minimized by P7C3-A20, a more highly active analog of P7C3.
Absence of a behavioral response to P7C3-5184, a P7C3 analog that lacks neuroprotective
efficacy, further supports specificity of the neuroprotective properties of P7C3 and P7C3-
A20 in conferring antidepressant efficacy. Furthermore, the lack of these behavioral effects
in mice exposed to hippocampus-directed cranial irradiation even more strongly links
neuroprotection of P7C3 compounds to the observed antidepressant response.

Interestingly, in the current study, P7C3 administration did not significantly increase the
number of BrdU+ cells in the DG of non-stressed control animals, a finding that differs from
the original manuscript reporting the discovery of P7C3° (Figures 3a—d). This difference
may be attributed to changes in experimental technique. In particular, the original screen by
which P7C3 was discovered utilized singly-housed 12-week-old adult male mice completely
deprived of environmental enrichment. This design was used to maintain basal neurogenesis
at a consistently low level for purposes of the discovery screen.5! By contrast, the current
group of non-stressed control animals consisted of younger (8-weeks-of-age) mice that were
group housed (in the same cage with a member of the same strain across a perforated
divider) under conditions of normal environmental enrichment. Both younger age and social
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activity with group housing are associated with higher rates of baseline hippocampal
neurogenesis3®40 and thus may have masked the effect of P7C3—a less active member of
the P7C3 class of neuroprotective chemicals—in the non-stressed control mice. Nonetheless,
here, P7C3 was observed to potently augment neurogenesis in pathological conditions
associated with elevated cell death of newborn hippocampal neural precursor cells.

Effects of ghrelin and P7C3 on hippocampal neurogenesis and depression-like behavior and
a mechanistic link between the two were observed not only in mice exposed to CSDS but
also in mice exposed to 10-day caloric restriction, which also elevates circulating ghrelin.
Similar to what was observed in CSDS-exposed Ghsr-null mice, the inability of Ghsr-null
mice to mount the usual antidepressant response to caloric restriction was associated with
acquired deficits in DG cell survival, as both the increase in apoptotic DG cells and the
depression-like FST behavior observed in Ghsr-null animals were normalized by treatment
with P7C3.

That said, the differential changes in hippocampal neurogenesis induced by the 10-day 60%
caloric restriction protocol in Ghsr-null mice vs wild type littermates were slightly different
than those induced by CSDS. In particular, the number of AC3+ cells after caloric restriction
was reduced throughout the DG in wild-type mice, yet increased in Ghsr-null mice. CSDS,
though, increased AC3 + hippocampal cell numbers in the ventral DG of both wild-type and
Ghsr-null mice, with significantly more AC3+ cells observed in Ghsr-null mice as compared
with wild-type littermates. The different degrees of CSDS-induced social avoidance
observed in Ghsr-null and wild-type littermates suggest a dosage effect of defective
hippocampal neurogenesis in driving depression-like behavior. However, if indeed
hippocampal neurogenesis alone drives antidepressant-like responses, then an unchanged
number of AC3+ DG cells (instead of an increased number) might have been expected in the
calorically restricted Ghsr-null mice, which showed similar immobility times compared with
ad libitum-fed Ghsr-null mice. P7C3 nonetheless was able to prevent the caloric restriction-
induced elevation in AC3+ DG cell numbers in Ghsr-null mice, which we believe resulted in
the restoration of the usual antidepressant-like behavioral response to the caloric-restriction
protocol.

Altogether, the more severe depressive-like behavior and exaggerated decrease in
hippocampal neurogenesis observed in stress-exposed Ghsr-null mice, the depressive-like
behavior and increased hippocampal cell death in caloric-restricted Ghsr-null mice and the
prevention of those effects by administration of active P7C3 compounds suggest a key
protective role of ghrelin’s inherent proneurogenic capacity in mediating mood responses to
chronic stress and moderate caloric restriction. In addition, these findings further
demonstrate the impact of DG neurogenesis on regulation of depressive-like behavior, with
protection against exacerbated neurogenic loss conferring beneficial effects for depressive
behavior.

It is also important to mention that, whereas some of the antidepressant agents tested here
previously had been shown to enhance neurogenesis, the same was not observed in our
assay. This lack of neurogenic efficacy potentially may be accounted for by differences in
animal species, route of administration, dose and administration duration. Regarding
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administration duration, previous studies demonstrated increased hippocampal BrdU
labeling in response to fluoxetine after 14 days3%71 and 28 days of administration but not
after 1 day or 5 days.39 Also, enhanced adult hippocampal neurogenesis was observed after
14 days of paroxetine and 21 days of tranylcypromine.3%72 Although we have not directly
compared the effects of P7C3 and P7C3-A20 administration on neurogenesis to those of
marketed antidepressants after 2 weeks of administration, we believe that the rapidity in
which the P7C3 compounds affected neurogenesis in addition to the magnitude of their
effect potentially could contribute to their superiority over current antidepressant agents.

Our results suggest that individuals with depression associated with insufficient ghrelin or
ghrelin resistance might be particularly responsive to treatment with neuroprotective agents,
as embodied by the P7C3 class. For instance, individuals who have undergone Roux-en-Y
gastric bypass weight loss surgery have a higher rate of suicide than the general
population.”® As some studies have demonstrated decreased plasma ghrelin levels following
Roux-en-Y gastric bypass,’# neuroprotection by the P7C3 class of compounds may help
protect from depression by counteracting the impact of aberrant ghrelin signaling on
hippocampal neurogenesis. Future studies are needed to assess the role of impaired
hippocampal neurogenesis as a contributory factor to other forms of depression besides
those associated with chronic psychosocial stress or defective ghrelin signaling. Also,
although we demonstrated that blocking loss of hippocampal neurons by administering
P7C3 compounds during CSDS protects against the usual depressive-like behavioral
response, future studies will be needed to determine whether the P7C3 compounds also will
diminish CSDS-induced depression when administered after CSDS. Our hope is that the
chemical scaffold represented by P7C3 and P7C3-A20 will provide a basis for optimizing
and advancing a new class of antidepressants.
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Figure 1.

Effect of chronic social defeat stress (CSDS) on cellular proliferation in the dentate gyrus
(DG) of Ghsr-null and wild-type littermates. (a, b) Ki67+ cell counts in the subgranular
zone of the dorsal (a) and ventral (b) DG of CSDS-exposed or non-CSDS-exposed control
mice. Group sizes (n) indicated within bars. (c—f) Representative photomicrograph images of
Ki67-immunolabeled brain sections in the ventral DG of CSDS-exposed and non-CSDS-
exposed wild-type and Ghsr-null mice. Legend in panel (a) pertains to panel (b). Scale bar
in panel (f) (300 um) pertains to panels (c-f). *P < 0.05, comparing genotypes. #P <

0.05, #P < 0.01, ##P < 0.001, comparing treatment.
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Figure 2.

Non-CSDS CSDS

Ghsr-null

Effect of chronic social defeat stress (CSDS) on apoptosis in the dentate gyrus (DG) of
Ghsr-null and wild-type littermates. (a, b). Activated caspase 3-positive (AC3+) cell counts
in the subgranular zone of the dorsal (a) and ventral (b) DG of CSDS-exposed or non-
CSDS-exposed mice. Group sizes indicated. (c—f) Representative photomicrograph images
of the ventral DG from each study group. (g—I) Magnified images of AC3+ cells. Legend in
panel (a) pertains to panel (b). Scale bar in panel (d) (300 pm) pertains to panels (c—f), in
panel (g) (50 um) pertains to panels (g—i) and in panel (j) (75 um) pertains to panels (j-I). *P
< 0.05, comparing genotypes. P < 0.05, #P < 0.01, comparing treatment.
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Figure 3.

Effects of P7C3 on dentate gyrus (DG) cellular proliferation and apoptosis following
chronic social defeat stress (CSDS). (a) Protocol schematic. (b—e) Bromodeoxyuridine-
positive (BrdU+) and activated caspase 3-positive (AC3+) cell counts in the dorsal and
ventral DG of CSDS-exposed and non-CSDS-exposed mice treated with P7C3 vs vehicle.
Group sizes indicated. (f-k) Representative photomicrograph images of double-
immunolabeled (BrdU and AC3) ventral DG sections. (I-q) Magnified images of
immunoreactive cells (AC3+, leftward-facing arrow; BrdU+, rightward-facing arrow). Scale
bar in panel (k) (100 um) pertains to panels (f-k) and in panel (q) (25 pum) pertains to panels
(I-g). *P < 0.05, **P < 0.01, ***P < 0.001, as compared with respective non-CSDS-
exposed, vehicle-treated control group.
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Figure 4.

Effects of P7C3 on chronic social defeat stress-induced depressive-like behavior, as
measured by the social interaction test. (a, b) Time spent in the corners with target present
for wild-type (a) and Ghsr-null (b) mice. (c, d) Time spent in the interaction zone by wild-
type (c) and Ghsr-null (d) mice. Group sizes indicated. (e, f) Time spent in the corners (e) or
interaction zone (f) for sham or irradiated mice. *P<0.05, **P < 0.01, as compared with
respective vehicle-treated control group; P < 0.01, ##P < 0.001 treatment effect of
irradiation.
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Figure 5.

Effects of P7C3 on caloric restriction-induced dentate gyrus (DG) cell survival and
antidepressant-like behavior, as measured by forced swim test (FST). (a) Protocol
schematic. (b—c) Activated caspase 3-positive (AC3-immunoreactive cell counts in the DG
of calorierestricted and ad libitum-fed mice treated with P7C3 vs vehicle. (d, e) FST
immobility time. Group sizes indicated. (f-k) Representative photomicrograph images of
AC3-immunolabeled ventral DG sections. (I-p) Magnified images of AC3-immunoreactive
cells. Scale bar in panel (k) (150 um) pertains to panels (f-k) and in panel (p) (25 pm)
pertains to panels (I-p). *P < 0.05, **P < 0.01, as compared with respective ad libitum-fed,
vehicle-treated control group. P < 0.05, comparing compound treatment.
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