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Abstract

Recent studies demonstrate that ketamine, a fast-acting antidepressant, rapidly activates the
mammalian target of rapamycin (mTOR) and increases synaptogenesis in the prefrontal cortex
(PFC). Because of the side effect and abuse potential of ketamine we are investigating alternative
agents that produce similar effects. Here we demonstrate that a single dose of LY 341495, an
mGIuR,/3 antagonist, produces ketamine-like biochemical and behavioral effects. LY 341495
administration rapidly (1 hr) activates the mTOR pathway (mTOR, p70S6K, 4E-BP1) and
subsequently (24 hrs) increases levels of synaptic proteins (PSD-95, GIuR1 and Synapsin I) 24 hrs
later, similar to the effects of ketamine. Finally, the antidepressant effects of LY 341495 in the rat
forced swim test are completely blocked by the mTOR inhibitor, rapamycin. The results indicate
that the antidepressant actions of LY 341495 are mediated by activation of mTOR and suggest that
this and other mGIuR/3 antagonists could produce rapid antidepressant effects in depressed
patients.
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Introduction

Depression is a debilitating psychiatric disorder that affects ~17% of the population (Kessler
et al., 2003). All currently approved antidepressant treatments work through various
mechanisms to modulate monoaminergic neurotransmitter systems and can take several
weeks to months to produce a therapeutic response. Recently, efforts have focused on novel
classes of drugs that work by modulating glutamatergic neurotransmission. Ketamine, a non-
competitive N-methyl-D-aspartate (NMDA) receptor antagonist, has received the most
attention. Ketamine produces rapid (within 2 hrs) and sustained (~1 week) antidepressant
effects in depressed patients refractory to typical antidepressant treatment (Berman et al.,
2000; Zarate et al., 2006). While the mechanisms underlying these surprisingly fast and
robust effects remain somewhat unclear, we have found that ketamine treatment produces
rapid activation of the mammalian target of rapamycin (mTOR) pathway and subsequent
sustained increases in synaptic proteins and increased excitatory spine synapses in the
prefrontal cortex (PFC) (Li et al., 2010; Li et al., 2011).
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mTOR is a serine/threonine protein kinase that integrates signals from growth factors, such
as brain-derived neurotrophic factor (BDNF) (Takei et al., 2001), as well and energy and
nutrient levels to regulate protein synthesis (reviewed in Sengupta et al., 2010). Activation
of mTOR signaling leads to induction of mMRNA translation and new protein synthesis via
phosphorylation of downstream substrates including p70S6 kinase and eukaryotic initiation
factor 4E binding protein 1 (4E-BP1). We found that the phosphorylation of both of these
proteins, as well as mTOR, is rapidly increased by ketamine (Li et al., 2010). In addition,
ketamine-induction of mTOR signaling is followed by a sustained increase in levels of the
synaptic proteins PSD-95, GIuR1 and Synapsin | (Li et al., 2010).

While ketamine produces robust antidepressant effects, the deleterious side effects and
abuse potential limit its widespread use for treatment of depression, as well as suicide
(DiazGranados et al., 2010; Larkin and Beautrais, 2011). Therefore, there remains a clear
unmet medical need for drugs that can produce ketamine-like antidepressant effects with a
safer side effect profile and decreased abuse liability. In the present study, we sought to
evaluate alternative ways to modulate the glutamatergic system that would result in
ketamine-like effects.

mGIuR,/3 receptors are metabotropic glutamate receptors distributed in regions of the brain
implicated in depression, including cortical and limbic regions (Ohishi et al., 1994; Ohishi et
al., 1993a). mGIuR, receptors are primarily located in the preterminal portion of neurons
(Shigemoto et al., 1997) acting as autoreceptors or heteroceptors whereas mGluR3 receptors
are located post-synaptically and on glia (Ohishi et al., 1993b; Tanabe et al., 1993). Both
subtypes are Gj-coupled receptors that negatively regulate adenylyl cyclase and decrease
glutamatergic and monoaminergic neurotransmission. Antagonism of these receptors
increases extracellular glutamate in limbic structures, including the PFC (Hascup et al.,
2010; Xi et al., 2002). Since ketamine has also been shown to increase glutamatergic
outflow (Moghaddam et al., 1997) and the behavioral and biochemical effects of ketamine
are dependent on a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor
activation (Li et al., 2010; Maeng et al., 2008), we hypothesized that mGluRy3 blockade
would have the potential to produce ketamine-like biochemical and behavioral effects. In
fact, evidence demonstrates that the antidepressant effects of mGIluR/3 antagonists are also
blocked by AMPA receptor blockade (Karasawa et al., 2005). In the present study we
demonstrate that the selective mGIuR,3 antagonist, LY 341495 (Kingston et al., 1998)
produces the same biochemical effects as ketamine and that the behavioral effects of this
drug are dependent on mTOR signaling.

Materials and Methods

Animals, Drug Administration and Surgical Procedures

Adult male Sprague Dawley rats (Charles River Laboratories) weighing ~150-250 g were
pair housed in a 12 hr light:dark cycle with ad /ibitum access to food and water. All
procedures were done in accordance with the NIH guidelines for the care and use of
laboratory animals and the Yale University Institutional Animal Care and Use Committee
(IACUC). Rats received a single injection of LY 341495 (3 or 10 mg/kg, i.p.) prepared in 2%
Tween 80 in dH,0 or ketamine (10 mg/kg) as a positive control for synaptic protein
expression studies and were tested or sacrificed at the indicated time points (1 hr or 24 hrs
later). For intracerebroventricular (ICV) drug administration, rats were anesthetized with 50
mg/kg of i.p. pentobarbital and a guide cannula (22G) was implanted using the following
stereotaxic coordinates: From bregma: —0.9 anterior/posterior (AP), —1.5 medial/lateral
(ML), —3.5 dorsal/ventral (DV). After 1 week of recovery rats were infused with 0.2 nmol
rapamycin (2 pL volume) at a rate of 0.25 pL/min. 30 min after rapamycin treatment, rats
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were injected with LY341495 (3 mg/kg, i.p.). An n=3-4 rats were used for biochemical
studies and 7=5-7 was used for behavioral testing.

Synaptosome Preparation and Western Blotting

Crude synaptosomes were prepared as previously described (Li et al., 2010). Briefly, the
PFC of rats was dissected on ice and homogenized in 0.32 M sucrose, 20 mM HEPES (pH
7.4), 1 mM EDTA, 1x protease inhibitor cocktail, 5 mM NaF, and 1 mM NaVOs.
Homogenates were centrifuged at 2,800 rpm and supernatants were then centrifuged at
12,000 rpm to obtain a pellet enriched in crude synaptosomes. Pellets were sonicated in
protein lysis buffer containing: 50 mM Tris-HCI (pH 7.5), 150 mM NacCl, 1% Triton X-100,
0.1% SDS, 2 mM EDTA, 1 mM NaVOg3, 5 mM NaF and 1x protease inhibitor cocktail and
protein concentrations were measured using a BCA kit (Thermo Scientific, Rockford, IL).
Proteins were separated by SDS-PAGE and then transferred to nitrocellulose membranes
and blocked for 1 hr in 2% BSA in PBS + 0.1% Tween 20 (PBS-T). Primary antibodies for
pmTOR (Ser2448), mTOR, pp70S6K (Thr389), p70S6K, p4E-BP1 (Thr37/46), pERK
(Thr202/Tyr204), ERK (all from Cell Signaling, Boston, MA), GIuR1 (Abcam, Cambridge,
MA), PSD-95 (Invitrogen, Camarillo, CA), Synapsin | (BD Biosciences, San Jose, CA) and
GAPDH (Advanced Immunochemical, Long Beach, CA) were used. After overnight or 1 hr
incubation with primary antibodies, membranes were washed in PBS-T (3%, 10 min) and
incubated with peroxidase labeled secondary antibodies for 1 hr. Membranes were then
washed again and protein bands were detected using enhanced chemiluminescence.
Membranes were then incubated in stripping buffer (Thermo Scientific) blocked in 5% Milk
in PBS-T and incubated with primary antibodies directed against their respective non
phosphorylated or total protein or GAPDH. Bands were quantified using densiotometric
analysis with Image J software (NIH). Data were analyzed by normalizing phospho-protein
levels to total protein levels or GAPDH and analyzed using a one-way ANOVA with LSD
post-hoc tests as appropriate. Data are expressed as fold change versus control levels.

Forced Swim Test

Results

Rats were tested in a forced swim test as previously described (Li et al., 2010). Briefly, rats
were subjected to a 15 min pre-swim in 25° C water in a clear Plexiglas cylinder (65 cm
height, 30 cm diameter). After the pre-swim, rats were removed and dried with a clean cloth.
24 hours later, rats received an ICV infusion of rapamycin 30 min prior to a systemic
injection (i.p.) with LY341495. 24 hours following treatment, rats were again placed in the
swimming cylinders for a 10 min test swim. All sessions were video recorded and data were
analyzed by scoring total immobility time (making only movements necessary to keep
afloat) between minutes 2—6 (5 min total) by an experimenter blind to the treatment groups.
After the swim, brains were removed and placement of the ICV cannula was verified
histologically. Rats with incorrect placement of the injection cannula were not included in
the data analysis. Immobility values were analyzed using a one-way ANOVA with LSD
post-hoc tests as appropriate. Significance was determined at A<0.05 and data were plotted
as total seconds immobile.

MGIluRy/3 blockade rapidly increases mTOR signaling in the PFC

Recent evidence indicates that signaling through the mTOR pathway is rapidly (30-60 min)
increased by ketamine administration (Li et al., 2010). Additionally, post-mortem analysis of
the PFC of subjects with major depressive disorder revealed deficits in mTOR signaling
(Jernigan et al., 2011). To determine whether blockade of mGIluRy,3 receptors increases
mTOR signaling in rodents, we examined the influence of acute LY 341495 (3 or 10 mg/Kkg,
1 hr) on the phosphorylated forms of mTOR, p70S6 kinase, and 4E-BP1, as well as ERK, an
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upstream regulator of mTOR signaling. Western blotting analysis revealed significant, dose-
dependent increases in the phosphorylated forms of mTOR [A2,11)=6.182; £<0.05], p70S6
kinase [A2,11)=24.850; A<0.0001], 4E-BP1 [A2,11)=4.471; P<0.05], and ERK
[A2,11)=5.118; £<0.05] after LY341495 treatment (Fig. 1aand 15). Studies of
hippocampus revealed much smaller increases, withL'Y 341495 only producing a significant
xx% increase phospho-ERK at 10 mg/kg of LY 341495 [A2,11)=4.772; A<0.05], with a
trend for a xx% increase of phospho-p70S6K [A2,11)=2.861; P=0.109], a modest, non-
significant 20% increase in phospho-mTOR activation [A2,11)=0.933; £=0.428] and no
increase in phospho-4E-BP1 levels [H2,11)=0.301; P=0.747. The lower dose of LY 341495
(3 mg/kg) had no effects on these mTOR signaling proteins in the hippocampus. Taken
together, these data indicate that mGluR,,3 blockade activates the mTOR signaling pathway
in the PFC and that there are regional differences that confer altered response to LY 341495
in the hippocampus.

MGIluRy/3 blockade increases synaptic protein expression in the PFC

A role for mTOR-dependent formation of new synapses — and thus, expression of synaptic
proteins — in mediating the antidepressant response to ketamine has recently been identified
(Li et al., 2010). To evaluate whether mGIuR,/3 blockade increases synaptic proteins, we
measured levels of synaptic proteins in the PFC 24 hrs after a single dose of LY 341495. We
observed significant increases in post-synaptic markers PSD-95 [A2,11)=5.589; /A<0.05]
and GIuR1 [A2,11)=25.778; P<0.0001] as well as the pre-synaptic marker Synapsin |
[AH2,10)=14.983; /A<0.01] (Fig. 1cand 1d). Of note, the magnitude of increase at the 3 and
10 mg/kg dose of LY341495 is nearly identical to the increase produced by ketamine.
Analysis of hippocampus revealed small but significant increases in PSD-95 (xx%)
[A2,11)=6.098; A<0.05] and GIuR1 (xx%) [A2,11)=6.864; P<0.05] but only at 10 mg/kg of
LY341495 (no effects at 3 mg/kg).

MTOR signaling is required for the antidepressant effects of mGluRy/3 blockade

To determine whether the antidepressant response produced by mGIluRy,3 blockade depends
on mTOR signaling, we pretreated rats with rapamycin (ICV), a specific inhibitor of mMTOR
(Brown et al., 1994), 30 min prior to LY341495 treatment and tested rats 24 hrs later for
behavioral despair in the forced swim test. Based on our data showing increased expression
of synaptic proteins 24 hrs after a single 3 mg/kg dose of LY341495, we selected this time
point and dose for behavioral testing. LY 341495 produced a significant decrease in
immobility time compared to vehicle-treated rats and pretreatment with rapamycin
completely blocked this effect [A2,17)=3.911; £<0.05] (Fig. 2). These data indicate that
mTOR signaling is required for the antidepressant effects of mGIuRy/3 blockade in the
forced swim test.

Discussion

Previously, our lab has demonstrated that the NMDA receptor antagonist ketamine rapidly
increases mTOR signaling (Li et al., 2010), and here, we demonstrate similar findings in
response to mGIuRy/3 blockade. LY 341495 increased signaling through the mTOR pathway
in the PFC, including increased levels of phosphorylated mTOR, p70S6 kinase, and 4E-BP1,
at the same doses that produce antidepressant effects in rodent models (Bespalov et al.,
2008). We also found that LY341495 increased levels of phospho-ERK, an upstream
regulator of mTOR. Interestingly, we failed to see the same magnitude of mTOR activation
in the hippocampus, with only modest increases at 10 mg/kg of LY341495. As the mTOR
pathway is involved in protein translation and since ketamine increases synaptic protein
levels that are dependent on mTOR signaling, we measured increases in synaptic protein
markers after mGluR /3 blockade. We observed significant increases in levels of PSD-95,
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GIuR1 and Synapsin | in the PFC, again similar to the effects of ketamine. In the
hippocampus, smaller but significant increases in synaptic proteins were observed at 10 mg/
kg, indicating that only modest increases in mTOR signaling are required to increase
synaptic protein expression. Furthermore, the results suggest a more prominent role for the
PFC than the hippocampus in mediating the antidepressant effects of mGIluRy/3 blockade
since 3 mg/kg of LY 341495 produced antidepressant effects in the FST.

Previous studies failed to observe effects of typical antidepressants (acute or chronic
administration) or electroconvulsive shock on mTOR signaling and synaptic proteins (Li et
al., 2010). The current findings demonstrating that mGIuR,;3 antagonism produces effects
similar to ketamine indicate that mGIuR blockade is a particularly promising strategy for the
treatment of depression that until now has seemed to be unique to ketamine.

We next asked what role mTOR signaling plays in the behavioral antidepressant effects of
mGIuR,3 blockade in the forced swim test, a widely used animal model of depression. In
our recent study, we report that the antidepressant effects of ketamine require mTOR
signaling (Li et al., 2010). Here we show that a single dose of LY 341495 produces an
antidepressant response in the forced swim test measured 24 hr after treatment, and that this
effect is completely blocked by pretreatment with the mTOR inhibitor rapamycin. While the
current manuscript was under review, there was another report that the sustained (24 hr)
antidepressant effects of mGIluR2/3 antagonism in the tail suspension test is blocked by
rapamycin (Koike et al., 2011), supporting the results presented here.

Taken together, the results demonstrate that mGIuR ;3 blockade produces molecular changes
that are similar to ketamine, suggesting that common signaling mechanisms underlie the
antidepressant actions of these agents. Given the unique and surprising rapid acting
antidepressant effects of ketamine, these data highlight mGIuR3 as a compelling target for
the treatment of depression. Future studies will be required to determine whether the effects
of acute mGIluR/3 antagonism are long lasting like ketamine (~1 week) (Li et al., 2010;
Zarate et al., 2006), and to examine the influence of chronic LY 341495 treatment on mTOR
signaling and synaptic proteins. Finally, these studies provide strong support for future
studies to determine the ability of mGIluR,3 blockade to produce rapid and efficacious
antidepressant actions in humans.
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Fig. 1.

(a b) LY341495 increases mTOR signaling in the PFC. Phosphorylation of 4E-BP1, mTOR,
p70S6K and ERK is increased 1 hr after a single i.p. injection of LY 341495 (3 and 10 mg/
kg). Levels of phosphorylated proteins were normalized to either GAPDH (4E-BP1) or
levels of total protein (p70S6K, mTOR, and ERK). (¢, @) LY341495 increases synaptic
protein expression in the PFC. PSD-95, GIuR1 and Synapsin | expression is increased 24 hrs
after a single i.p. injection of LY341495 (3 or 10 mg/kg) or ketamine (10 mg/kg). Levels of
synaptic proteins were normalized to GAPDH. Results are expressed as fold change
compared to vehicle control, and are the mean + SEM (7=3-4, *£<0.05, **P<0.01 compared
to vehicle; ANOVA)
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Fig. 2.

Rapamycin blocks the antidepressant effects of LY 341495. Rats received an ICV infusion of
rapamycin (0.2 nmol) 30 min before a single i.p. injection of LY341495 (3 mg/kg). 24 hrs
after treatment, L'Y341495 significantly decreased immobility time and rapamycin
pretreatment completely blocked this effect. Results are mean + SEM (n=6-8, */<0.05;
ANOVA)
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