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Abstract

Recent preclinical and clinical studies demonstrate that three functionally different compounds,
the NMDA receptor channel blocker ketamine, mGluys receptor antagonist LY 341495, and
NMDA receptor glycine site agent GLY X-13 produce rapid and long lasting antidepressant effects.
Furthermore, these agents are reported to stimulate ERK and mTORC1 signaling in brain. Here we
used rat primary cortical culture neurons to further examine the cellular actions of these agents.
The results demonstrate that low concentrations of all three compounds rapidly increase levels of
the phosphorylated and activated forms of ERK and a downstream target of mTORC1, p70S6
kinase, in a concentration and time dependent manner. In addition, each compound rapidly
increases BDNF release into the culture media. Further studies demonstrate that induction of
BDNF release, as well as stimulation of phospho-ERK is blocked by incubation with an AMPA
receptor antagonist. The requirement for AMPA receptor stimulation suggests that the effects of
these rapid agents are activity dependent. This possibility is supported by studies demonstrating
that neuronal silencing, via incubation with the GABA receptor agonist muscimol, completely
blocks phospho-ERK and BDNF release by each agent. Finally, incubation with each drug for 24
hr increases the number and length of neuronal branches. Together, the results demonstrate that
these three different rapid acting antidepressant agents increase ERK signaling and BDNF release
in an activity dependent manner that leads to increased neuronal complexity. Further studies will
be required to determine the exact mechanisms underlying these effects in cultured neurons and in
rodent models.

Introduction

Major depression, characterized by sadness, anxiety, feelings of worthlessness, and an
inability to experience pleasure, is a debilitating disease that affects approximately 17% of
the population (Kessler et al., 2003). Current therapeutic drugs target the serotonin and

norepinephrine monoaminergic systems and can take several weeks to months to produce an
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antidepressant response. Furthermore, about one third of depressed patients are
nonresponsive to current antidepressants and are considered treatment resistant (Trivedi et
al., 2006), demonstrating a serious unmet need that must be addressed with novel therapeutic
agents. Toward this goal, recent clinical evidence has shown that a single, low dose of
ketamine produces rapid and long lasting antidepressant effects in treatment resistant
patients (Berman et al., 2000; Price et al., 2009; Zarate et al., 2006).

Ketamine is an N-methyl-D-aspartate (NMDA\) receptor channel blocker that enters the open
channel in an activity dependent manner and binds with low micromolar affinity (Traynelis
et al., 2010). Preclinical studies have demonstrated that a subanesthetic, but not anesthetic
dose of ketamine is sufficient to produce antidepressant behavioral effects in rodent models
(Autry et al., 2011; Li et al., 2010; Maeng et al., 2008). Moreover, ketamine increases the
number and function of spine synapses in layer V pyramidal neurons of the medial
prefrontal cortex (mPFC), and activation of the mechanistic target of rapamycin complex 1
(mTORCY1) pathway is necessary for the synaptogenic, as well as behavioral effects of
ketamine (Li et al., 2010). Activation of mMTORC1 and the subsequent behavioral effects are
also dependent on activation of a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid
(AMPA) receptors, indicating that these effects are activity dependent (Maeng et al., 2008).
This is supported by studies demonstrating that ketamine causes a rapid, transient burst of
glutamate in the mPFC (Moghaddam et al., 1997). This paradoxical increase in glutamate is
thought to be due to blockade of NMDA receptors on tonic firing GABA interneurons,
resulting in disinhibition of glutamate transmission (Homayoun and Moghaddam, 2007).
Activation of L-type calcium channels and release of brain derived neurotrophic factor
(BDNF) have also been implicated in the antidepressant behavioral actions of ketamine
(Autry et al., 2011; Lepack et al., 2014; Liu et al., 2012).

Several other glutamatergic rapid-acting antidepressants have been identified in clinical
trials and/or preclinical models. This includes LY 341495, which has subnanomolar affinity
for mGIluRy,3 receptor sites that control presynaptic release of glutamate (Dwyer, 2012;
Koike et al., 2011; Wright et al., 2001). Another agent of interest is GLYX-13, an NMDA
receptor modulator with glycine site partial agonist properties (Burgdorf et al., 2013;
Preskorn et al., 2015); GLY X-13 is reported to enhance MK801 ligand binding, similar to
glycine with and EC50 of approximately 5 uM (Moskal et al., 2005). Interestingly,
preclinical studies demonstrate that these two drugs also stimulate mTORC1 signaling and
produce antidepressant behavioral responses that are dependent on activation of AMPA
receptors and mTORCL1 (Burgdorf et al., 2013; Dwyer et al., 2012; Karasawa et al., 2005;
Koike et al., 2011; Li et al., 2010; Lu et al., 2015). Blockade of mGluy,3 autoreceptors, like
ketamine increases glutamate release (Hascup et al., 2010; Xi et al., 2002); to date the
influence of GLY X-13 on extracellular glutamate has not been reported. These data indicate
that the BDNF-mTORC1 pathway and its associated signaling components, including the
phosphorylated and activated forms of extracellular regulated kinase (phospho-ERK) and
p70S6 kinase-1 (phospho-S6K) play a crucial role in the actions of rapid antidepressant
agents. However, the cellular mechanisms underlying these effects have not been fully
characterized.
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The aim of this present study was to develop an /n vitro system to allow for analysis of the
cellular mechanisms underlying the actions of ketamine and other rapid-acting
antidepressants that are difficult to measure /in vivo, notably the release of BDNF and
requirement for neuronal activity. The results demonstrate that incubation of cortical primary
cultures with low concentrations of ketamine, LY 341495, or GLY X-13 increases levels of
phospho-ERK and phospho-S6K in a dose and time dependent manner. Moreover,
LY341495 and GLY X-13 incubations increase BDNF release into the media similar to
ketamine (Lepack et al., 2014) Finally, stimulation of phospho-ERK and BDNF release by
all three agents is inhibited by AMPA receptor blockade or neuronal silencing, indicating
that these effects are activity dependent. Together, these findings further characterize the
cellular signaling mechanisms underlying rapid-acting antidepressants and describe an /in
vitro mixed cortical culture model for further mechanistic studies.

2. Methods

2.1. Primary cortical culture

Pregnant females were euthanized and cortices from E18 embryos were dissected. Following
incubation in trypsin-EDTA (0.25%, Gibco) for 10 min, cortices were dissociated and
neurons were plated at 0.6 million cells per well in 6-well polylysine-coated plates in
DMEM (Gibco)/10% FBS (fetal bovine serum). For dentritic morphology, cells were plated
on glass cover slips at 0.4 million cells per 6-well plate. For both 6-well and coverslips,
medium was changed the following day to a serum-free medium containing neurobasal and
B27 (Gibco) which was changed every 5 days. Cells were maintained at 37 °C, 5% CO2,
and 95% humidity.

2.2. Drug treatments

On DIV 10, medium was changed four hours prior to drug treatment. For the dose response
curve, cultured neurons were incubated with ketamine (10 nM — 1 uM), LY 341495 (1 pM -
1 uM), or GLYX-13 (0.3 nM — 1 uM) and cells were collected 1 hr after drug treatment for
western blot analysis. After establishing the optimal dose, cells were treated with ketamine
(100 nM or 500 nM), LY341495 (3 nM or 10 nM), or GLYX-13 (3 nM) and collected at 5,
15, 30, 60 min, or 24 hr following treatment for analysis of phospho-ERK signaling and 15
or 60 min following treatment for phospho-S6K signaling. For blockade studies, neurons
were treated with 50 pM NBQX, 500 nM K252a, or 10 uM muscimol 20 to 30 min prior to
ketamine, LY 341495, or GLY X-13 treatment and cells were collected 60 min following
antidepressant treatment for phospho-ERK western blot analysis and 15 or 30 min after drug
treatment for BDNF analysis.

2.3. Immunoblot analysis of phospho-ERK and phospho-S6K

Levels of phospho-ERK and phospho-S6K for drug incubations were analyzed by western
blot analysis of crude cell homogenates, except for ketamine regulation of phospho-S6K,
which was examined in a P2 crude synaptosome fraction as previously described (Li et al.,
2010). For homogenates, cells were collected into RIPA lysis buffer containing 50 mM Tris—
HCI (pH 7.5), 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 1 mM NaVO3, 5 mM NaF and
1x protease inhibitor cocktail. For P2 preparations, cells were homogenized in 0.32 M
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sucrose, 20 mm Hepes (pH 7.4), 1 mM EDTA, 1x protease inhibitor cocktail, 10 mM NaF
and 1 mM NaVO3. Homogenates were then centrifuged at 700 x g, supernatants were
collected and further centrifuged at 13,000 x g to obtain a pellet containing crude
synaptosomes. Pellets were then resuspended and sonicated in RIPA lysis buffer. Total
protein concentrations were measured using a BCA kit (Thermo Scientific, USA). Ten ug of
protein were electrophoretically separated on an SDS-PAGE gel (7.5% Tris-HCL) and
transferred to 2 um nitrocellulose membranes. Membranes were blocked with 2% BSA in
PBS+0.1% Tween 20 (PBS-T) and then incubated with phospho-ERK (Thr202/Tyr204y or
phospho-S6K (Thr389) (Cell Signaling, 1:1000) antibodies overnight. Membranes were then
washed in PBS-T (3 times for 10 min each) and incubated in peroxidase labeled anti-rabbit
secondary at room temperature for 1 hr. Protein bands were analyzed using enhanced
chemiluminescence (ECL). After detection of phospho proteins, membranes were incubated
in stripping buffer (Thermo Scientific), blocked in 5% milk PBS-T for 1 hr and then
reprobed with total ERK or total S6K (Cell Signaling, 1:1000) overnight. Densitometry was
used to quantify protein bands using Image J Software (NIH) and phospho proteins were
normalized to their respective total protein.

2.4. BDNF analysis

Measurement of BDNF was performed as previously described (Lepack et al., 2015).
Briefly, medium containing an anti-BDNF antibody (sc-546, Santa Cruz, 1:100, or 2ug/mL)
was carefully collected following drug treatment and the secreted BDNF captured by the
antibody was immunoprecipitated using Protein G-Sepharose beads (GE Healthcare). BDNF
was detected via an ELISA assay (BDNF-ELISA E-max; Promega, WI). EIA 96-well plates
(Corning, NY, USA) were coated with monoclonal antibody and incubated at 4°C for 18
hours. The plates were incubated in a block and sample buffer at room temperature for 1 hr,
followed by a 2 hr incubation of BDNF samples with standards and then incubated with a
polyclonal antibody for 2 hrs at room temperature. After washing, the plates were incubated
with a secondary anti-lgY antibody conjugated to horseradish peroxidase for 1 hr. Next the
plates were incubated in peroxidase substrate and tetramethylbenzidine solution to produce
the color reaction, which was stopped with 1 M hydrochloric acid. The absorbance at 450
nm was measured with an automated microplate reader and standard curves were plotted for
each plate. Protein concentrations in each immunoprecipitate were measured using a BCA
kit (Thermo Scientific) and values of BDNF were corrected for total amount of protein in the
sample.

2.5. Immunolabeling, viral GFP infection, and Sholl analysis

Cells were plated on 22 x 22mm coverslips (0.3 million cells) and on DIVV13 were fixed for
immunohistochemistical analysis of MAP2 (Abcam, ab5392; 1:10,000), GAD67 (Millipore,
MAB5406; 1:500), and GFAP (G3893, Sigma; 1:500). For dendritic morphology, 0.4
million cells per 6-well were plated on coverslips. On DIV 3, cells were incubated with an
AAV?2 viral vector that expresses green fluorescence protein (AAV2-GFP) as previously
described (Dwyer et al., 2015) for 72 hr. Following viral incubation, media was changed and
cells were treated with ketamine (500 nM), LY 341495 (10 nM), or GLY X-13 (3nM) at DIV
17 and then fixed 24hr after with 4% PFA. Coverslips were mounted onto slides and imaged
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for endogenous GFP. Dendritic branching was assessed at 50 and 100 pm away from the
soma using Sholl analysis.

2.6. Data analysis

3. Results

Dose response studies were analyzed using a one-way analysis of variance (ANOVA). For
time course experiments comparing multiple doses (ketamine and LY 341495) were
analyzed using a one-way ANOVA while time courses for GLY X-13 (vehicle vs. treatment
group) were analyzed using a Students #test. For blockade experiments, a one-way ANOVA
analysis was used with least significant difference post hoc tests where appropriate. For
Sholl analysis experiments, a Students #test was used (vehicle vs. treatment group).
Significance was determined at P < .05. All experiments were replicated at least twice and
typically 3 to 4 times. All data are represented as mean + SEM.

3.1. Ketamine rapidly stimulates phospho-ERK and phospho-S6K signaling in primary
neuronal cultures

Dissociated cortical neurons from E18 embryos were plated at a density of 0.6 million cells
per well in 6-well polylysine-coated plates in DMEM (Gibco)/10% FBS (fetal bovine
serum). One day later the medium was changed to serum-free conditions containing
neurobasal and B27 (Gibco) and was changed every 5 days thereafter. On DIV 10, medium
was changed four hours prior to drug incubation. As reported previously these conditions
result in mixed neuronal cultures containing both glutamatergic and GABAergic neurons, as
well as a small number of glia (Kato-Negishi et al., 2004; Weir et al., 2015) (also see below).

In vivo studies have shown that systemic ketamine administration rapidly activates
neurotrophic factor and mTORCL signaling and its downstream substrates in the mPFC (Li
et al., 2010). In order to test the cellular mechanisms underlying these effects and to
establish an /in vitro model, studies were conducted in cultured cortical neurons. In
preliminary studies we found that the phosphorylated and activated form of ERK was the
most reliable marker of these pathways, so this phosphoprotein was used to characterize the
concentration response and time course for ketamine. Concentrations of ketamine from 10
nM to 10 uM were tested with incubation time set at 1 hr, and levels of phospho-ERK were
determined by western blot. Concentrations of 10, 50, 100, and 500 nM significantly
increased phospho-ERK (both 42 and 44 kDa isoforms) in a dose dependent manner, while
higher concentrations of 1 and 10 uM produced lower, nonsignificant responses (ANOVA,
Fe 59 = 15.63, p <.0001) (Fig 1a, b). A similar inverted U dose dependent response for the /n
vivo behavioral actions of ketamine have been reported (Li et al., 2010). Concentrations of
100 and 500 nM were chosen for time course studies and demonstrate rapid (15 min) (F, 36
= 6.8, p < 0.005; 30 min, Fy 35 = 5.632, p < 0.01; 60 min, F, 39 = 22.743, p < 0.0001) and
long-lasting (24 hr) (F, 36 = 20.305, p < 0.0001) stimulation of phospho-ERK (Fig 1c). We
also examined phospho-mTOR, but found that levels were relatively low and inconsistent,
possibly reflecting dynamic dephosphorylation of this protein. However, we found more
consistent regulation of a downstream target of mTORCX signaling, phospho-S6K, which is
rapidly activated in mPFC by ketamine systemic administration (Li et al., 2010). The results
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demonstrate that ketamine (500 nM) incubation increases levels of phospho-S6K after
incubations of 15 (t(12) = 2.766, p < 0.05) or 60 min (t(11) = 3.571, p < 0.01) (Fig. 1d). We
also found that ketamine incubation increases levels of phospho-ERK and phospho-S6K in
hippocampal cultures (Supplemental Figure 1).

3.2.LY341495 and GLYX-13 stimulate phospho-ERK and phospho-S6K signaling in primary
neuronal cultures

The mGIluRy/3 antagonist LY 341495 and the NMDA receptor modulator, glycine site partial
agonist GLYX-13 are reported to increase pERK-mTORC1-S6K signaling and produce
rapid antidepressant actions /7 vivo, and the behavioral actions of these agents require
mTORC1 signaling (Dwyer et al., 2012; Koike et al., 2011; Lu et al., 2015). Here we found
that both drugs increased phospho-ERK signaling in a concentration dependent manner after
one hr incubation. Very low (100 pM) to higher concentrations (1 uM) of LY 341495
significantly increased phospho-ERK levels in primary neuronal cultures (ANOVA, F11 100
=5.127, p <0.0001) (Fig. 2a), and concentrations of 3 and 10 nM produced a rapid, time
dependent increase in levels of phospho-ERK, similar to ketamine (15 min, F 21 =3.711, p
< 0.05; 30 min, F3 21 = 4.025, p < 0.05; 60 min, F» 31 = 24.378, p < 0.0001; 24 hr, Fy 51 =
16.382, p < 0.0001) (Fig. 2b). GLYX-13 increased phospho-ERK levels at 1 and 3 nM
following 1 hr incubation (ANOVA, Fg 34 = 2.967, p < 0.05) (Fig. 2d); higher doses of
GLYX-13 (10 nM to 1 uM) had no significant effect, suggesting an inverted U dose response
similar to ketamine. This is also consistent with the behavioral dose response to GLY X-13
(Burgdorf et al., 2013). Time course studies show that GLY X-13 produced a rapid increase
in levels of phospho-ERK after 5 min that was sustained for up to 24 hr (t(14) = 3.072, p <
0.05; 15 min, t(30) = 2.548, p < 0.05; 30 min, t(13) = 2.194, p < 0.05; 60 min, t(11) = 3.339,
p < 0.05; 24hr, t(14) = 2.256, p < 0.05) (Fig. 2e). Levels of phospho-S6K were examined
and both LY341495 (15 min, t(6) = —4.948, p < 0.005; 60 min, t(22) = -3.456, p < 0.005)
and GLYX-13 (15 min, t(22) = 4.804, p < 0.0001; 60 min, t(22) = 4.802, p < 0.001) also
increased phospho-S6K in cortical cultures (Fig. 2c,f). Together, the data indicate that these
two putative rapid-acting antidepressants stimulate phospho-ERK and phospho-S6K
signaling pathways similar to findings /n vivo.

We also tested the effects of two typical antidepressants, fluoxetine and desipramine that
require chronic administration to produce a therapeutic response. Fluoxetine is a selective
serotonin reuptake inhibitor, and desipramine is a selective norepinephrine reuptake inhibitor
and belongs to the tricyclic class of antidepressants. Several doses of these agents were
tested from 0.05 to 1 uM, the upper limit of which includes the range for the therapeutic
actions of these antidepressants (incubation times were set at 1 hr). In contrast to the rapid
acting agents, none of the fluoxetine or desipramine doses tested increased levels of
phospho-ERK or phospho-S6K in primary neuronal cultures (Figure 3a—d). Incubation with
ketamine in adjacent wells significantly increased levels of phospho-ERK, serving as a
positive control for this experiment (not shown).

3.3 Stimulation of phospho-ERK requires activation of AMPA and TrkB receptors

Previous /n vivo studies have shown that the behavioral actions of ketamine, as well as
mGIuR,3 antagonists and GLY X-13 require AMPA receptor activation (Burgdorf et al.,
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2013; Karasawa et al., 2005; Li et al., 2010; Lu et al., 2015). To determine if AMPA
receptors are required for the activation of phospho-ERK in cultured neurons, we pretreated
cells with the AMPA inhibitor NBQX for 20 min prior to addition of ketamine. After 1 hr
ketamine incubation, cells were collected and phospho-ERK signaling was measured.
NBQX alone had no significant effect, but completely blocked ketamine-stimulation of
phospho-ERK (ANOVA, F3 35 = 12.094, p < 0.001) (Fig. 4a). Similarly, NBQX incubation
completely blocked the stimulation of phospho-ERK by both LY341495 (ANOVA, Fj 33 =
11.352, p < 0.001) and GLYX-13 (ANOVA, F; 37 = 6.56, p < 0.005) (Fig. 3b, c). Since
NBQX alone had no effect in the ketamine experiment this condition was not included in
these subsequent studies of LY341495 and GLY X-13.

We have recently demonstrated that blocking BDNF with a function blocking antibody
completely blocks the behavioral effects of ketamine in the forced swim test (Lepack et al.,
2014). Additionally, the behavioral actions of ketamine are blocked in BDNF mutant mice
with a knockin of the human ValMet66 polymorphism (the Met allele impairs activity-
dependent release of BDNF), providing further evidence that BDNF release plays an
important role in the effects of ketamine (Liu et al., 2012). In order to determine whether
BDNF signaling is necessary for stimulation of phospho-ERK signaling, we tested the
BDNF-TrkB inhibitor, K252a. Neuronal cultures were incubated with K252a (500 nM) for
20 min, and then with each of the three agents for 1 hr and cells were collected for phospho-
ERK analysis. K252a incubation completely blocked the increase in phospho-ERK produced
by each of the three agents (ketamine, F3 45 = 3.907, p < 0.05; LY341495, F, 37 = 22.007, p
<0.001; GLYX-13, Fp 21 =11.391, p < 0.005) (Fig. 4d-f). K252a incubation alone had no
effect on phospho-ERK signaling (Fig. 4d). Together, these results demonstrate that the
increase in phospho-ERK signaling in response to incubation with these three agents
requires activation of AMPA and TrkB receptors.

3.4.LY341495 and GLYX-13 increase BDNF release: requirement for activation of AMPA

receptors

The requirement for TrkB suggests that these rapid acting antidepressants stimulate the
release of BDNF, which then increases phospho-ERK signaling. In support of this
possibility, we have recently reported that ketamine rapidly (15 min) increases BDNF
release in cultured cells and this effect is relatively long-lasting (up to 6 hr (Lepack et al.,
2014). This finding was replicated in the current study, demonstrating that incubation with
ketamine significantly increases BDNF release, tested at 1 hr (Fig. 5a). To determine if
LY341495 (10 nM) and GLY X-13 (3 nM) also increase BDNF release, cultured neurons
were incubated with each agent and media was collected for BDNF analysis. BDNF was
enriched by immunoprecipitation and assessed by ELISA as in our previous study (Lepack
etal., 2014). (Incubation with LY341495 for 15 min produced inconsistent effects (not
shown) but a 30 min incubation produced a significant increase (~40%) in levels of BDNF in
the media (t(8) = -16.231, p < 0.001) (Fig. 5b). The results with GLY X-13 incubation for 15
min were more consistent and produced a significant increase in BDNF release of
approximately 50 percent (t(16) = 2.715, p < 0.05) (Fig. 5¢). In contrast to these rapid acting
agents, incubation with the monoamine reuptake blockers fluoxetine or desipramine (1 hr)
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did not significantly influence BDNF release (Fig. 5a); the influence of ketamine was
examined in the same experiment as a positive control.

To determine if blockade of AMPA receptors also blocks BDNF release, similar to blockade
of phospho-ERK stimulation (Figure 3), cells were pretreated with NBQX 20 min prior to
drug treatment. ELISA analysis revealed that blockade of AMPA receptors significantly
inhibits BDNF release induced by LY341495 (F3 49 = 12.939, p < 0.0001) and GLYX-13
(ANOVA, F3 44 = 11.057, p < 0.0001) (Fig. 5d,e). This extends our previous results
demonstrating that NBQX blocks ketamine stimulation of BDNF release (Lepack et al.,
2014), and together indicates that BDNF release by these agents is AMPA receptor
dependent.

3.5. Role of GABA neurons in regulation of ERK and BDNF

In vivo microdialysis studies demonstrate that ketamine causes a rapid, transient burst of
glutamate in the mPFC that is thought to result from blockade of NMDA receptors on
GABA interneurons (Homayoun and Moghaddam, 2007; Moghaddam et al., 1997). This is
consistent with reports that the behavioral actions of ketamine, as well as LY 341495 and
GLYX-13 are dependent on AMPA receptor activation (Burgdorf et al., 2013; Dwyer, 2012;
Li et al., 2010; Maeng et al., 2008). In the current study we demonstrate that the actions of
ketamine, LY 341495, and GLY X-13 /n vitro are also dependent on AMPA receptor
stimulation (Figures 4), consistent with the possibility that stimulation of phospho-ERK and
release of BDNF result from increased glutamate transmission. For ketamine and possibly
GLY X-13, this could occur via blockade of NMDA receptors on GABA neurons; for

LY 341495 blockade of mGIuR,/3 autoreceptors could increase glutamate release. Primary
neuronal culture systems include a mixed population of glutamatergic and GABAergic
neurons. To examine the levels of GABA neurons, cells were plated on coverslips and after
10 DIV immunohistochemistry was conducted for the neuronal marker MAP2 and the
GABA synthesis marker GAD67 (Fig. 6a, b). The results demonstrate that GAD67 is
expressed by a subpopulation of MAP2 positive neurons; quantitative analysis demonstrates
that approximately 25% of the total MAP2 positive cells are GAD67 positive (Fig. 6¢),
consistent with previous reports (Kato-Negishi et al., 2004; Obrietan and van den Pol, 1998;
Weir et al., 2015). Examination of higher magnification images also demonstrates punctate
GADG7 staining throughout the cultures (Fig. 6b). Double labeling of primary hippocampal
cultures also demonstrates a subpopulation of GAD67+ neurons (approximately 10 percent)
(Supplemental Figure 1). Further studies of the cell make up of the primary cultures shows a
very low level (less than 1 percent) of astrocytes, immunopositive for the marker GFAP
(Supplemental Figure 2)

To examine if GABA neuronal activity influences basal levels of phospho-ERK signaling,
the influence of the GABAA receptor antagonist bicuculline was determined. Incubation
with bicuculline stimulated phospho-ERK levels (t(10) = 6.693, p < 0.0001) (Fig. 6d), as
reported in previous studies, due to blockade of tonically active GABA, receptors that
inhibit the activity of glutamatergic neurons (Hardingham et al., 2002; Jeon et al., 2011; Lee
et al., 2005). To further test the role of GABA and activity dependent mechanisms in the
response to rapid acting antidepressants, cells were pretreated with the GABA receptor
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agonist muscimol (10 uM) for 30 min before addition of ketamine, LY341495, or GLY X-13.
As shown in earlier figures, a low concentration of ketamine (500 nM, 1 hr) increased levels
of phospho-ERK and BDNF release, and these effects were completely blocked by
muscimol (ketamine: phospho-ERK, F1 1o = 15.94, p < 0.005; BDNF, F1 59 = 9.139, p <
0.01) (Fig. 6 e, f). Similarly, a low dose of LY341495 (10 nM, 1 hr) or GLYX-13 (3 nM, 1
hr) stimulated phospho-ERK and of BDNF release, and these effects were also completely
blocked by muscimol (LY341495: phospho-ERK, Fy 509 = 23.04, p < 0.0001; BDNF, F1 35 =
12.15, p < 0.005) (GLYX-13: phospho-ERK, Fj 15 = 32.38, p < 0.0001; BDNF, F1 31 =
5.667, p < 0.05 (Fig. 6g—j).

3.6. Ketamine increases neuronal complexity in vitro

Ketamine rapidly increases BDNF release, phospho-ERK and mTORC1 signaling, and this
leads to increased spine density and function /in vivo (Li et al., 2010). To test whether
ketamine incubation increases neuronal complexity /in vitro, neurons were plated on
coverslips and on DIV 3 were incubated with an AAV2 viral vector that expresses GFP to
label neurons. Viral expression and labeling were allowed to proceed for a two-week period
and then cells were treated with vehicle, ketamine (500 nM), LY 341495 (10 nM), or
GLYX-13 (3 nM). After 24 hr to allow for morphological alterations the resulting labeled
neurons were analyzed by Sholl analysis. Representative images of GFP labeled neurons are
shown for each condition (Figure 7). Ketamine incubation resulted in greater dendrite
complexity compared to vehicle treated cells, increasing the number of dendrite branch
crossings compared to saline at both 50 and 100 microns from the soma (50 um, t(79) =
3.808, p < 0.0005; 100 um, t(79) = 2.511, p < 0.05) (Fig. 7a—c). Similarly, incubation with
LY341495 (Fig. 7 d—f) (50 pm, t(18) = —2.491, p < 0.05; 100 pm, t(18) = -2.606, p < 0.05)
or GLYX-13 (Fig. 7 g-i) (50 pm, t(22) = 3.906, p < 0.001; 100 pm, t(22) = 3.047, p < 0.01)
for 24 hr significantly increased the dendrite complexity of cultured neurons.

4. Discussion

The results demonstrate that ketamine as well as two additional functionally divergent
glutamatergic rapid-acting antidepressants stimulate phospho-ERK and phospho-S6K,
components of the mTORC1-signaling pathway in a concentration and time dependent
manner in rat primary cortical cultures. Importantly, these effects are completely blocked by
AMPA and TrkB receptor antagonists, and by the neuronal silencing agent muscimol.
Furthermore, all three agents tested stimulate BDNF release in an activity dependent manner
and increase the complexity of dendrites in cultured cortical neurons.

In vivo studies provide indirect evidence that ketamine stimulates a burst of glutamate
release that is thought to result from disinhibition of GABAergic transmission, leading to
activation of AMPA receptors and neuronal depolarization. This hypothesis is supported by
studies demonstrating that ketamine rapidly increases levels of extracellular glutamate
(Moghaddam et al., 1997) and decreases the firing of GABAergic interneurons in the mPFC
(Homayoun and Moghaddam, 2007). There is also evidence that L'Y341495 increases
extracellular glutamate in the mPFC by blocking presynaptic mGIuR,3 receptors that
control glutamate release (Hascup et al., 2010; Xi et al., 2002) (see model, Figure 8). The
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influence of GLY X-13 on extracellular glutamate has not been reported, but the behavioral
effects of GLYX-13, as well as ketamine and LY 341495 are inhibited by AMPA receptor
blockade (Dwyer et al., 2012; Karasawa et al., 2005; Li et al., 2010; Maeng et al., 2008).
The results of the current in vitro study demonstrate that low concentrations of ketamine,
LY341495, and GLY X-13 stimulate phospho-ERK and phospho-S6K in an activity
dependent manner, as these effects are blocked by incubation with an AMPA receptor
antagonist. It is also notable that higher concentrations of ketamine (1 to 10 uM) and
GLYX-12 (0.01 to 1 uM) did not increase phospho-ERK and phospho-S6K. Similar biphasic
dose dependent, antidepressant behavioral effects of ketamine and GLY X-13 have been
reported (Burgdorf et al., 2013; Li et al., 2010), and are thought to result from blockade of
postsynaptic NMDA receptors at higher doses. In contrast to the rapid effects of these
agents, incubation with the typical monoaminergic antidepressants fluoxetine and
desipramine for 1 hr did not influence phospho-ERK and phospho-S6K, demonstrating
specificity of this signaling to the rapid acting antidepressants within this short timeframe.
This is consistent with previous studies demonstrating that acute or chronic administration of
fluoxetine or imipramine has no effect mTORCL signaling in PFC (Li et al., 2010; Liu et al.,
2015), although chronic fluoxetine administration reverses the down-regulation of mMTORC1
signaling in mice exposed to chronic stress (Liu et al., 2015). Primary neuronal culture
studies also report no effect of fluoxetine or imipramine on mTORCL signaling, although
incubation with high doses of escitalopram and paroxetine for 4 days reversed the down
regulation of mMTORC1 signaling caused by incubation with B27 depleted media (Park et al.,
2014).

Previous reports have provided evidence that the synaptic and antidepressant behavioral
actions of ketamine are dependent on BDNF. This includes studies demonstrating that the
responses to ketamine are blocked in BDNF conditional deletion mutant mice and BDNF
Val66Met knockin mice (Autry et al., 2011; Liu et al., 2012). The BDNF Met polymorphism
blocks the processing and release of BDNF, suggesting that the antidepressant actions of
ketamine require BDNF release, not just synthesis (Liu et al., 2012). Clinical studies also
demonstrate that patients carrying the Met polymorphism have a significantly reduced
response to ketamine (Laje et al., 2012). Further support for BDNF release is provided by
our recent report that infusion of a BDNF neutralizing antibody into the mPFC blocks the
antidepressant behavioral actions of ketamine (Lepack et al., 2014). In the latter study we
also reported that ketamine stimulates the release of BDNF in primary neuronal cultures,
and that this effect was blocked by incubation with NBQX (Lepack et al., 2014). The results
of the current study extend these findings and demonstrate that LY341495 and GLY X-13
also rapidly increase the release of BDNF in primary cortical cultures and that these effects
are dependent on AMPA receptor activation, similar to ketamine. In contrast, incubation
with the typical antidepressant fluoxetine and desipramine for a similar amount of time had
no effect on BDNF release. Previous studies demonstrate that chronic administration of
typical antidepressants such as fluoxetine and desipramine increase BDNF expression in rat
cortical and hippocampal brain regions via up-regulation of the cAMP-CREB cascade
(Carlezon et al., 2005; Duman and Monteggia, 2006). In addition, a previous study reported
that incubation with fluoxetine for 4 days increased BDNF levels in cultured neurons, but
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only in B27 depleted media, indicating that this more long-term fluoxetine exposure
accelerated the recovery from growth medium deprivation (Seo et al., 2014).

The requirement for AMPA receptor activity in the stimulation of phospho-ERK and BDNF
release indicates that these rapid acting agents increase glutamate transmission and neuronal
depolarization. Increased release of glutamate could occur via inhibition of tonic firing
GABA neurons and/or blockade of presynaptic mGluy3 autoreceptors. The possibility that
GABAergic neurons could exert tonic inhibitory control over glutamate signaling is
supported by the presence of GABA neurons, immunostained for GAD67, in the primary
cortical cultures of approximately 25 percent. Previous studies have reported a similar level
of GABA neurons, although the percent varies depending on the culture conditions (Kato-
Negishi et al., 2004; Obrietan and van den Pol, 1998; Weir et al., 2015). Higher
magnification also shows punctate GAD67+ staining in close proximity to MAP2+ cells,
suggesting extensive GABA synaptic contacts with glutamate neurons. Evidence for tonic
firing of GABA neurons is provided by results demonstrating that the GABA antagonist
bicuculline increases levels of phospho- ERK, as previously reported (Hardingham et al.,
2002; Jeon et al., 2011; Lee et al., 2005). In addition, the results demonstrate that the
GABA agonist muscimol completely blocks the stimulation of phospho-ERK and the
release of BDNF by ketamine, LY 341495, and GLY X-13. We also observed low levels of
GFAP labeled astrocytes, another important source of BDNF that could contribute to the
signaling effects of rapid acting antidepressants (Myamoto et al., 2015). Together these
findings provide further evidence that the actions of these agents require neuronal activity,
and suggest a role for GABA interneurons.

Studies in rodent models have demonstrated that ketamine rapidly increases the number and
function of spine synapses in the mPFC, and that these effects are blocked in BDNF Met
knockin mice (Li et al., 2010; Liu et al., 2012). A recent report demonstrates that GLY X-13
also causes a rapid increase in the number of spine synapses in the PFC (Burgdorf et al.,
2015a). The ability of rapid-acting antidepressants to cause fast release of BDNF in primary
neuronal cultures is consistent with the possibility that these agents stimulate dendrite
complexity. The results of the current study provide direct evidence for this possibility,
demonstrating that incubations with low concentrations of ketamine, LY 341495 or
GLYX-13 increase dendrite complexity in primary neuronal cultures.

In summary, the results of these studies of mixed glutamate/GABA neuronal cortical
cultures demonstrate that low doses of ketamine, as well as LY 341495 and GLYX-13,
rapidly stimulate phospho- ERK, phospho-S6K, and BDNF release and that these effects are
dependent on neuronal activity and AMPA receptor signaling. In contrast, the typical
antidepressants fluoxetine and desipramine do not stimulate phospho-ERK, phospho-S6K,
and BDNF release within this rapid time frame, providing pharmacological specificity for
the rapid agents. It has also been hypothesized that the rapid actions of ketamine /in vivo are
activity independent and result from NMDA receptor dependent homeostatic responses that
increase the expression of BDNF in the absence of neuronal activity (Autry et al., 2011;
Kavalali and Monteggia, 2015; Miller et al., 2016). Further studies will be required to
determine the exact role of GABAergic neurons vs. direct effects on glutamatergic neurons
in the rapid AMPA-BDNF dependent actions of these agents. The /n vitro cortical culture
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system provides a simplified, readily accessible approach to test cellular mechanisms using
pharmacological, molecular or genetic tools. For example, cortical cultures derived from
mouse lines with GABA vs. glutamate neuron specific promoters can be used to monitor the
activity and manipulate the function of each population of neurons. In addition, the role of
BDNF, mTORC1, and neuronal activity in the morphological/dendritic actions of these
agents can be tested. Although the results demonstrate that mixed cortical primary cultures
can be used to test certain mechanisms of rapid acting antidepressants, this is a model
system and the findings will have to be confirmed by /n vivo studies. Further understanding
of the mechanisms specific to rapid-acting antidepressants /in vitro as well as /in vivo will be
critical to the development of novel therapeutic agents for the treatment of depression.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Rapid acting antidepressants increase ERK and BDNF release in primary cortical
cultures.

Increased ERK signaling and BDNF release are dependent on neuronal activity.
Rapid acting antidepressants increase dendrite complexity of cortical neurons in culture.

Primary cortical cultures are a simple model system for studies of rapid acting
antidepressants.
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Figure 1. Ketamine incubation increases phospho-ERK and phospho-S6K signaling in a
concentration and time dependent manner in vitro

(a) Following 1 hr of ketamine incubation, there was a concentration dependent increase in
phospho-ERK (pERK) with 10-500 nM ketamine. (b) Representative immunoblots for
pERK and total ERK. (c) Concentrations of 100 and 500 nM were chosen to test the time
course for ketamine stimulation of pERK. (d) Ketamine (500 nM) increases phospho-S6K
(pS6K) at 15 and 60 min; representative images of pS6K immunolabeling shown on the
right. Levels of total ERK and S6K were determined to control for gel loading and
membrane transfer. Results are presented as mean = SEM. *p < 0.05, **p < 0.005, ***p <
0.0005 compared to vehicle (ANOVA and Fisher’s post-hoc least significant difference test
for results in a and ¢, and Students #test for d).
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Figure 2. Incubations with LY 341495 or GLYX-13 increase phospho-ERK and phospho-S6K
signaling in primary neuronal cultures

(a) LY341495 increases phospho-ERK (pERK) in a concentration dependent manner.
Following 1 hr incubation, 100 and 300 pM, 1 — 500 nM, and 1 uM increased pERK levels,
determined by immunoblot analysis. (b) Concentrations of 3 and 10 nM LY 341495
increased pERK activation in a time dependent manner. LY 341495 10 nM rapidly increased
pERK at 15 min with significant effects up to 24 hr. (c) LY 341495 (10 nM) increased
phospho-S6K (pS6K) following 15 and 60 min incubation, determined by immunoblot
analysis. (d) GLY X-13 also produced a concentration dependent increase in pERK following
1 hr stimulation with 1 and 3 nM. (e) GLYX-13 (3nM) rapidly increased pERK at 5 min,
and (f) increased pS6K following 15 and 60 min incubation. Levels of total ERK and S6K
were determined to control for gel loading and membrane transfer. All results are presented
as mean + SEM. *p < 0.05, **p < 0.005, ***p < 0.0005 compared to vehicle (ANOVA and
Fisher’s post-hoc least significant difference test for results in a—c and Students ¢test for D,
F, E).

Neuropharmacology. Author manuscript; available in PMC 2017 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lepack et al.

Q)

2.0

1.5

1.0

PERK (fold change)

0.0-

@)

1.5

-
o
1

pPERK (fold change)
o
&) ]

o
o
1

Page 18

O

Fluoxetine - Fluoxetine
o
(=]
f =
£ 1.0-
(&)
ke
o
~ 0.5+
X
({e]
()]
Q.
0.0-
Veh 50 100 500 1 Veh 50 100 500 1
nM uM nM M
Desipramine d - Desipramine
m
o
=
8 1.0
(&)
ke
S
~ 0.5
X
(o]
n
o
0.0-
Veh 50 100 500 1 Veh 50 100 500 1
nM uM nM pM

Figure 3. Influence of fluoxetine and desipramine on levels of phospho-ERK and phospho-S6K
Primary cultures were incubated with the typical antidepressants fluoxetine or desipramine

for 1 hr at the indicated concentrations and levels of phospho-ERK (pERK) and phospho-
S6K (PS6K) were determined by immunoblot analysis. Incubation with fluoxetine (a,b) or
desipramine (c,d) did not influence levels of pERK or pS6K at any of the concentrations
tested at this time point. Levels of total ERK and S6K were determined to control for gel
loading and membrane transfer. Results are presented as mean + SEM.
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Figure 4. Stimulation of phospho-ERK by rapid-acting antidepressants requires AMPA and
TrkB receptors

(a—c) Cultured neurons were incubated with 50 uM NBQX 20 min prior to addition of
ketamine (a, 500 nM), LY 341496 (b, 10 nM), or GLY X-13 (c, 3 nM), all for 1 hr incubation.
Pretreatment with NBQX completely blocked the induction of pERK (pERK) activation by
all three agents. NBQX alone did not have an effect on pERK activation (a). (d-f) Cultures
were incubated with 500 nM K252a for 20 min prior to addition of ketamine (d), LY 341496
(e), or GLYX-13 (f), all for 1 hr incubation. Pretreatment with K252a blocked the induction
of pERK by all three agents. K252a alone did not have an effect on pERK activation (d).
Levels of total ERK and S6K were determined to control for gel loading and membrane
transfer. Results are presented as mean £ SEM. *p < 0.05, **p < 0.005, ***p < 0.0005
compared to vehicle or blockade (ANOVA and Fisher’s post-hoc least significant difference
test for results).
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Figure 5. Incubation with ketamine, LY 341495, or GLY X-13 increases BDNF release:
requirement for AMPA receptor activation

(a) Primary cultures were incubated with ketamine or the typical antidepressants fluoxetine
(FLX) or desipramine (DMI) for 1 hr and levels of BDNF in the media were assessed by
ELISA. Ketamine, but not fluoxetine or desipramine increased levels of BDNF release. (b, c)
Incubation with LY 341495 (10 nM, 30 min) or GLY X-13 (3 nM, 15 min) also increased
BDNF release. (d, ) Cortical cultures were pretreated with NBQX 20 min prior to treatment
with LY 341495 (30 min) or GLYX-13 (15 min). Following drug incubations, media was
collected and BDNF release was determined. NBQX significantly blocked BDNF release
induced by LY341495 or GLYX-13. NBQX on its own did not affect release of BDNF. All
results are presented as mean + SEM. *p < 0.05, **p < 0.005, ***p < 0.0005 compared to
vehicle or blockade (ANOVA and Fisher’s post-hoc least significant difference to test for
results in a, d, e, and Students t test was used for results in b and c).
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Figure 6. Primary cortical cultures contain GABA interneurons: stimulation of phospho-ERK
and BDNF release by rapid-acting antidepressants is blocked by muscimol

(a, b) Cells plated on coverslips (DIV 10) were fixed and then GAD67 and MAP2
immunolabeling was conducted, demonstrating that a subpopulation of neurons was co-
stained for the GABA synthetic marker. Representative low and high power images are
shown (scale bars in lower right). (c) The total numbers of GAD67+ cells were determined
on 3 separate coverslips and the percentage relative to MAP2+ cells was determined. (d)
Incubation with the GABA receptor antagonist bicuculline (10 uM, 1 hr) significantly
increased levels of phospho-ERK (pERK). (e—j) Cultured cells were incubated with the
GABA receptor agonist muscimol (10 uM, 30 min) prior to addition of ketamine,

Neuropharmacology. Author manuscript; available in PMC 2017 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Lepack et al.

Page 22

LY 341495, or GLYX-13 (1 hr) and levels of pERK were determined by immunoblot analysis
(e, g, i), or BDNF release by ELISA (f, h, J). Levels of total ERK and S6K were determined
to control for gel loading and membrane transfer. Results are presented as mean + SEM. *p
< 0.05, **p < 0.005, ***p < 0.0005 compared to vehicle or blockade (ANOVA and Fisher’s
post-hoc least significant difference test for results).
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Figure 7. Stimulation with rapid-acting antidepressants increases dendrite complexity in
neuronal cortical culture

Cortical cultures were incubated with AAV2-GFP on DIV3 to label neurons for
morphological analysis. On DIV 17, cells were incubated with ketamine, LY 341495, or
GLYX-13 for 24 hr. Cells were fixed and imaged for GFP signal. Representative images of
labeled cells are shown for each condition. Sholl analysis demonstrates that ketamine (a—c),
LY 341495 (d-f), or GLY X-13 (g—i) increase dendrite complexity of cultured neurons. All
results are presented as mean + SEM. *p < 0.05, **p < 0.005, ***p < 0.0005 compared to
vehicle (Students t test).
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Figure 8. Schematic of the molecular mechanisms underlying rapid-acting antidepressants
Rapid-acting antidepressants, including ketamine, LY 341495, and GLY X-13 increase

phospho-ERK and BDNF release via an activity dependent mechanism. This could occur via
inhibition of NMDA receptors on tonic firing GABAergic neurons resulting in disinhibition
of glutamatergic activity and a burst of extracellular glutamate. LY 341495 blocks mGlur2/3
receptors that can be located on glutamate presynaptic terminals and regulate glutamate
release. Increased release of glutamate leads to activation of AMPA receptors and
depolarization of postsynaptic neurons resulting in activation of voltage dependent calcium
channels (VDCCs) and subsequent BDNF release and TrkB receptor activation. TrkB
receptors stimulate ERK and the mTORC1 signaling pathway, including pS6K resulting in
increased translation of synaptic proteins, such as GIuR1 and PSD95 required for
synaptogenesis. The activity dependent action of these agents was confirmed in the current
study by demonstrating that the neuronal silencing agent muscimol and the AMPA
antagonist NBQX block the increase in phospho-ERK and BDNF release. A role for BDNF-
TrkB signaling was demonstrated by blockade with the TrkB antagonist K252a.
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