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JHU-083 selectively blocks glutaminase activity in brain
CD11b™ cells and prevents depression-associated behaviors
induced by chronic social defeat stress
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There are a number of clinically effective treatments for stress-associated psychiatric diseases, including major depressive disorder
(MDD). Nonetheless, many patients exhibit resistance to first-line interventions calling for novel interventions based on pathological
mechanisms. Accumulating evidence implicates altered glutamate signaling in MDD pathophysiology, suggesting that modulation
of glutamate signaling cascades may offer novel therapeutic potential. Here we report that JHU-083, our recently developed
prodrug of the glutaminase inhibitor 6-diazo-5-oxo-L-norleucine (DON) ameliorates social avoidance and anhedonia-like behaviors
in mice subjected to chronic social defeat stress (CSDS). JHU-083 normalized CSDS-induced increases in glutaminase activity
specifically in microglia-enriched CD11b™" cells isolated from the prefrontal cortex and hippocampus. JHU-083 treatment also
reverses the CSDS-induced inflammatory activation of CD11b™ cells. These results support the importance of altered glutamate
signaling in the behavioral abnormalities observed in the CSDS model, and identify glutaminase in microglia-enriched CD11b™ cells
as a pharmacotherapeutic target implicated in the pathophysiology of stress-associated psychiatric conditions such as MDD.
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INTRODUCTION

Major depressive disorder (MDD) is a common and debilitating
psychiatric disorder with a high lifetime prevalence, imposing a
serious economic burden on society [1]. Although there are a
number of clinically effective treatments for MDD, a large segment
of patients exhibits resistance to first-line interventions (e.g.,
selective serotonin reuptake inhibitors; SSRIs), calling for novel
interventions based on the pathological mechanisms of MDD
(2, 3].

Growing evidence suggests that altered glutamate signaling
system is implicated in MDD pathophysiology [4-6]. Several studies
have reported increased levels of glutamate in the serum and
plasma of MDD patients as well as high concentrations of glutamine,
the major synthetic precursor for glutamate production in the brain
[7-10]. Increased glutamine-glutamate ratios have also been
detected in the cerebrospinal fluid of patients with MDD [7-10].
These findings are supported by recent magnetic resonance
spectroscopy (MRS) studies demonstrating increased or altered
glutamate content in the brains of MDD patients [11-13]. At the
molecular level, expression of ionotropic N-methyl-p-aspartate
(NMDA) and a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid
(AMPA) glutamate receptors as well as glutamate transporters have

been found to be altered in postmortem MDD brain tissue [4, 14].
Moreover, the NMDA receptor antagonist ketamine and modulators
of metabotropic glutamate receptors have recently gained greater
attention as potential antidepressant agents [12, 15-18]. Ketamine in
particular induces a rapid antidepressant effect in treatment-
resistant patients [19], with positive response linked to alterations
in extracellular glutamate availability and signaling [12, 15-18],
supporting the idea that modulation of glutamate signaling offers
novel therapeutic potential for MDD patients.

Complimentary findings from preclinical studies highlight
the importance of glial cells in the control of extracellular
glutamate and the regulation of glutamatergic neurotransmission
[5, 6, 20, 21]. Microglia and astrocytes play critical roles in the
glutamate/glutamine metabolic cycle and are key regulators of
glutamate release and clearance especially under conditions of
neuroinflammation (Miller et al. [22]). For instance, previous
studies demonstrated exaggerated release of glutamate by
activated immune cells leading to excitotoxicity, neural damage,
and impaired excitatory neurotransmission [23, 24]. Although
more work is needed to understand the links between neuroin-
flammatory and glutamatergic mechanisms underlying MDD
pathophysiology [25], pharmacological intervention aimed at
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normalizing inflammation-associated glial glutamate production
might alleviate depressive symptoms.

Glutaminase, an enzyme that catalyzes the hydrolysis of
glutamine into glutamate, is thought to play a central role in
the generation of excitotoxic glutamate in the brain [26, 27]. In
addition to synaptic release of glutamate from neurons, glutamate
is produced and released from microglia after its conversion from
glutamine (Maezawa et al. [28, 29]). In activated microglia culture,
expression of glutaminase is elevated, contributing to the
overproduction of glutamate [27]. Altered glutamate homeostasis
in glial cells downstream of inflammation has been linked to other
CNS disease such as multiple sclerosis and brain edema [30, 31],
leading researchers to explore glutaminase inhibition as a
therapeutic target [32-34]. In fact, 6-diazo-5-oxo-L-norleucine
(DON), a glutamine analog that acts as a glutaminase inhibitor,
has shown behavioral and disease-modifying efficacy in various
models of neuroinflammation including multiple sclerosis, cere-
bral malaria, brain cancer, viral infection, and HIV-associated
neurocognitive disorders [35-40]. Our previous study demonstrat-
ing that DON blocks glutamate release from activated microglia
[27] suggests that this efficacy is at least partially mediated by
normalizing glutamate production, a mechanism of action
suggesting therapeutic potential for DON in MDD. We recently
developed orally available prodrugs of DON, such as JHU-083
(Ethyl  2-(2-Amino-4-methylpentanamido)-DON), designed to
improve CNS penetration for targeting neurological and psychia-
tric disorders [39].

Herein, we explore the effect of chronic administration of JHU-
083 on social avoidance and anhedonia-like behaviors in mice
subjected to chronic social defeat stress (CSDS), a well-
characterized model of stress-associated psychiatric conditions,
including depression [41-47]. We also examine whether CSDS
induces glutaminase activity and pro-inflammatory cytokine
expression in microglia-enriched CD11b" cells and non-CD11b™
cells in the brain that may be sensitive to JHU-083 treatment. We
report that JHU-083 effectively delivers DON to the mouse brain.
We also demonstrate that JHU-083 inhibits CSDS-induced
glutaminase activity and cytokine induction in brain CD11b*
cells, alleviating social avoidance and anhedonia-like behavioral
abnormalities.

MATERIALS AND METHODS

Animals

Male 7-to 8-week-old C57BL/6J (C57) mice (25-30g; Jackson
Laboratory, Bar Harbor, ME) and 4-to 6-month-old CD-1 retired
breeders (35-45g; Charles River Laboratories, Wilmington, MA)
were used for all experiments presented in this study [48]. Mice
were housed on a reversed 12-h light/dark cycle, and maintained
in a humidity- and temperature-controlled room with water and
food available ad libitum. CD-1 mice were singly housed except
during social defeats. C57 mice were group housed before starting
CSDS and singly housed after CSDS. Behavioral experiments were
conducted during the dark cycle. All studies were conducted with
approved protocols from the Johns Hopkins University Institu-
tional Animal Care and Use Committee and were in accordance
with the NIH guidelines for the Care and Use of Laboratory
Animals.

Chronic social defeat stress (CSDS)

C57 male mice were subjected to CSDS according to a previously
published method with minor modification [48, 49]. CD-1 mice are
larger and more dominant than C57 mice and are commonly used
as aggressors in the social defeat of C57 mice [48, 50, 51].
Accordingly, we identified aggressive male CD-1 mice as resident
aggressors by a 3 day screening process selecting for CD-1 mice
that showed at least one aggressive response to an intruder C57
male within 30 s [48]. Chosen CD-1 mice were then singly housed
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before CSDS experiments. Intruder male C57 mice were exposed
to a novel CD-1 aggressor for 10 min daily. After exposure, C57
mice were maintained for 24h on the opposite side of a
transparent and porous Plexiglas barrier within the home cage
of the CD-1 aggressors to enable constant sensory exposure. CSDS
was repeated with a new CD-1 aggressor mouse each day for 12
consecutive days. During bouts of exposure to the CD-1 mice,
hallmark behavioral signs of CSDS were observed in C57 mice
including escape, submissive postures (e.g., defensive upright or
supine stance), and freezing. Non-stressed control C57 mice were
daily placed in a similar cage, but in the absence of exposure to
aggressor CD-1 mice [52].

JHU-083 treatment

JHU-083 (Ethyl 2-(2-Amino-4-methylpentanamido)-DON) was pre-
pared as previously described [39]. For all pharmacokinetic and
efficacy studies, JHU-083 was administered per oral (p.o.) at a dose
of 1.82 mg/kg (1 mg/kg DON molar equivalent) in 50 mM HEPES-
buffered saline. After 12 days of CSDS, C57 mice were orally
treated with 1.82 mg/kg JHU-083 or vehicle every other day for
12 days, followed by behavioral assays. This treatment duration
was chosen based on chronic dose regimens previously shown to
be efficacious in the CSDS model using the antidepressants
fluoxetine and imipramine [44, 53, 54]. In these studies, daily
treatment for 7-28 days reversed CSDS-induced social avoidance
behaviors. However, there are other indications that anhedonia-
like behavior dissipates without intervention 29 days after CSDS
[42]. Thus, we adopted a 12-day treatment regimen after CSDS to
ensure the presence of anhedonia-like behaviors in untreated
mice. To examine the acute effect of JHU-083 on behavioral
phenotypes in CSDS mice, mice were administered a single dose
of JHU-083 (1.82 mg/kg, p.o.) or vehicle one day after exposure to
12 days of CSDS. For all manipulations, care was taken to handle
animals gently to minimize stress.

In vivo pharmacokinetics

Adult male C57 mice were administered JHU-083 (1.82 mg/kg, p.
0.) by gavage and euthanized 0.083, 0.25, 0.5, 1, 3, or 5 h post-dose
(n=3/time point). Whole brain was extracted and blood was
collected by cardiac puncture prior to refrigerated centrifugation
(3000xg for 10 min) to obtain plasma. All samples were frozen on
dry ice and then stored at —80 °C until bioanalysis.

DON bioanalysis

Bioanalysis of plasma and brain tissue to quantify DON concentra-
tion was performed as previously described [37, 39]. Briefly, DON
was extracted from plasma and brain samples with methanol
containing glutamate-ds (10 uM ISTD) followed by 5 min centrifu-
gation at 16,000xg. Supernatants were aliquoted and dried for 1 h
at 45 °C under vacuum. DON was then derivatized by incubation
(15 min at 60°C) with sodium bicarbonate buffer (0.2 M, pH 9.0)
and dabsyl chloride (10 mM) in acetone. Derivatized samples were
injected and separated on an Agilent 1290 equipped with an
Agilent Eclipse plus C18 RRHD 2.1 mm x 100 mm column over a
2.5min gradient from 20 to 95% acetonitrile + 0.1% formic acid
and quantified on an Agilent 6520 QTOF mass spectrometer.
Calibration curves over the range of 0.05-50 uM in plasma and
brain were constructed from the peak area ratio of the analyte to
the internal standard using linear regression with a weighting
factor of 1/(nominal concentration). Correlation coefficient of
greater than 0.99 was obtained in all analytical runs.

Three-chamber social approach test

A three-chambered apparatus, consisting of 40 cm width x 20 cm
height x 26 cm depth with a 12-cm-wide center chamber and
14-cm-wide side chambers, was used for the social approach test
as described previously [55-57]. Both side chambers contained a
plastic cage in the corner, with a weighted plastic cup placed on
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top to prevent the subject mouse from climbing. The assay
consisted of four sessions. The first session began with 10 min
habituation in the center chamber followed by a second 10 min
session where the subject mouse could freely explore all three
chambers including two side chambers, each with a plastic cage
for habituation. In the third session, the mouse was gently
confined to the center chamber while a novel intruder C57 male
mouse (stranger 1), was placed in one plastic cage in one side
chamber. The subject mouse was allowed to freely explore all
three chambers for 10 min. Before the last session, the subject
mouse was gently guided to the center chamber while another
novel intruder C57 male mouse (stranger 2), was placed into
another cage in the other side chamber for assessing social
novelty recognition. The subject mouse freely explored all three
chambers for 10 min. Stranger mice were habituated to the plastic
cage for 30 min 24-h before the session day. The positions of the
empty cage and stranger 1 cage were alternated between tests to
prevent side preference. The plastic cages used in the tests
allowed substantial olfactory, auditory, visual and tactile contact
between subject mice and stranger mice. Social sniffing was
scored from the videotapes for the sum of nose-to-nose sniffing
(sniffing or snout contact with the head/neck/mouth area) and
nose-to-tail sniffing (sniffing or snout contact with the tail area).
Individual movement of the subject mice was analyzed by the
researcher who was blinded to the group assignment. The heat
maps were generated by Ethovision XT 11.0 (Noldus, Leesburg,
VA). The chamber time and total travel distance were analyzed by
Topscan 3.0 (CleverSys, Reston, VA) and listed in Supplementary
table 1-4.

Sucrose preference test

The sucrose preference test was performed according to a
previously described protocol [49, 58]. The mice were singly
caged before the test. On day 1, their normal water bottles were
replaced with two 50 ml tubes (bottle “A” and bottle “B") fitted
with bottle stoppers containing two-balled sipper tubes. The
position of bottles A and B were switched daily to avoid a side
bias, and the fluid consumed from each bottle was measured
daily. During days 1 and 2, bottles A and B were filled with normal
drinking water (W/W). During days 3 and 4, both bottles were
filled with a solution of 1.5% sucrose dissolved in drinking water
(S/S). On days 5-8, bottle A contained 1.5 % sucrose, and bottle B
contained drinking water (S/S). Sucrose preference on each day for
each mouse was calculated as 100% x (Vol A/(Vol A + Vol B)) and
averaged across the days for a given condition (W/W, S/S, or S/W).
The total fluid consumption was also calculated.

Isolation of brain CD11b™" cells

Mice were sacrificed by decapitation and brains were immediately
removed. The prefrontal cortex (PFC), hippocampus (HPC), and
cerebellum were rapidly dissected on an ice-cold plate. These
areas were defined by landmarks and neuroanatomical nomen-
clature in the atlas of Franklin and Paxinos [59]. PFC was defined
as: anteroposterior (AP): +2.57 to +1.53 mm, mediolateral (ML):
+2.75 mm from bregma, dorsoventral (DV): —1.75 to —3.05 mm
from the dura, and whole HPC was dissected as: AP: —0.95
to —4.03 mm, ML: £3.75 mm from bregma, DV: —1.75 to —5.1 mm
from the dura according to the atlas. All the brain regions,
including whole cerebellum, were bi-lateral dissections. CD11b™"
cells were isolated from the prefrontal cortex, hippocampus, and
cerebellum homogenates of C57 mice according to a previously
described method with minor modification [3]. In brief, the
brain tissue was minced in HBSS (cat # 55021C, Sigma-Aldrich, St.
Louis, MO, USA) and dissociated with the neural tissue
dissociation kits (P) (cat # 130-092-628, MACS Militenyi Biotec,
Auburn, CA) according to manufacturer instructions. After passing
through a 70 pum cell strainer, resulting homogenates were
centrifuged at 300xg for 10 min. Supernatants were removed and
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cell pellets were resuspended, and myelin was removed by Myelin
Removal Beads Il (cat # 130-096-733, MACS Militenyi Biotec,
Auburn, CA) according to the manufacturer instructions. Myelin-
removed cell pellets were resuspended and incubated with CD11b
MicroBeads (cat # 130-093-634, MACS Militenyi Biotec, Auburn,
CA) for 15min, loaded on LS columns and separated on a
quadroMACS magnet. CD11b* cells were flushed out from the LS
columns, then washed and resuspended in sterile HBSS (cat #
55037C, Sigma-Aldrich, St. Louis, MO). The number of viable cells
was determined using a hemacytometer and 0.1% trypan blue
staining. Each brain extraction yielded 5 x 10° viable CD11b™" cells.
It has been demonstrated that CD11b* cells isolated from brain
homogenates through this antibody-coupled microbeads method
are microglia-enriched populations (>95% of isolated cells) [3].

Glutaminase activity

Glutaminase activity measurement in CD11b™ cells and other brain
cell fractions was conducted as previously described [27]. Briefly,
cells were lysed by sonication in ice-cold potassium phosphate
buffer (45mM, pH 8.2) containing protease inhibitors (cat #
04693116001, Roche). For CD11b™ and non-CD11b™ cells isolated
from prefrontal cortex, hippocampus, and cerebellum, lysates were
incubated with [*Hl-glutamine (0.09 uM, 2.73 uCi) for 180 min at
room temperature and the reactions carried out in 50 pl reaction
volumes in a 96-well microplate. The reaction was then terminated
by addition of imidazole buffer (20 mM, pH 7). 96-well spin columns
packed with strong anion ion-exchange resin (cat # 140-1251, Bio-
Rad, AG" 1-X2 Resin, 200-400 mesh, chloride form) were used to
separate unreacted [*Hl-glutamine from [*H]-glutamate. [*H]-gluta-
mate was eluted from the column with 0.1 N HCl and analyzed for
radioactivity using Perkin Elmer’s TopCount instrument in conjunc-
tion with their 96-well LumaPlates (cat # 6005173). Total protein
measurements were carried as per manufacturer’s instructions using
BioRad'’s Detergent Compatible Protein Assay kit. Counts per minute
were converted to fmol and normalized to total protein content.
Data are presented as fmol/mg/h.

RNA isolation from CD11b" cells and quantitative real-time PCR
Total RNA was isolated from purified CD11b" cells from the
cerebrum using RNeasy Mini Kit (QIAGEN). Quantitative real-time
PCR (qPCR) was performed using TagMan manufacturer’s protocol
(Applied Biosystems). Briefly, cDNA from isolated CD11b™ cells
was prepared by SuperScript® Il CellsDirect cDNA Synthesis Kit
(Life Technologies) from total RNA in the range of 10-100 ng. Real-
time PCR reaction contained diluted cDNA from the synthesis
reaction and 200 nM specific forward and reverse TagMan primers
specific to targets of interest (Assay IDs for TNF-q, IL-6, IL-1B, and
Glutaminase: Mm00443260_g1, Mm00446190_m1, MmQ004342
28_m1, and Mm01257297_m1, respectively) (Applied Biosystems).
Primers for GAPDH were used to normalize the expression data.
The real-time PCR reaction and measurement was carried out with
Applied Biosystems PRISM 7900 HT. PCR reaction conditions are as
follows: 50 °C, 2 min; 95 °C, 10 min; 50 cycles of 95 °C, 15 s and 60 °
C, 1 min, including a dissociation curve at the last step to verify
single amplicon in the reaction.

Enzyme-linked immunosorbent assay (ELISA)

Serum were collected from chronic vehicle/JHU-083 treated mice
and pro-inflammatory cytokines, including TNF-a (cat # MTAQOB,
R&D Systems, Minneapolis, MN), IL-13 (cat # MLBOOC, R&D
Systems, Minneapolis, MN), and IL-6 (cat # M6000B, R&D Systems,
Minneapolis, MN), were measured with commercially available
ELISA kits according to manufacturer’s protocols.

Statistical analyses

For pharmacokinetic analysis, the area under the curve to the
end of sample collection (AUCq_s,), maximum concentration
(Cmax), and time to Cax (Tmax) Were calculated by GraphPad
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Fig. 1

In vivo brain and plasma pharmacokinetics of compound DON following oral administration of JHU-083 in mice. a Chemical structure

of JHU-083 is shown. b JHU-083 (1.82 mg/kg, p.o., g.0.d.) exhibited sufficient oral bioavailability and favorable brain penetration for efficacy
testing in mice. Data are presented as the mean + SEM. p.o., per os; g.0.d, every other day; C,,ax, Maximum concentration observed; Ty, time
at which the maximum concentration is observed; AUC, area under the concentration-time curve; AUCq s, AUC up to the last measurable

concentration
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Fig. 2 Experimental timeline for CSDS followed by chronic and
acute administration of JHU-083. a Male 7-to 8-week-old C57BL/6J
(C57) mice were exposed to chronic social defeat stress (CSDS) for
12 days and were subsequently treated with JHU-083 (1.82 mg/kg, p.
0.) or vehicle every other day for 12 days. One day after the
completed treatment of JHU-083 or vehicle, behavioral character-
ization was conducted by social interaction test (SIT) followed by
sucrose preference test (SPT). Brain extraction for biochemical
experiments was also performed one day after JHU-083 treatment. b
To explore acute effects of JHU-083, mice were administered a single
dose of JHU-083 (1.82 mg/kg, p.o.) or vehicle one day after exposure
to 12 days of CSDS which was followed by behavioral assessments

Prism (version 7, GraphPad Software, La Jolla, CA). Multiple-
group comparisons between mice subjected to CSDS and
control mice as well as JHU-083 and vehicle treatment were
performed using two-way analyses of variance (ANOVA) (CSDS x
drug treatment) followed by the Tukey's post-hoc test. The
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Student’s t-test was used in comparing two sets of data. For
sucrose preference test analysis, three-way repeated measures
ANOVA followed by Bonferroni’s post-hoc comparisons was
used. A value of p<0.05 in two-tailed test was considered
statistically significant. All data are presented as the mean*
standard error of the mean (SEM).

Unbiased assessment in experimental procedures

Experiments including behavioral characterization and glutami-
nase activity measurement were performed by multiple investi-
gators. Investigators conducted these assays without information
of the identification of either JHU-083 or vehicle-treated mice.

RESULTS

JHU-083 delivers DON to the brain after oral administration in
mice

JHU-083 (1.82mg/kg, p.o.) delivered peak brain concentrations
(Cnax) of 0.85 nmol/g DON within 0.5 h (Fig. 1a, b). By 5-h post-
administration, DON was almost completely cleared from brain
and plasma, resulting in respective AUC values of 2.26 and 4.10 h
nmol/ml, and a brain/plasma ratio of 0.55 (Fig. 1b). Similar brain
concentrations of DON were achieved by repeated administration
of 0.6-1.6 mg/kg DON in previous studies demonstrating efficacy
in models of CNS diseases associated with excess extracellular
glutamate including multiple sclerosis, brain cancer, and sindbus
virus infection [36, 38-40, 60]. Thus, administration of JHU-083
(1.82 mg/kg, p.o) was chosen for subsequent experiments in this
study.

Neuropsychopharmacology (2019) 44:683 - 694
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Fig. 3 Chronic JHU-083 treatment ameliorates deficits in social behavior and anhedonia-associated behavior induced by CSDS. a, b CSDS
impairs sociability assessed by time spent in each chamber and time spent sniffing the wire cage in three-chambered social interaction test.
Chronic treatment of JHU-083 (1.82 mg/kg, p.o.) alleviates social avoidance induced by CSDS, but has no effect of JHU-083 on sociability in
control mice (Ctr). **p < 0.01, determined by Student’s t-test. Data are presented as the mean + SEM. ¢, d CSDS leads to reduced preference for
social novelty assessed by measurement of time spent in each chamber and time spent sniffing the stranger 1 and stranger 2 in three-
chambered social interaction test. Chronic treatment of JHU-083 (1.82 mg/kg, p.o.) has no effect on altered preference for social novelty
induced by CSDS, and none on social novelty recognition in control mice. *p<0.05, **p <0.01, determined by Student’s t-test.
a-d Representative heat map images (lower panels) represent movements of the CSDS mice that treated with vehicle or JHU-083. e CSDS
induced anhedonia-associated behavior reflected by decreased sucrose consumption when given a choice between 1.5% sucrose and water.
JHU-083 rescued CSDS-induced sucrose preference deficit, while having no effect on sucrose preference in control mice. CSDS + vehicle vs.
CSDS + JHU-083: **p < 0.01, by three-way repeated measures ANOVA followed by Bonferroni’s post-hoc comparisons. a-e Data are presented
as the mean = SEM. Ctr+ vehicle, n = 6; Ctr + JHU-083, n = 6; CSDS + vehicle, n = 11; CSDS + JHU-083, n =10
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Control mice exhibited significant preference for exploring a
stranger mouse (stranger 1) relative to an empty cage, as
measured by the total amount of time spent in each chamber
and sniffing each cage (two-tailed Student's t-test, p =0.0025,
Fig. 3a; p = 0.0007, Fig. 3b). Consistent with previous reports, CSDS
resulted in a social avoidance phenotype [61-63]; mice in the
CSDS group did not show preference for exploring the stranger
mouse relative to the empty cage (two-tailed Student’s t-test,
p =0.1523, Fig. 3a; p = 0.1189, Fig. 3b). Chronic treatment of JHU-
083 normalized observed social avoidance behaviors in mice
subjected to CSDS (two-tailed Student’s t-test, p = 0.0036, Fig. 3a;
p = 0.0035, Fig. 3b), while having no effect on sociability in control
mice (two-tailed Student’s t-test, p = 0.0005, Fig. 3a; p = 0.0058,
Fig. 3b). When another stranger mouse (stranger 2) was placed
into the empty cage, control mice showed significant preference
for exploring stranger 2 relative to stranger 1, as measured by the
total amount of time spent in each chamber and time spent
sniffing (two-tailed Student’s t-test, p = 0.0010, Fig. 3¢c; p = 0.0444,
Fig. 3d). In contrast, mice in the CSDS group did not exhibit
preference for exploring stranger 2 relative to stranger 1 (two-
tailed Student’s t-test, p =0.8379, Fig. 3c; p=0.6016, Fig. 3d).
Chronic treatment of JHU-083 had no effect on observed social
novelty recognition deficits in mice subjected to CSDS (two-tailed
Student’s t-test, p = 0.3834, Fig. 3c; p = 0.8429, Fig. 3d), and had
no effect on the social novelty recognition of control mice (two-
tailed Student’s t test, p=0.0016, Fig. 3¢; p =0.0353, Fig. 3d).
These effects were unlikely to be related to non-specific changes
in locomotion as no alterations were observed in the distance
traveled in all chambers during the test phases (Supplementary
Table 1-2). These results suggest that chronic treatment with JHU-
083 can improve CSDS-induced impairment of social motivation,
but has no effect on the altered preference for social novelty
induced by CSDS.

Mice subjected to CSDS have repeatedly been shown to exhibit
reduced sucrose preference, an effect associated with stress-
induced anhedonia [49]. To examine the effect of JHU-083
treatment on anhedonia-like behavior, control and CSDS mice
were subjected to an 8-day sucrose preference test. Among all
groups of mice, there were no differences of fluid consumption
between bottles A and B when filled with either normal drinking
water (W/W, days 1 and 2) or 1.5% sucrose solution (S/S, days 3
and 4), suggesting that there was no side preference of solution
consumption during test days 1-4. On days 5-8, control mice
showed significant preference for the sucrose solution when
compared with water consumption (two-tailed Student’s t-test, p
<0.01). Three-way repeated measures ANOVA revealed a CSDS x
drug treatment interaction on the sucrose preference (S/W) on
days 5-8 (F(1,29) = 5.873, p =0.022). In agreement with previous
studies [49], post-hoc tests indicated that mice in the CSDS group
exhibited decreased sucrose solution consumption compared
with those in controls (p = 0.0028, 0.0155, and 0.0132 for days 6-8,
respectively), with no differences in total fluid intake (Supplemen-
tary Figure 1a), suggesting decreased sucrose preference induced
by CSDS. Treatment with JHU-083 markedly restored sucrose
consumption in the CSDS group (p = 0.0039, 0.0003, 0.0016, and
0.0018 for days 5-8, respectively, Fig. 3e), whereas no change was
observed in controls (p =0.7687, 0.9933, 0.9866, and 0.9871 for
days 5-8, respectively), suggesting that JHU-083 can rescue the
anhedonia-like behavior phenotype induced by CSDS.

Acute treatment with JHU-083 improves social avoidance
behavior, but not anhedonia-like behavior induced by CSDS
Based on observations that a single administration of ketamine
can induce a rapid antidepressant effect [19] with a response
linked to altered glutamate signaling [12, 15-18], we wanted to
explore the acute effects of JHU-083 on behavioral phenotypes in
CSDS mice. Mice were administered a single dose of JHU-083
(1.82 mg/kg, p.o.) or vehicle one day after exposure to twelve days
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of CSDS (Fig. 2b). In the three-chambered social approach test,
acute treatment of JHU-083 reversed social avoidance behaviors
caused by CSDS (two-tailed Student’s t-test, p = 0.0108, Fig. 4a; p
< 0.0001, Fig. 4b), while having no effect on sociability in control
mice (two-tailed Student’s t-test, p < 0.0001, Fig. 4a, b). We also
found that acute treatment of JHU-083 had no effect on social
novelty recognition deficits in mice subjected to CSDS (two-tailed
Student’s t-test, p = 0.8606, Fig. 4¢c; p = 0.2090, Fig. 4d), and had
no effect on the social novelty recognition of control mice (two-
tailed Student’s t-test, p =0.0029, Fig. 4c; p=0.0138, Fig. 4d).
These effects were unlikely to be related to non-specific changes
in locomotion as no alterations were observed in the distance
traveled in all chambers during the test phases (Supplementary
Table 3-4). These results suggest that acute treatment with JHU-
083 can improve CSDS-induced impairment of social motivation,
but has no effect on the altered preference for social novelty
induced by CSDS.

To examine the acute effect of JHU-083 treatment on
anhedonia-like behavior, control and CSDS mice were subjected
to an 8-day sucrose preference test as described above. There was
no difference in total fluid intake among groups (Supplementary
Figure 1b). In contrast to the treatment effect of chronic
administration of JHU-083, a single dose of JHU-083 administered
on the day before initiating the 8-day sucrose preference test did
not restore sucrose consumption in the CSDS group (p =0.7378,
0.0819, 0.8775, and 0.6616 for days 5-8, respectively, Fig. 4e), nor
affect controls (p = 0.8786, >0.9999, 0.9754, and >0.9999 for days
5-8, respectively).

JHU-083 inhibits increased glutaminase activity in isolated
CD11b™ cells, but not other cells in the prefrontal cortex and
hippocampus of mice subjected to CSDS

We next explored whether CSDS upregulates glutaminase activity
and whether its activity is suppressed by JHU-083. Microglia-
enriched CD11b™ cells [3, 64] and non-CD11b™ cells were isolated
from specific brain regions including the prefrontal cortex and
hippocampus, which are associated with depression-related
behavioral phenotypes in the CSDS model [54, 65-67]. Protein
was then extracted from these cells and glutaminase activity was
measured. These values were compared to those obtained from
microglia-enriched CD11b™ cells isolated from the cerebellum.
Two-way ANOVA revealed a CSDS x drug treatment interaction on
the glutaminase activity in the CD11b* cells in the prefrontal
cortex (F(1,12) =49.73, p<0.0001) and hippocampus (F(1,12) =
56.93, p <0.0001). Post-hoc tests showed that mice exposed to
CSDS exhibited a significant increase in glutaminase activity in
these brain areas (p < 0.0001, Fig. 5a, b), but not in the cerebellum
(p=0.8964, Fig. 5c). Up-regulated glutaminase activity was
completely normalized by JHU-083 treatment in CSDS mice (p <
0.0001, Fig. 53, b), whereas JHU-083 treatment had no effect in the
prefrontal cortex and down-regulated effect in the hippocampus
in control mice (p =0.0781, Fig. 5a; p <0.0001, Fig. 5b). In non-
CD11b" cells, there was no effect of CSDS or JHU-083 treatment
on glutaminase activity in the prefrontal cortex (CSDS x drug
treatment interaction (F (1,12) = 0.06303, p = 0.8060), Fig. 5d) or
hippocampus (CSDS x drug treatment interaction (F (1,12) =
0.01615, p =0.9010), Fig. 5e), whereas glutaminase activity slightly
increased in the cerebellum (p = 0.0154, Fig. 5f).

JHU-083 suppresses CSDS-induced upregulation of
proinflammatory cytokines in CD11b* cells

Previous studies have demonstrated that CSDS promotes activa-
tion of CD11b" cells, leading to increased expression of
proinflammatory cytokine in the brain, including IL-6, TNF-a, and
IL-13 [43, 62, 64]. Two-way ANOVA revealed a CSDS x
drug treatment interaction on the mRNA expression of IL-1B (F
(1,8) =5.441, p = 0.0480) and an interaction trend of TNF-a (F(1,8)
=5.103, p=0.0538), but no interaction effect on IL-6 (F(1,8) =
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Fig. 5 JHU-083 attenuates CSDS-induced increase in glutaminase activity in CD11b™ cells in the prefrontal cortex and hippocampus, but not
in the cerebellum. a-c CSDS induced significant elevation in ex vivo glutaminase activity specifically in CD11b™ cells in the prefrontal cortex
(PFC) and hippocampus (HPC), but not in the cerebellum, that was completely normalized by JHU-083 administration (1.82 mg/kg, p.o., g.0.d.).
There was no effect of JHU-083 on glutaminase activity in CD11b™" cells harvested from the prefrontal cortex in control mice, whereas down-
regulated effect in the hippocampus in control mice (Ctr). d—f There was no effect of CSDS or JHU-083 treatment on glutaminase activity in
non-CD11b™ cells in the prefrontal cortex and hippocampus. Expression of glutaminase was slightly increased in the cerebellum by CSDS. Bars
represent means of each group in three independent experiments. Ctr + Vehicle vs CSDS + Vehicle: **p < 0.01; CSDS + Vehicle vs CSDS + JHU-

083: *

0.1235, p = 0.7344) in CD11b™" cells. Post-hoc analysis showed that
CSDS led to increased expression of IL-13 and TNF-g, but not IL-6
in CD11b™ cells (p = 0.0370, Fig. 6a; p = 0.0472, Fig. 6b; p = 0.9993,
Fig. 6¢). We also observed that JHU-083 treatment suppressed the
CSDS-induced upregulation of IL-1B and TNF-a expression (p =
0.0465, Fig. 6a; p = 0.0483, Fig. 6b), while having no effect on the
IL-1B and TNF-a expression in CD11b™ cells isolated from control
mice (p >0.9999, Fig. 6a, b). JHU-083 treatment had no effect on
expression of IL-6 in CD11b™ cells isolated from either CSDS mice
or control mice (CSDS x drug treatment (F (1,8) =0.1235, p=
0.7344), Fig. 6¢). There was no effect of CSDS or JHU-083 treatment
on mRNA expression of glutaminase in CD11b™ cells (Fig. 6d).

Previous reports including ours supported DON's peripheral
anti-inflammatory effects with other CNS insults including
reducing peripheral lymphocyte proliferation and inhibiting
immune cells infiltrating to CNS [35, 36, 38]. Thus, we examined
the effect of JHU-083 on peripheral pro-inflammatory cytokines,
including TNF-a, IL-6, and IL-13, the source of which is primarily
circulating CD11b™" cells [43, 68]. We found that while CSDS
increased the level of TNF-a, IL-6, and IL-1B in serum, chronic
administration of JHU-083 dramatically inhibited this increase,
suggesting a peripheral anti-inflammatory effect of JHU-083
(Supplementary Figure 2).

DISCUSSION
In the present study, we demonstrate that chronic treatment of
JHU-083, a prodrug of the glutaminase inhibitor DON, reversed
social avoidance and anhedonia-like behaviors in mice subjected
to CSDS, and normalized glutaminase hyperactivity and pro-
inflammatory cytokine induction specifically in CD11b™ cells in the
brain. These results provide novel pharmacological evidence
supporting an emerging link between glutamatergic dysfunction
and neuroinflammation in the pathology of MDD [22].

It is known that currently approved antidepressants, such as
imipramine and fluoxetine, that act on monoaminergic systems
require chronic administration before efficacy is observed in the

SPRINGERNATURE

*p < 0.01, comparison between groups by two-way ANOVA with Tukey’s post-hoc test. Data are presented as the mean + SEM

CSDS model [69-71]. Many reports have showed that CSDS
induces molecular and circuit abnormalities including alterations
in BDNF-TrkB signaling, AFosB signaling, and prefrontal cortex-
amygdala circuitry [63, 65, 72], consistent with studies of MDD
patients [73-76]. Importantly, CSDS mice also respond to the
rapid-acting antidepressant ketamine [47, 77, 78], which is known
to be efficacious even in treatment-resistant patients and to
depend on alterations in glutamate homeostasis [79-81]. Thus,
while CSDS mice are not exclusively a model of treatment-
resistant depression, they do exhibit predictive validity for one of
the few pharmacotherapies effective at treating refractory
depression through a mechanism distinct from monoaminergic
agents. In addition to the chronic treatment effect of JHU-083 in
CSDS model, our results demonstrated that acute treatment with
JHU-083 rescues social avoidance induced by CSDS. By similarly
targeting glutamate signaling with JHU-083, the antidepressant
response achieved in CSDS mice may translate to efficacy in
clinical scenarios similar to those that respond to ketamine,
possibly including treatment-resistance. Collectively, CSDS-
induced behavioral abnormalities may be relevant to human
psychopathology and thus JHU-083 may have clinical benefit as
an antidepressant with a novel mechanism of action.

Our results also suggest that chronic treatment with JHU-083
improves CSDS-induced impairment of social motivation, but has
no effect on altered preference for social novelty induced by
CSDS. Recent studies suggest that these two behavioral domains
are subserved by distinct neural circuits [82] and are dissociable
through modulation of glutamatergic function [83]. Thus, JHU-083
may act to specifically normalize social motivation, the mechan-
isms of which warrant future investigation. It should also be noted
that, although our experimental paradigm for assessing sociability
and social novelty is a well-established standardized approach
[55-57], conspecific mouse vs non-animate object comparisons
may more precisely reflect novel social vs. non-social object
preferences during the “sociability” session [84].

Despite the recent focus on aberrant glutamate homeostasis in
MDD and stress-related disorders, to the best of our knowledge,
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this is the first study demonstrating that social stress elevates
glutaminase activity in the prefrontal cortex and hippocampus.
Consistent with high expression of glutaminase in neurons and
astrocytes [85, 86], we observed glutaminase activity is higher in
non-CD11b™ cells compared with CD11b™ cells at baseline.
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Fig.6 JHU-083 attenuates CSDS-induced inflammatory activation of
CD11b™ cells. a-c CSDS induces increased mRNA expression of TNF-
a and IL-1p, but not IL-6 in CD11b" cells assessed by Quantitative
real-time PCR (gPCR). Chronic treatment of JHU-083 (1.82 mg/kg, p.
0.) suppresses increased TNF-a and IL-1p induced by CSDS, whereas
there is no effect of JHU-083 on expression of inflammatory
cytokines in CD11b™ cells isolated from control mice (Ctr). d No
effect of CSDS or JHU-083 treatment on mRNA expression of
glutaminase in CD11b™ cells. Neither CSDS nor chronic treatment of
JHU-083 (1.82 mg/kg, p.o.) affected mRNA expression of glutaminase
in CD11b™ cells assessed by gPCR. Bars represent means of each
group in three independent experiments. Ctr + Vehicle vs CSDS +
Vehicle: *p <0.05; CSDS + Vehicle vs. CSDS + JHU-083: *p < 0.05,
comparison between groups by two-way ANOVA with Tukey’s post-
hoc test. Data are presented as the mean + SEM

Surprisingly, however, CSDS was found to specifically elevate
glutaminase activity in microglia-enriched CD11b™ cells, but not in
non-CD11b™ cells. In addition, our DON prodrug was found to
completely normalize the glutaminase activity in CD11b™" cells,
while having no effect on non-CD11b™ cells. Consistently, recent
studies demonstrated the importance of microglia-associated
mechanisms for stress-induced behavioral outcomes in mice
models [64, 87, 88]. These results support our hypothesis that
specific upregulation of glutaminase activity in these immune cells
in the prefrontal cortex and hippocampus, critical for mood
regulation, may contribute to the observed depression-associated
phenotypes in CSDS mice, although the mechanism by which
CSDS selectively activates glutaminase in CD11b™ cells remains
elusive. It should be noted, however, that brain CD11b" cells
contain not only microglia, but also other cells such as perivascular
macrophages and infiltrating monocytes [64]. Thus, the impor-
tance of microglial glutaminase activity in CSDS-induced beha-
viors should be investigated at a more detailed mechanistic level.
It is also important to consider that glutaminase activity in other
brain regions such as the amygdala and nucleus accumbens
which are also crucial for mood regulation [65, 89-91] may be
involved in behavioral phenotypes in the CSDS model. However,
these individual brain regions are too small to yield sufficient
numbers of CD11b™ cells to produce enough glutaminase protein
to generate a detectable signal in our activity assay.

In addition to altered glutamate signaling in MDD, clinical
evidence from postmortem brain studies, neuroimaging studies,
as well as studies using cerebrospinal fluid and blood, demon-
strate that altered inflammation signaling is, at least in part,
involved in MDD pathology [92-94]. Many groups have reported
similar peripheral and CNS inflammatory alteration in the CSDS
model, including microglia activation, monocyte trafficking, and
increased pro-inflammatory cytokine levels [43, 62, 64]. Based on
the idea that aberrant glutamate signaling and neuroinflammation
may converge to affect synaptic function and behavioral
abnormalities relevant to depression [5, 6, 22], Haroon et al.
proposed that stress-induced inflammation may exaggerate
release and inhibit clearance of glutamate from microglia and
astrocytes, resulting in an increase of extracellular glutamate that
ultimately leads to synaptic dysfunction underlying depressive
phenotypes [22]. In agreement with this hypothesis, our results
showed that CSDS simultaneously induces an increase of
proinflammatory cytokines IL-13 and TNF-a and augment
glutaminase activity in CD11b™ cells, effects which are suppressed
by JHU-083. Nonetheless, the downstream mechanisms by which
normalization of glutaminase activity in CD11b* cells ameliorate
CSDS pathology are still unclear. Further investigation to address
whether the effect of JHU-083 on glutamate production precedes
or follows its effect on inflammatory cytokine production will be
important to understand the mechanisms underlying the anti-
depressant effect of JHU-083. It should also be noted that
although these experiments were performed in male mice, sex
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differences associated with stress and MDD have been reported
[43, 95], warranting examination of sex-specific social stress effects
on glutaminase activity and JHU-083 efficacy.

Taken together, our findings provide proof-of-principle that
pharmacological intervention targeting glial glutaminase activity
may be useful for development of a novel MDD treatment. Given
that many clinical trials testing glutamate modulators have failed
to show beneficial effects in humans [96-98], further studies are
needed to better understand the mechanisms underlying the
potential antidepressant effect of JHU-083.
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