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Abstract

Background: Recent studies demonstrate that the rapid antidepressant ketamine increases spine number and function in
the medial prefrontal cortex (mPFC), and that these effects are dependent on activation of glutamate a-amino-3-hydroxy-5-
methylisoxazole-4-propionic acid (AMPA) receptors and brain-derived neurotrophic factor (BDNF). In vitro studies also show
that activation of AMPA receptors stimulates BNDF release via activation of L-type voltage-dependent calcium channels
(VDCQ).

Methods: Based on this evidence, we examined the role of BDNF release and the impact of L-type VDCCs on the behavioral
actions of ketamine.

Results: The results demonstrate that infusion of a neutralizing BDNF antibody into the mPFC blocks the behavioral effects of
ketamine in the forced swim test (FST). In addition, we show that pretreatment with nifedipine or verapamil, two structurally-
different L-type calcium channel antagonists, blocks the behavioral effects of ketamine in the FST. Finally, we show that
ketamine treatment stimulates BDNF release in primary cortical neurons and that this effect is blocked by inhibition of AMPA
receptors or L-type VDCCs.

Conclusions: Taken together, these results indicate that the antidepressant effects of ketamine are mediated by activation
of L-type VDCCs and the release of BDNF. They further elucidate the cellular mechanisms underlying this novel rapid-acting
antidepressant.
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Introduction

Depression is a debilitating and costly illness that affects
approximately 17% of the population at some point in life
(Kessler et al., 2003). Although there are several different classes
of antidepressants available, these medications can take sev-
eral weeks to months to produce a therapeutic response, and
approximately one-third of depressed patients are nonrespon-
sive and considered treatment resistant (Trivedi et al., 2006).
Recent clinical studies demonstrate that a single, low dose of
ketamine, an N-methyl-D-asparate (NMDA) receptor antagonist,
produces a rapid and long-lasting antidepressant response in

treatment-resistant patients (Berman et al., 2000; Zarate et al.,
2006; Price et al., 2009). Preclinical studies in rodent models
have also shown that a subanesthetic dose of ketamine pro-
duces antidepressant behavioral effects, which are dependent
on activation of the mammalian target of rapamycin complex
1 (mTORC1) pathway (Li et al., 2010). Furthermore, activation of
mTORC1 signaling and the subsequent antidepressant behav-
ioral responses require activation of a-amino-3-hydroxy-5-
methylisoxazole-4-propionic acid (AMPA) receptors (Maeng
et al., 2008; Li et al., 2010).
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Recent studies also demonstrate a role for brain-derived
neurotrophic factor (BDNF) in the actions of ketamine. BDNF
has been shown to play an important role in neuropsychiat-
ric disorders, including the pathophysiology and treatment
response to typical antidepressants (Chen et al., 2001; Duman
and Monteggia, 2006; Martinowich et al., 2007). The rapid and
long-lasting behavioral effects of ketamine are blocked in con-
ditional BDNF-deletion mutant mice (Autry et al., 2011) and in
BDNF Val66Met knock-in mice (Liu et al., 2012). BDNF Val66Met
is a human polymorphism present in approximately 25% of the
population. The Met allele impairs activity-dependent BDNF
release (Egan et al., 2003; Chen et al.,, 2004), and is associated
with increased susceptibility to depression (Sen et al., 2003; Gatt
et al., 2009). The finding that BDNF Val66Met knock-in mice do
not respond to ketamine suggests that BDNF release is required
for the actions of ketamine (Liu et al., 2012). This contrasts with
the actions of typical antidepressants, which require chronic
administration and only regulate expression, not release, of
BDNF (Duman and Aghajanian, 2012).

In the current study we directly test the role of BDNF release
by infusion of a BDNF neutralizing antibody in the medial pre-
frontal cortex (mPFC). A previous study indicated a key role for
mPFC, demonstrating that blockade of mTORC1 in this region
blocks the behavioral actions of systemic ketamine (Li et al,,
2010). We examine the interaction between glutamate-AMPA
depolarization and BDNF release. This is based, in part, on a
recent study in cultured cells demonstrating that activation of
AMPA receptors increases BDNF release and subsequently stim-
ulates mTORC1 signaling, and that these effects require acti-
vation of L-type voltage-dependent calcium channels (VDCC;
Jourdi et al., 2009). Based on these findings, we also test the role
of L-type VDCCs using pharmacological inhibitors. Finally, we
directly measure the ability of ketamine to stimulate the release
of BDNF in primary neuronal cultures.

Materials and Methods

Animals and Drug Administration

Adult male Sprague-Dawley rats (Charles River Laboratories;
275-300g) were pair-housed and maintained on a 12h light/dark
cycle with food and water available ad libitum. Pregnant female
rats were used as a source of embryonic tissue for primary neu-
ronal cultures. All procedures were done in accordance with NIH
guidelines and the Yale University Institutional Animal Care and
Use Committee. Rats received a single i.p. injection of either
nifedipine (Sigma-Aldrich; 10mg/kg) dissolved in 100% polyeth-
ylene glycol, verapamil (Sigma-Aldrich; 10mg/kg) dissolved in
0.9% saline, or 0.9% saline 30min prior to a single injection of
either ketamine (Hospira; 10mg/kg i.p.) or 0.9% saline. Animals
were tested in the forced swim test (FST) 24 hours following the
second injection.

mPFC Cannulation and Infusion Procedure

Animals were anaesthetized with 50mg/kg pentobarbital i.p.,
and bilateral guide cannulae (22 G) were implanted at the fol-
lowing coordinates from bregma: +3.5 anterior/posterior; +/- 1
medial/lateral; and -4 dorsal/ventral. Following one week of
recovery, rats were bilaterally infused with a function-blocking
anti-BDNF antibody (Chemicon; 0.5 pg/side) at a rate of 0.25 pl/
min. The function-blocking anti-BDNF antibody was diluted in
0.9% saline at a working concentration of 1ug/ul; control rats
were infused with 0.9% saline. Rats were injected with either

ketamine (10mg/kgi.p.) or 0.9% saline 30 min following the anti-
body infusion. Animals were tested in the FST 24 hours follow-
ing the injection.

Forced Swim Test

Behavioral testing in the FST was conducted as previously
described (Li et al., 2010). Rats were exposed to a 15 minute pre-
swim in 25°C water in a clear Plexiglas cylinder (65cm height,
30cm diameter). Twenty-four hours following the pre-swim, rats
were infused with the function-blocking anti-BDNF antibody
into mPFC or injected with either nifedipine or verapamil 30
minutes prior to a ketamine injection (i.p.) Twenty-four hours
after the ketamine injection, rats were re-exposed to the swim
tanks for a 10 minute period, which was video-recorded for
analysis. Data were analyzed by scoring the total time immobile
during the entire 10 minute swim by a blinded experimenter.
Significance was determined at p < 0.05, and the data was plot-
ted by total seconds immobile.

Locomotor Activity

Locomotor activity was measured using automated activity
meters (Omnitech Electronics), which consisted of two paral-
lel rows of photosensors, with 16 sensors per row. Twenty-four
hours after drug administration, rats were placed in clear plastic
boxes that were fitted to the activity meters and locomotion was
recorded for a total of 30 minutes.

Primary Cortical Culture

Pregnant females were euthanized and cortices from E18
embryos were dissected. After incubation in trypsin-EDTA
(0.25%; Gibco) for 10min, cortices were dissociated and neu-
rons were plated at 0.6 million cells per well in 6-well polyly-
sine-coated plates in DMEM (Gibco) containing 10% fetal bovine
serum and 1% penicillin-streptomycin. The following day, the
medium was changed to a serum-free medium containing neu-
robasal and B27 (Gibco), which was changed every 5 days. Cells
were maintained at 37 °C, 5% CO,, and 95% humidity.

Drug Treatment and BDNF ELISA

After 10 days in vitro the medium was changed to a neuroba-
sal medium containing an anti-BDNF antibody (2 pg/mL; Santa
Cruz Biotechnology Inc.). Four hours following the medium
change, cultured neurons were incubated with 0.5 pM ketamine
for 15min, 60min, or 6hr. For blockade of ketamine studies,
neurons were incubated with 50pM NBQX or 10uM verapamil
20min prior to ketamine treatment (15 minutes). Following the
incubation with ketamine, the medium was carefully collected
and the secreted BDNF captured by the antibody was immuno-
precipitated. Immunoprecipitation was carried out using pro-
tein G-sepharose beads (GE Healthcare). Briefly, culture media
was incubated in the protein G-sephorose beads and then the
beads were washed and boiled at 100°C for 5 minutes in an elu-
tion buffer. BDNF in the immunoprecipitates was detected by
an immuno assay (BDNF-ELISA E-max; Promega) according to
the manufacturer’s instructions. Briefly, 96-well plates (Corning)
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 hour, followed by an incubation of
the immobilized monoclonal antibody to BDNF with standards.
Samples were maintained at room temperature for 2 hours.Then



the plates were incubated with polyclonal antibody for 2 hours
at room temperature, washed, and incubated at room tempera-
ture with a secondary anti-IgY antibody conjugated to horse-
radish peroxidase for 1 hour. Next, the plates were incubated
in peroxidase substrate and tetramethylbenzidine solution to
produce the color reaction. The reaction was stopped with 1M
hydrochloric acid and the absorbance at 450nm was measured
with an automated microplate reader. Standard curves were
plotted for each plate. Protein concentrations in each immuno-
precipitate were measured using a BCA kit (Thermo Scientific)
and values of BDNF were corrected for the total amount of pro-
tein in the sample.

Results

Antidepressant Actions of Ketamine in the FST

Recent evidence suggests that the behavioral effects of keta-
mine require the release of BDNF (Liu et al., 2012). To further test
the importance of BDNF release in the mPFC, rats were infused
with a function-blocking anti-BDNF antibody 30min prior to
ketamine administration, and tested in the FST 24 hr after ket-
amine. The antibody and infusion conditions were based on
a previous study examining the role of BDNF in learning and
memory (Slipczuk et al., 2009); they show that anti-BDNF anti-
body infusion completely blocked learning-induced mTORC1
signaling, demonstrating the function-blocking efficacy of this
antibody-infusion paradigm. Ketamine administration signifi-
cantly decreased the immobility time in the FST compared to
the vehicle-treated rats, as previously described (Li et al., 2010).
In addition, infusion of the function-blocking anti-BDNF anti-
body into mPFC completely blocked the behavioral actions of
ketamine in the FST (F,,, = 4.158, p < 0.05; Figure 1A-C). These
effects were observed over the total 10min of the FST, as well
as in the first (0-5min) and second (5-10min) time blocks.
Infusions of the antibody alone, in the absence of ketamine,
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had no effect on immobility when compared to vehicle-treated
controls. Furthermore, control studies demonstrate that a
heat inactivated IgG antibody had no effects on the behavioral
actions of ketamine in the FST, indicating that the blockade of
ketamine was due to neutralization of BDNF (not shown). There
was no effect on locomotor activity across all groups, indicating
that the effects seen in the FST were not due to altered ambula-
tory activity (Figure 1D).

L-Type VDCCs are Required for the Behavioral
Effects of Ketamine in the FST

The antidepressant actions of ketamine are blocked by pretreat-
ment with a glutamate-AMPA receptor antagonist (Maeng et al.,
2008; Li et al., 2010). Furthermore, an in vitro study demonstrated
that activation of the mTORC1 pathway by stimulation of AMPA
receptors is dependent on activation of L-type VDCC (Jourdi et al.,
2009). We hypothesized that this cellular mechanism would also
be required for the antidepressant effects of ketamine. To test
this hypothesis, rats were pretreated with nifedipine (10mg/
kg) or verapamil (10mg/kg), two structurally different VDCC
blockers, 30 min prior to a ketamine injection; the following day
(24 hr after ketamine), rats were examined in the FST. Doses for
L-type VDCC blockers were chosen based on previous studies
of these antagonists in learning and memory (Woodside et al.,
2004; Seoane et al., 2009). Rats injected with ketamine had
reduced mobility in the FST compared to vehicle-treated rats,
and pretreatment with nifedipine completely blocked the anti-
depressant effect of ketamine, but had no effect alone (two-way
ANOVA, F ,, = 7.023, p < 0.05; Figure 2A~C). Pretreatment with
verapamil also completely blocked the effects of ketamine in
the FST and had no effect alone (ANOVA, F,,, = 3.936, p < 0.05;
Figure 2D-F,). These effects were observed over the total 10min
of the FST, as well as in the first (0-5min) and second (5-10min)
time blocks for both nifedipine and verapamil. Previous studies
have shown that both nifedipine (24 hour following injection)
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Figure 1. Infusion of anti-BDNF antibody into the mPFC blocks the behavioral effects of ketamine in the FST. Rats received a bilateral infusion into the mPFC of a
function-blocking anti-BDNF antibody (1pg/ul) 30min prior to a ketamine injection (10mg/kg i.p.), and immobility in the FST was determined 24 hours following the
ketamine injection. (A) Ketamine significantly reduced the immobility time compared to vehicle-treated rats, and pretreatment with the function-blocking anti-BDNF

antibody completely blocked this effect. Values are the mean + SEM (n = 7-11; antibody x drug interaction, F

=4.158, *p < 0.05). (B and C) Total swim time was divided
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into two epochs: the first 5 minutes and the second 5 minutes. Ketamine significantly reduced immobility time, which was blocked by the neutralizing antibody in both

the first 5 minutes (ANOVA, F

173,37

=3.357,"p < 0.05) and the second 5 minutes (ANOVA, F

? 5337

=3.630, *p < 0.05). (D) There was no effect on locomotor activity.
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Figure 2. L-type channel antagonists block the antidepressant behavioral effects of ketamine in the FST. Rats were injected i.p. with either nifedipine (10 mg/kg) or
verapamil (10mg/kg) 30 min prior to a systemic ketamine injection (10mg/kg). 24 hours after the ketamine injection, immobility was measured in the FST. (A) Ketamine
produced a significant decrease in immobility time over the entire 10min test that was completely blocked by pretreatment with nifedipine (n = 6; drug x drug interac-
tion, F, ,, =7.023, "p < 0.05). (D) Verapamil pretreatment also completely blocked the effects of ketamine over the entire 10min test (n = 8; ANOVA, F, ,, = 3.936, "p < 0.05).
Fisher’s post-hoc least significant difference tests revealed a significant difference between vehicle-treated and ketamine-treated rats, pretreatment with verapamil
and ketamine (p < 0.05), and verapamil and ketamine alone (p < 0.01). (B, C, E, and F) Immobility was also examined during the first (0-5min) and second (6-10min)
time blocks of the 10min test. Ketamine significantly decreased immobility time compared to controls in the first and second epochs, and these effects was blocked

by nifedipine (B and C) or verapamil (E and F) in the second epoch: (B) ANOVA, F
and (F) ANOVA, F, . = 3.130, "p < 0.05. All values are the means + SEM.
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mice (Liu et al.,, 2012) suggests that the actions of ketamine
require the release of BDNF. In vivo analysis of extracellular
BDNF is technically difficult because of the size and limited dif-
fusion of BDNF. Therefore, to directly test this hypothesis, we
examined the influence of ketamine incubation on the release
of BDNF in primary neuronal cultures. Cortical neurons were
stimulated with a low dose of ketamine (0.5 pM) for different
periods of time (15min, 60min, or 6hr). Media was collected at
the indicated time points and BDNF was enriched by immu-
noprecipitation. ELISA analysis revealed a significant increase
(~50%) in BDNF following a 15min (t[22] = 3.10, p < 0.01), 60 min
(t[10] =3.33,p < 0.01), or 6 hr incubation with ketamine (t[4] = 3.14,
p < 0.05; Figure 3).

A previous study in cultured neurons reported that AMPA-
stimulation of BDNF release is blocked by L-type VDCC antago-
nists (Jourdi et al., 2009). Additionally, the antidepressant effects
of ketamine are dependent on stimulation of AMPA receptors
(Maeng et al., 2008; Li et al., 2010), and here we show that the

Figure 3. Incubation of primary neuronal cultures with ketamine rapidly
increases BDNF release. Primary cortical neuronal cultures were stimulated
with 0.5 pM ketamine for 15 and 60min and for 6hr, and culture medium was
collected for BDNF analysis. Ketamine significantly increased BDNF release into
the culture media following 15min (n = 12; t[22] = 3.10,"p < 0.01), 60min (n = 6;
t[10] = 3.33, **p < 0.01), and 6 hour (n = 3; t[4] = 3.14, *p < 0.05) incubations. All
values are expressed as fold change compared to the control and are shown as
means + SEM.

behavioral actions of ketamine require activation of L-type
VDCCs (Figure 2). These results suggest that both AMPA and
VDCCs are required for ketamine-stimulated release of BDNF.
To test this hypothesis, cortical neurons were pretreated with
either NBQX (50 puM; an AMPA receptor antagonist) or verapamil
(10 pM) 20min prior to ketamine stimulation. These doses were
chosen based on previous studies examining the role of AMPA
receptor activation on protein synthesis in cultured cells (Jourdi
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Figure 4. Ketamine-induced BDNF release is dependent on activation of glutamate-AMPA receptors and L-type VDCCs. (A) Cortical neurons were incubated with
NBQX (50 pM) 20min prior to ketamine, and medium was collected 15min later (after ketamine). Incubation with the AMPA receptor antagonist completely blocked

ketamine-induced BDNF release (n = 6; drug x drug interaction, F, ,;

=13.209, *p < 0.01). (B) Pretreatment with verapamil (10 pM) also blocked ketamine-induced BDNF

release (n = 9-10; drug x drug interaction, F, , = 14.809, "p < 0.001). All values are expressed as fold change compared to the control and are shown as means + SEM.

et al,, 2009). ELISA analysis revealed that pretreatment with
either NBQX (F,,, = 13.209, p < 0.01) or verapamil (F, ,, = 14.809,
p < 0.001) completely blocked ketamine-induced BDNF release
(Figure 4A and B).

Discussion

The results demonstrate that the antidepressant actions of ket-
amine are dependent on BDNF release and activation of L-type
VDCCs. While previous studies have found that the behavio-
ral actions of BDNF are blocked in BDNF-conditional deletion
mutants (Autry et al., 2011) and in BDNF Val66Met knock-in mice
(Liu et al., 2012), we wanted to further examine the role of BDNF
release in the antidepressant effects of ketamine. Our results
show that neutralizing BDNF within the extracellular space of
the mPFC was sufficient to block the behavioral actions of keta-
mine. This indicates that the release of BDNF is necessary for
the antidepressant actions of ketamine in the FST. BDNF in the
extracellular space would then bind to membrane tropomyo-
sin related kinase B (TrkB) receptors and stimulate intracellular
pathways that lead to activation of mTORC1 signaling.

Previous studies have also demonstrated that the rapid and
long-lasting effects of ketamine require activation of glutamate-
AMPA receptors and mTORC1 (Maeng et al., 2008; Li et al., 2010).
In addition, activation of AMPA receptors stimulates mTORC1
signaling, and this effect requires stimulation of L-type VDCCs
(Jourdi et al., 2009). Here, we find that pretreatment with nifedi-
pine, a dyhydropyridine calcium channel antagonist, or vera-
pamil, a phenylakylamine calcium channel antagonist, blocks
the behavioral actions of ketamine in the FST. These findings
demonstrate a requirement for L-type VDCC activation using
two structurally different calcium channel antagonists.

Our in vivo studies indicate that the behavioral actions of
ketamine are dependent on the release of BDNF, which was
then directly examined using primary neuronal cultures. We
found that incubation with a low dose of ketamine stimulates
the release of BDNF into the culture medium at 15min, 60 min,
and 6hr. The increase of BDNF release is most likely due to an
activity-dependent release caused by ketamine stimulation.
This is supported by studies demonstrating that the antidepres-
sant behavioral actions of ketamine require activation of AMPA
receptors (Maeng et al., 2008; Li et al., 2010). A requirement for
AMPA receptors was confirmed by studies demonstrating that
incubation with the antagonist NBQX completely blocks keta-
mine-stimulated release of BDNF. In addition, pretreatment with
the VDCC blocker verapamil completely blocked the release of
BDNF caused by ketamine. Together, these studies demonstrate

that activation of both AMPA and VDCCs are necessary for keta-
mine-induced BDNF release.

The cellular localization of NMDA receptors that mediate the
actions of ketamine is still under investigation. One theory holds
that ketamine causes activation of AMPA receptors via disinhibi-
tion of gamma-aminobutyric acid (GABA) neurons and increased
glutamatergic transmission. The primary neuronal cultures con-
tain a mixed population of cells, including both glutamatergic
and GABAergic neurons. Blockade of ketamine-stimulated BDNF
release by AMPA and VDCC blockers is consistent with the pos-
sibility that ketamine causes a glutamate burst via disinhibition
of GABA neurons in culture. However, it is also possible that keta-
mine acts on NMDA receptors located on glutamatergic neurons,
although the cellular mechanisms are less clear.

Taken together, these results demonstrate that BDNF release
and activation of L-type VDCCs are necessary for the antidepres-
sant effects of ketamine. To understand if these mechanisms are
unique for the rapid and long-lasting effects of ketamine, it will
be important to test if typical antidepressants act through these
mechanisms. In addition, other rapid-acting antidepressants
must be examined. This includes antagonists of the mGlu2/3
receptor (e.g., LY 341495) and muscarinic receptor (e.g., scopola-
mine) that produce behavioral effects similar to ketamine and
that are also dependent on mTORC1 activation (Dwyer et al.,
2012; Voleti et al., 2013). Studies are underway to test whether
the antidepressant effects of these drugs are also mediated by
BDNF release and activation of L-type VDCCs.
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