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Previous research has demonstrated that selective modulation of hippocampal transmission by systemic administration of an a5-
GABA, receptor negative allosteric modulator, L-655,708, reproduces the sustained antidepressant-like (AD-like) effect of R,S-
ketamine in the absence of any psychotomimetic or abuse-related effects. Pharmacological, electrophysiological (whole-cell patch
clamp), and behavioral approaches were used to examine the mechanisms by which L-655,708 produces plasticity within the
hippocampus that accounts for its sustained AD-like effect in rats. Inhibitors of either transcription or translation prevented the
sustained AD-like effect of L-655,708. Unlike R,S-ketamine, L-655,708 did not cause an increase in the phosphorylation of the
receptor for BDNF, TrkB, in the ventral hippocampus (vHipp) 30 or 60 min after its administration nor did administration of the TrkB
inhibitor, K252a, directly into the vHipp, block the sustained AD-like effect of L-655,708. Similar to previous results with R,S-
ketamine, administration of L-655,709 increased levels of GIuA1 in the mPFC and, blockade of such receptors by direct
administration of NBQX into the mPFC blocked the sustained AD-like effect of L-655,708. Patch-clamp recordings of ventral CA1
pyramidal cells 24 h after a single systemic administration of L-655,708 revealed a significant increase in input resistance, which
resulted in an approximately two-fold increase in action potential frequency. These experiments indicate that the sustained AD-like
effects of L-655,708 require protein synthesis and plasticity of GluA1 glutamate receptors in the mPFC. The drug also caused
changes in GABA, receptor gating properties in the vHipp with resultant changes in ventral CA1 that indirectly increases neuronal

excitability. Such effects likely contribute to its sustained AD-like activity.

Neuropsychopharmacology (2020) 45:2289-2298; https://doi.org/10.1038/s41386-020-0772-2

INTRODUCTION
Brain regions classically associated with mood regulation and
cognitive processing are the hippocampus (Hipp) and medial
prefrontal cortex (mPFC), respectively [1-5]. The ventral hippo-
campus (vHipp) is widely connected to the limbic system, with
robust glutamatergic projections to the mPFC [6, 7]. Classic
antidepressants, R,S-ketamine and brain stimulation approaches
to treat depression, have been reported to alter hippocampal and
cortical function [8-10] and to promote antidepressant-like (AD-
like) effects that are dependent upon activation of the brain-
derived neurotrophic factor (BDNF)-TrkB pathway [11, 12]. We
previously reported that a pathway from the vHipp to the mPFC is
both necessary and sufficient for the sustained AD-like effects of R,
S-ketamine [13]. Consistent with this, it has been reported that
brief high-frequency stimulation of the vHipp induced plasticity in
the mPFC and such plasticity facilitated behavior dependent on
mPFC function, i.e, cognitive flexibility [14]. Consequently, we
hypothesized that acute pharmacological augmentation of vHipp
activity by L-655,708, an a5-GABA, receptor negative allosteric
modulator (NAM), working through BDNF-TrkB activation, will
enhance glutamatergic transmission in a pathway to the mPFC
that will induce plasticity and contribute to AD-like effects.
GABA, receptors are pentameric comprised by two alpha
(a1-6), two beta (1-3), and one gamma (y1-3) subunits [15].

Radioligand binding studies and mRNA expression data revealed
that the a5-subunit of the GABA, receptor in the CNS is highly
abundant in the hippocampus, both in rodents and humans [16-
19]. These receptors are classically believed to be extrasynaptic
and localized to the base of dendritic spines of pyramidal neurons
[20-23]. It is worth noting that although L-655,708 efficacy is
about the same for all the alpha subunits of the GABA, receptor,
the selectivity of L-655,708 for the a5 subunit at the benzodia-
zepine site is due to its higher binding affinity for a5 when
compared to the other alpha subunits [24, 25].Thus, the a5-
containing GABA, (a5-GABA,) receptor is positioned to be
activated by GABA ‘spillover’ from adjacent synapses and provide
a tonic inhibitory input to glutamatergic hippocampal projection
neurons. As well, electron microscopy studies indicate that a5-
GABA, receptors cluster at CA1 synaptic GABA sites [26] and
contribute to slow phasic GABA currents in CA1 pyramidal
neurons [27] and local inhibitory neurons of CA1 [17, 28]. Given
the high localization of these receptors to the hippocampus and
their role as mainly regulating inhibitory control over hippocampal
output, they are an ideal candidate as a target for drugs that could
act selectively on the hippocampus and cause disinhibition [29],
albeit by a different mechanism than that of R,S-ketamine.
Thompson and colleagues have shown that systemic administra-
tion of L-655,708 produces a sustained AD-like effect [30].
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Moreover, the AD-like effects of L-655,708 are dependent on
activation of the vHipp [31]. Our hypothesis is that L-655,708,
acting at a5-GABA, receptors of CA1 neurons, are targets of
disinhibition that promote changes in the vHipp-mPFC pathway
leading to AD-like effects. The studies described here included
electrophysiological and behavioral approaches to assess the
mechanisms by which pharmacological modulation of the
hippocampus by L-655,708 produces its sustained behavioral
effects.

METHODS AND MATERIALS

Animals

Experiments were carried out using adult male or female Sprague-
Dawley rats purchased from Envigo and weighing, respectively
250-275g or 175-199 g at the time of arrival unless otherwise
stated. Rats were always group housed (3 per cage) and
maintained in a temperature-controlled environment on a
14:10 h light-dark cycle and had access to food and water ad
libitum. From the day of arrival, rats were given at least a week for
habituation before beginning the studies. Experimental protocols
were approved by the IACUC in accordance with the guidelines of
the Public Health Service, American Physiological Society, and the
Society for Neuroscience.

Forced Swim Test (FST)

For the pre-swim session, rats were placed into a Plexiglas cylinder
tank (21 x 46 cm) filled with water (25°C+ 1) and allowed in the
tank for a period of 15 min. For the test session, rats were placed
into the same tank and water conditions as above, and behavior
was digitally recorded by a video camera placed above the tank
for a period of 5min. Only one rat was tested at a time. Lights
were not dimmed, and no white noise was played. A time
sampling technique was utilized where the most prominent
behavior (immobility, swimming or climbing) observed in each 5 s
bin was recorded for the 5min of the test [32]. The behavioral
raters were blind to the treatment conditions.

Locomotor activity (Open field)

Separate cohorts of male or female rats were injected with vehicle
or L-655,708 (3 mg/kg, ip.) and after 5 min placed into an open
field arena (Med Associates, VT, USA) and spontaneous locomotor
activity in the x-y plane was determined for 1 h by beam breaks
and recorded with Open Field Activity software (Med Associates).

Anisomycin and actinomycin D experiment

Separate cohorts of male rats were injected intraperitoneally (i.p.)
with either vehicle (DMSO) or anisomycin (50 mg/kg), or
actinomycin D (0.5 mg/kg), 1 h before a vehicle (25% DMSO/75%
saline, 1 ml/Kg, i.p.) or L-655,708 (3 mg/kg, ip.) injection. FST was
carried out 24 h later.

Guide cannula placement

Male rats were anesthetized with 4% isoflurane or with a cocktail
of 75mg/kg R,S-ketamine and 0.5 mg/kg medetomidine (intra-
muscular) and placed into a stereotaxic apparatus using blunt
atraumatic ear bars. As previously described [13], in experiments
aimed to target the vHipp, bilateral indwelling cannulae (Plastics
One: C317G (2)- C/C distance of 104 mm, D/V —5.5mm below
plate) were implanted 2 mm dorsal to the vHipp (A/P —5.3 or
—5.6; M/L£5.2). In separate cohorts, to target the mPFC, bilateral
indwelling cannulae (Plastics One) were implanted 2 mm above
the mPFC (A/P +3.0, M/L£1.3, D/V —2.0) angled 10° laterally.
Guide cannulae were fixed in place with dental cement and four
anchor screws. Once the cement was completely solid, the wound
was sutured, and the rats allowed to recover for at least a week
before further experiments. The rats were always kept group
housed. For microinjections directly into the vHipp or the mPFC,
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injectors (Plastics One) extending 2 mm past the end of the
indwelling cannulae were utilized.

NBQX injections into the mPFC

Male rats were brought from the housing unit to the behavior
facility and allowed to acclimatize for at least 1h before the
administration of either L-655,708 (3 mg/kg, i.p.) or vehicle (25%
DMSO/75% saline, 1 ml/Kg, i.p). They were then brought back to
the housing unit and 24 h after either L-655,708 or vehicle
administration, rats were moved back to the behavior room and
administered vehicle (saline, 0.5 pl; Sigma-Aldrich) or NBQX (300
UM, 0.5 ul; Tocris) directly into the mPFC via an injector that
extended 2 mm past the end of the indwelling cannula. Injectors
were left in place for 5 min before being removed. Five minutes
after mPFC injections, the FST was carried out.

L-655,708 injections into the vHipp

On the day of drug administration, male rats were brought from
the housing unit to the behavior facility and allowed to
acclimatize for at least 1h prior to the pre-swim session.
Approximately 2h following the pre-swim, administration of
either L-655,708 (30 or 90 ng/1ul; Tocris, USA) or vehicle (5%
DMS0/95% saline; 1ul; Sigma-Aldrich, USA) directly into each
vHipp via an injector that extended 2 mm past the end of the
indwelling cannula. Rats were brought back to the housing unit
and tested in the forced swim test in the behavior room 48 h
following treatment.

K252a Injections into the vHipp

As previously described [13], male rats were brought from the
housing unit to the behavior facility and allowed to acclimatize for
at least 1h before the administration of either K252a (0.5 ng;
Calbiochem, San Diego, CA, USA) or 20% DMSO (0.5 pl; Sigma-
Aldrich) directly into each vHipp via an injector that extended
2 mm past the end of the indwelling cannula. Injectors were left in
place for 5 min before being removed. Twenty minutes following
vHipp injections, animals received systemic administration of L-
655,708 (3 mg/kg, i.p.) or vehicle (25% DMSO/75% saline, 1 ml/Kg,
i.p.). Rats returned to the housing unit and were tested in the FST
in the behavior room 7 days following treatment.

Western blot analysis

TrkB phosphorylation analysis. ~Separate cohorts of male rats were
sacrificed by rapid decapitation 0.5h or 1h after receiving L-
655,708 (3 mg/Kg, i.p.) or vehicle (20% DMSO/70% saline, 1 ml/Kg,
i.p.) The brains were quickly removed and sectioned into 1 mm
coronal slices. The vHipp (bilateral) was dissected out and stored
at —80°C until processed for western blot analysis as previously
described [33]. The total lysate (up to 50 ug) was separated in an
SDS-PAGE gel (Any kD™ Mini-PROTEAN” TGX™ precast protein gel,
Bio-Rad) and blotted onto a 0.2 pm nitrocellulose membrane using
the Turbo semi transfer system (Bio-Rad). Membranes were
incubated at 4 °C overnight with the following primary antibodies:
anti-pY705 TrkB [1:1,000 in 2.5% bovine serum albumin (BSA) in
Tris Buffered Saline containing 0.1% Tween-20 (TBST), Abcam,
Cambridge, MA], and anti-TrkB (full length, 1:5,000 in 2.5% BSA in
TBST, Neuromics, Edina, MN). Secondary antibodies tagged to
peroxidase (1:10,000 or 1:20,000 in 2.5% BSA in TBST, Sigma) were
used to reveal immunoreactive bands using commercially
available enhanced chemiluminescence substrate. Equal loading
was confirmed using anti-B-actin (1:80, 000 in 1% BSA in TBST,
Sigma-Aldrich A3854). Membranes were washed with TBST and
incubated with a horseradish chemiluminescence kit (Pierce,
Rockford, IL) followed by an exposure to X-ray film for detection.
Antibodies were stripped using a commercially available stripping
buffer (Thermo Scientific, USA), and then washed, blocked again
and re-probed with antibodies for total TrKB. Thus, phosphory-
lated TrkB, and total TrkB were obtained from the same
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membrane. Densitometry analyses of immunoreactive bands for
pTrkB or total TrkB were performed using the NIH Image J
software from the scanned films. For normalization, densitometric
arbitrary units obtained for pTrkB was divided by the ones
measured for total TrkB.

GluA1 levels in crude mPFC synaptoneurosomes. Male rats were
sacrificed by rapid decapitation 24 h after receiving L-655,708
(3 mg/Kg, i.p.) or vehicle (25% DMSO/75% saline, 1 ml/Kg, i.p.) The
brains were quickly removed and sectioned into 1 mm coronal
slices. The mPFC (prelimbic and infralimbic; bilateral) was
dissected out and pooled such that four mPFC (two per rat) were
processed together immediately as follows. The four mPFC were
homogenized in 1 ml of homogenization buffer as described by
[34] using a Potter-Elvehjem homogenizer, centrifuged at 1000 X g
for 5min, which removes nuclei and unlysed cells from the
homogenate [35]. The resulting supernatant was centrifuged at
15,000 x g for 20 min. The pellet, containing the crude synapto-
neurosome faction, was then resuspended in RIPA buffer and
proteins separated in an SDS-PAGE gel followed by blotting onto a
0.2 um nitrocellulose membrane as described above in this
session. The membrane was stained with Pounceau and incubated
with an antibody against the GLUA1 subunit of the AMPA receptor
(GluA1) (Millipore #2263; 1: 1,000; overnight at 4°C). The
secondary antibody was goat anti-mouse (Sigma-Aldrich A9917;
1:30,000, 1h, RT). Membrane was washed with TBST and
incubated with a horseradish chemiluminescence kit (Pierce,
Rockford, IL) followed by exposure to X-ray film for detection.
Antibodies were stripped using a commercially available stripping
buffer (Thermo Scientific, USA), and then washed, blocked again
and re-probed with antibody against -actin (1:80, 000 in 1% BSA
in TBST, Sigma-Aldrich A3854). Once again, the membrane was
washed with TBST and incubated with a horseradish chemilumi-
nescence kit (Pierce, Rockford, IL) followed by exposure to X-ray
film for detection. Densitometry analyses of immunoreactive
bands for GLUA1 or B-actin (loading control) were performed
using the NIH Image J software from the scanned films. For
normalization, densitometric arbitrary units obtained for GLUA1
was divided by the ones measured for 3-actin.

Patch-clamp electrophysiology

Male rats were treated with a single administration of vehicle or L-
655,708 (3mg/kg, ip.). Twenty-four hours later, patch-clamp
recording of CA1 neurons in brain slices was made using an
extracellular solution consisting of (in mM) 124 NadCl, 2 KCl, 2
MgS04, 1.25 NaH2PO4, 2 CaCl,, 26 NaHCOs3, 10 Dextrose, and 0.4
Vitamin C. To prepare the slices, rats were initially anesthetized
with isoflurane and then sacrificed using a guillotine. The brains
were quickly transferred to an ice-cold cutting solution containing
in mM 254 sucrose, 3 KCl, 2 MgCl,, 2 CaCl,, 1.25 NaH,PO,, 10 d-
glucose and 24NaHCOs. 300 um horizontal sections of the brain
that included the ventral CA1 pyramidal neurons were prepared
with a Leica VT1000S vibratome (Leica Microsystems, Bannock-
burn, IL, USA). Sections were allowed to recover at 30 °C for at least
1h in an oxygenated (95% 0,/5% CO,) extracellular solution
containing (in mM) 124 NaCl, 2KCl, 2 MgSO,, 1.25 NaH,PO,,
2 CaCl,, 26 NaHCOs3, 10 d-dextrose and 0.4 vitamin C. Brain slices
were continuously perfused with the extracellular bath solution
during whole-cell patch-clamp recordings. Whole-cell recording
pipettes with tip resistances between 4 and 7 MQ were pulled
from borosilicate glass capillaries (TW-150 F, World Precision
Instruments, Sarasota, FL, USA) using the Sutter P-87 puller (Sutter
Instrument, Novato, CA, USA). For action potential recordings,
pipettes were filled with a potassium gluconate-based internal
solution containing in mM: 120 potassium gluconate, 20 KCl,
2 MgCly, 10 HEPES, 2 ATP, 0.25 GTP and 0.1 EGTA, with pH adjusted
to 7.4 and osmolarity of 295 mOsm. Neurons were identified using
infrared microscopy and a charge-coupled device camera.

Neuropsychopharmacology (2020) 45:2289 - 2298

Mechanisms associated with the antidepressant-like effects of L-655,708
V Bugay et al.

Neurons were clamped in the whole-cell mode using the whole-
cell mode of a HEKA EPC10 feedback amplifier and Patchmaster
software (HEKA Instruments, Lambrecht/Pfalz, Germany). To
investigate the firing properties of neurons, current-clamp
recordings were made from a —80mV holding current and a
200pA current injection for a 0.5s duration. Analysis of passive
membrane properties of cells was made at the resting membrane
potential. Input resistance and capacitance was measured from a
hyperpolarizing current injection of —20pA from a —80mV
holding current. The spike shape, half-width and spike threshold
were measured from the first spike during a 90-pA current
injection.

Conditions for measuring chronic L-655,708-induced changes in
postsynaptic currents were identical as those for action potential
recordings above except that pipet solution had a low chloride
concentration (6 mM KCI) so that EPSCs (inward currents) and
IPSCs (outward current) could be coincidently detected at —40 mV
holding potential. QX 314 (5 mM) was also added to the pipet
solution to block voltage-dependent sodium channels. Tonic
GABA currents were recorded at —30mV in the presence of
Kynurenic Acid (1 mM) to reduce excitatory neurotransmission
and using current subtraction with either L-655,708 (L-655,708-
sensitive currents) or bicuculine (total GABA currents). Measure-
ments of acute L-655,708-induced changes in excitatory currents
in brain slices were measured using the gluconate-based internal
solution described above. Action potentials and postsynaptic
currents were measured using Axograph software.

Data analyses

All data are presented as mean */— standard error of the mean
(SEM). Immobility, swimming or climbing behaviors in the FST
data were analyzed by one-way ANOVA followed by Dunnett’s
multiple comparisons test (Figs. 1a and 3) or by two-way ANOVA
followed by Sidak’s multiple comparisons test (Figs. 1b, 2a and 4b).
Western blot data were analyzed by Mann-Whitney U test (Fig. 2b)
or by One-way ANOVA followed by Dunnett’'s multiple compar-
isons test (Fig. 4a). Patch-clamp electrophysiology data (Fig. 5)
were analyzed using Student’s t test. All tests were two-tailed, and
significance was determined at p<0.05. Detailed statistical
reporting is presented as supplemental tables in the supplemen-
tary information section.

RESULTS

We previously published that selective modulation of hippocam-
pal transmission by systemic administration of L-655,708 pro-
duced a sustained AD-like effect in male rats in the absence of any
psychotomimetic or abuse-related effects [31]. Here, in females
also, L-655,708 was also found to cause a sustained AD-like effect
in the forced swim test (FST) (Fig. 1a; Supplemental Table 1), as
shown by a decrease in immobility and an increase in swimming
behavior. L-655,708 administration was not associated with any
motoric effects measured in the open field in either male or
female rats (Supplemental Fig. 1; Supplemental Table 6).

We speculated that plasticity in the vHipp-mPFC pathway
induced by L-655,708 seems essential for its AD-like effect.
Therefore, we investigated if protein synthesis was involved in
the AD-like effect of L-655,708. Pretreatment of male rats
systemically with inhibitors of transcription (actinomycin D) or
translation (anisomycin), prevented the sustained L-655,708-
induced effects in the FST measured 24h following drug
treatment (Fig. 1b; Supplemental Table 1). The inhibitors alone
had no effect on immobility (Fig. 1b).

The next experiment examined more specifically if such
plasticity involved AMPA receptors in the mPFC as has been
shown for RS-ketamine [34]. The AMPA receptor antagonist,
NBQX, was administered directly into the mPFC 24h after
administration of L-655,708 and just before behavioral testing in
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The sustained AD-like effects of L-655,708 is transcription and translation dependent. a Separate cohorts of male and female rats

were injected with L-655,708 or vehicle (V) and the FST was carried out 7 days after drug injection. Both 1 and 3 mg/kg of L-655,708 decreased
immobility and increased swimming in the FST, *p < 0.05 compared to control vehicle, n = 8-26. b Inhibition of transcription and translation
prevented the sustained AD-like effects of L-655,708 in the FST in male rats. Male rats were injected with L-655,708 (3 mg/kg, i.p.) or vehicle 1 h
after pretreatment with anisomycin (50 mg/kg, i.p) or actinomycin D (0.5 mg/kg, i.p.). FST was performed 24 h after drug treatment. *p < 0.05

compared to control vehicle; n=6.

the FST; this prevented the decrease in immobility and increase in
climbing behavior produced by L-655,708 (Fig. 2a; Supplemental
Table 2). Of some note is that whereas L-655,708 consistently
decreased immobility in the rats, it does not have a consistent
effect on swimming or climbing behavior (compare Figs. 1 and 2).
Furthermore, treatment with L-655,708 produced enduring
changes in AMPA receptor levels in the mPFC, as shown by
increased levels of the GIuA1 subunit of AMPA receptors in crude
synaptoneurosomal fractions of the mPFC 24 h after treatment
with L-655,708 (Fig. 2b; Supplemental Table 2).

SPRINGERNATURE

Consistent with previous data that suggest the vHipp is the
initial target for the effect of L-655,708 [31], local administration of
L-655,708 directly into the vHipp reproduced the sustained effect
of systemic L-655,708 administration in the FST in a dose-
dependent manner (Fig. 3; Supplemental Table 3).

Activation of TrkB signaling pathway within the vHipp that
could mediate L-655,708 sustained AD-like effects were also
examined. In contrast to the involvement of BDNF/TrkB in the AD-
like effect of R,S-ketamine [11], that of L-655,708 is not dependent
upon TrkB phosphorylation in the vHipp. L-655,708 did not cause
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Fig.2 The sustained AD-like effect of L-655,708 involves AMPA receptor plasticity in the mPFC. a Twenty-four hours after either L-655,708
(L6, 3 mg/kg, i.p.) or vehicle (V) was given, male rats were administered vehicle or NBQX (300 uM, 0.5 pl) directly into the mPFC immediately
before the FST was carried out. NBQX blocked the decrease in immobility and the increase in climbing produced by L-655,708; *p < 0.05
compared to control vehicle, n = 7-8. b L-655,708 produced increased levels of GIuA1 in mPFC 24 h after administration of drug; *p < 0.05, n = 4.

an increase in the phosphorylation of TrkB in the vHipp either at
30 or 60min after its administration (Fig. 4a; Supplemental
Table 4) nor did intra-hippocampal administration of the TrkB
inhibitor, K252a, block its sustained effect in the FST (Fig. 4b;
Supplemental Table 4).

An electrophysiological approach was used next to determine if
L-655,708 promotes functional changes in vHipp pyramidal
neuron activity (Fig. 5) that might drive downstream plasticity in
the mPFC. This was carried out using whole-cell patch-clamp
recordings of pyramidal neurons in the vHipp using a low
intracellular chloride solution to allow coincident detection of
spontaneous glutamate-mediated inward cation currents, and
GABA-mediated outward chloride currents (Fig. 5a). Twenty-four
hours after systemic administration to rats of L-655,708 (3 mg/kg,
ip.) a reduction of the IPSC half-width was found. In rats
administered L-655,708, there was an approximately 2.5-fold
decrease in IPSC half-width (Fig. 5c; Supplemental Table 5),
accompanied by a smaller decline of EPSC half-width (Fig. 5b;
Supplemental Table 5) and reduction of IPSC amplitude (Fig. 5¢;
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Supplemental Table 5). Recordings of tonic GABA currents
nevertheless indicated no significant effect of L-655,708 (Supple-
mental Fig. 2; Supplemental Table 7). Given changes in both EPSC
and IPSC, the potential consequences were investigated in a
separate cohort of rats using physiological solutions to record
changes in voltage and action potential properties (Fig. 5d, €). The
most profound effect was an increase of input resistance (Fig. 5e;
Supplemental Table 5), which resulted in an approximately two-
fold increase in action potential frequency (Fig. 5d, e). These
results are consistent with reduced chloride currents (reduced
half-width) as a consequence of L-655,708 treatment in ventral
CAT1 neurons, initiating long-lasting changes that increased input
resistance and increased excitability.

To confirm that L-655,708 can affect CAT GABA currents to
initiate long-lasting changes in excitability, we recorded acute
effects of L-655,708 in hippocampal brain slices. While there were
no direct effects on intrinsic excitability (Supplemental Fig. 3;
Supplemental Table 8), we indeed found that L-655,708 reduced
IPSC half-width and frequency (Supplemental Fig. 4A, B;
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Fig. 3 L-655,708 (30 ng or 90 ng per side; 1pl) or vehicle (5%
DMSO in saline; 1pl) was injected directly into the vHipp via
guide cannula in male rats. FST was carried out 48 h later. A
significant decrease in immobility and increase in climbing in the
FST was produced by 90 ng injection. *p < 0.05 compared to control
vehicle, n=28-18.

Supplemental Table 9). Although not significant, there was also a
strong trend for L-655,708 effects on tonic currents (P=0.06,
Supplemental Fig. 4C; Supplemental Table 9). Interestingly, we
also observed an increase of EPSC current amplitudes and half-
width (Supplemental Fig. 5; Supplemental Table 10), which, along
with reduced inhibition, would further promote excitability in the
CA1 neurons.

DISCUSSION

Consistent with previous studies [31], we found that a selective
NAM of the a5-containing GABA, receptor, L-655,708, produced a
behavioral response in the FST that is similar to those of other
antidepressant drugs and that this response was sustained for up
to 7 days after systemic administration. This effect is seen in both
male and normal cycling female rats. In the mPFC, this response
required protein synthesis and plasticity involving the GIluA1
glutamate receptor. But in the vHipp, the antidepressant effect is
independent of activation of TrkB receptors. Also, patch-clamp
recordings from pyramidal cells in the vHipp revealed that 24 h
after systemic administration of L-655,708 there was a robust
decrease in the half-width of spontaneous IPSCs, indicative of
reduced inhibition, as well as an approximately two-fold increase
in stimulated action potential frequency. Taken together, these
results are consistent with L-655,708 activating the vHipp to
produce glutamate-induced plasticity in the mPFC that is related
to its AD-like effect.

As originally described by Porsolt et al. [36], the FST is being
used as an indicator of likely antidepressant efficacy, with
predictive validity only, not as a measure of a component of
depression, e.g., despair or helplessness. As with all such
indicators, it has limitations, and some compounds that generated
positive results in the FST have not demonstrated efficacy in
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clinical testing [37, 38]. To the best of our knowledge, all drugs
that are used clinically for depression have yielded positive results
in the FST [38]. Of interest is that the FST detects the sustained
antidepressant effect of R,S-ketamine following single administra-
tion [11, 13], similar to its sustained antidepressant effect in the
clinic following a single intravenous administration. More tradi-
tional antidepressants have to be given multiple times to produce
a positive result in the FST as is so for their clinical use. L-655,708
also has a sustained effect in the FST [30, 31], and like R,S-
ketamine, restored, after a single administration, stress-induced
deficits in social interaction and in sucrose preference [30].

It has been demonstrated that antidepressant drugs acting
primarily via the serotonergic system, such as SSRIs, will decrease
immobility time in the FST with a parallel increase in swimming
behavior [32]. By contrast, noradrenergic antidepressants increase
climbing rather than swimming behavior. As neither ketamine nor
L-655,708 act primarily through these biogenic amine systems, it is
perhaps not surprising that they do not show consistent effects on
either swimming or climbing ([13]; present results).

Even though it is an NMDA glutamatergic receptor antagonist, a
consequence of RS-ketamine’s administration is enhanced
glutamatergic transmission in hippocampal terminal fields,
particularly through non-blocked AMPA receptors. Considerable
experimental evidence supports this idea [39]. Moreover, con-
sistent with R,S-ketamine’s effect, L-655,708 promotes glutama-
tergic plasticity, namely, it rapidly reversed stress-induced deficits
in AMPA receptor signaling in the hippocampus [30].

One of the metabolites of R,S-ketamine, namely (2R,6R)-hydro-
xynorketamine, which is not an NMDA receptor antagonist, also
produces glutamatergic plasticity in the mPFC that seems to be
necessary for its AD-like effect [40]. It may be that a common effect
of novel antidepressants with sustained effects is their ability to
produce glutamatergic plasticity in the mPFC irrespective of their
initial target. In view of this, it is of interest that a5-GABA, receptor
NAMs, such as L-655,708, also increased GluA1 levels in the mPFC
and directly applying the AMPA receptor antagonist, NBQX, into the
mPFC at the time of testing antagonized its AD-like effect.

The initial target for L-655,708, namely a-5 GABA, receptors, is
different from that for R,S-ketamine so it is perhaps not surprising
that they are producing different cellular effects in the vHipp.
Whereas the AD-like effect of R,S-ketamine is dependent on TrkB
activation [11, 13], our present results show that is not so for L-
655,708. Further experiments will be necessary to clarify possible
effects of L-655,708 in the vHipp that could produce cellular
glutamatergic plasticity in the mPFC. Again, though, R,S-ketamine,
2R,6R-hydoxynorketamine, and L-655,708 all have AD-like activity
dependent on AMPA receptor activation [30, 40, 41].

Although the cellular mechanisms that cause L-655,708 to
activate the hippocampus leading to glutamatergic plasticity in
the mPFC are unknown, it is reasonably well established that
increased activity of glutamatergic neurons innervating the mPFC
could lead to plasticity [14, 42]. To see if such activation occurred,
patch-clamp electrophysiological recordings of slices containing
pyramidal cells of the vHipp were carried out. Such experiments
revealed a marked increase in action potential frequency
measured 24 h after drug administration. Such activation of
glutamatergic hippocampal efferent neurons may well produce
the glutamatergic plasticity seen in the mPFC. Interestingly, we
found these effects do not occur with acute exposure of brain
slices to L-655,708, which strongly suggest that disinhibition of
CA1 neurons, where a5-GABA, receptors are enriched, have
indirect effects promoting plastic increases of intrinsic excitability.
The mechanism requires further study. Although a5-GABAA
receptors modulate inhibitory transmission directly on CA1
neurons, these receptors also reside on inhibitory interneurons
within CA1 [17] which might also have a role in anti-depressant
effects of L-655,708.

Neuropsychopharmacology (2020) 45:2289 -2298
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Fig. 4 The sustained AD-like effect of L-655,708 does not involve activation of TrkB receptor in the vHipp. a L-655,708 (3 mg/kg, i.p.)
produced no significant increase in phosphorylation of TrkB 0.5 h- or 1 h following drug administration in male rats, n = 6. b Blockade of TrkB
phosphorylation in the vHipp did not prevent the sustained AD-like response to L-655,708 in male rats. Male rats were administered either
vehicle or K252a (0.5 ng, 0.5ul) directly into the vHipp followed by systemic administration of L-655,708 (3 mg/kg, i.p.) or vehicle. FST was
performed 1 week following drug treatment. *p < 0.05 compared to control vehicle, *p < 0.05 compared to K252a vehicle; n = 8-9.

Despite its very promising effects for treating depression, R,S-
ketamine is associated with potential for abuse as it can cause
psychotomimetic side effects, such as pseudo- hallucinations, and
impairments in cognition as well as in judgment [43, 44]. In spite
of the fact that the recently FDA-approved S-ketamine (esketa-
mine) spray (Spravato®) for TRD has been shown to improve
depressive symptomatology [45, 46], some controversial results
have been raised with regard to risk for suicide [47, 48]. Moreover,
although no clinical trials to date have been published that test
the effects of R-ketamine (arketamine) in improving depressive
symptomatology, preclinical data in mice have suggested that
arketamine seems more promising than esketamine [49, 50]. An
important consequence of the demonstrated efficacy of RS-
ketamine is the search for similar but not identical drugs that
might have less adverse effects like those of R,S-ketamine. As a5-
containing GABA, receptors are highly localized to the hippo-
campus in rats and humans [19, 51, 52], a selective alpha5-GABA-
NAM could reduce GABAergic inhibition onto glutamatergic
neurons in the hippocampal output neurons, so as to produce
AD-like effects. This has been shown by Thompson and his
colleagues and others previously [30, 31]. Furthermore, the side
effect profile of such drugs is likely to be superior to that of RS-

Neuropsychopharmacology (2020) 45:2289 - 2298

ketamine as we have found L-655,708 not to produce psychoto-
mimetic effects or to be self-administered in rats whereas R,S-
ketamine did [31].

The expression of a5-subunit-containing GABA, receptors is
higher in ventral compared to dorsal rat hippocampus [53]. This
receptor has been proposed to be mainly extrasynaptic and
located primarily in the dendritic fields of hippocampal CA1 and
CA3 pyramidal cells in the rat [16, 19], as well as in humans [54].
However, this study and others have found significant effects of L-
655,708 in affecting phasic inhibitory currents [27]. These
receptors play an important role in learning and memory
processes [22, 54, 55]. Morphological studies and electrophysio-
logical recordings in vivo and from ex vivo slices containing the
hippocampus and prefrontal cortex have determined that
pyramidal neurons of the ventral CA1 and subiculum form
monosynaptic connections with pyramidal neurons in layers 2/3
and 5, as well as with inhibitory interneurons in the prelimibic (PL)
and infralimbic (IL) regions of the mPFC in rodents [56-59].
Activation of a vHipp-mPFC pathway is necessary and sufficient for
the AD-like effects of R,S-ketamine [13]. Our findings that injection
of L-655,708 directly into the ventral hippocampus produces an
AD-like effect and blocking AMPA receptors directly in the mPFC

SPRINGER NATURE
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Fig. 5 L-655, 708 administration promotes sustained functional changes in vHipp pyramidal neuron activity measured 24h later.
a-c. L-655,708 decreases duration of spontaneous IPSC currents in male rats. a Sample tracing of synaptic currents measured at —40 mV
holding potential. Upward traces are IPSCs, downward traces are EPSCs. Traces are from rats previously treated with vehicle (upper trace) or L-
655,708. b Summary data of EPSC from vehicle- (white bar) or L-655,708- treated rats (dark bar). There was a significant decrease in amplitude
and half-width of EPSCs in rats treated with L-655,708. ¢ Summary data of IPSC from vehicle (white bar) and L-655,708 (dark bar) treated rats.
There was a significant decrease in amplitude and half-width in hippocampal slices from rats treated with L-655.708. N = 19 neurons from 3
vehicle-treated rats, N =27 neurons from 4 L-655,708 treated rats. P values are from unpaired students t test, assuming equal variance.
d, e L-655,708 increases input resistance and action potential frequency. d Sample tracing of action potentials from 200 pA depolarizing
current injections. e Summary data of action potential properties from vehicle- (white bar) and L-655,708- treated rats (dark bar). There was a
significant increase in input resistance and action potential frequency in hippocampal slices from rats treated with L-655,708. N = 17 neurons
from 6 vehicle treated, N =18 neurons from 6 L-655,708 treated. P values are from unpaired students t test, assuming equal variance.

blocks such an effect supports the idea that this pathway is also result still need to be resolved. One possible theory by which both
involved in its AD-like effect. PAMs and NAMs would be useful to treat MDD is that both

Aside from the AD-like effects of the selective a5-GABA-NAMs, manipulations are hypothesized to increase the signal-to-noise
there is a growing body of work showing that selective positive ratio of hippocampal transmission, via different mechanisms
allosteric modulators of the a5-GABA, receptor (a5-GABA-PAM:s) [62, 63]. As speculated in [62], for a5-GABA-PAMs, chronic
also produce AD-like effects in the FST, as well as anxiolytic-like administration would produce sustained decreases in tonic
effects [60, 61]. Moreover, such a5-GABA-PAMs were able to hippocampal activity (noise), without dramatically altering phasic
reverse stress- and age-induced deficits in working memory [61]. It activation of pyramidal neurons (the signal), resulting in an
is worth noting that the effects of selective a5-GABA-PAMs are increase in signal-to-noise ratio. Conversely, as we observed, a5-
achieved only while drugs are onboard, whereas the AD-like GABA-NAMs acutely decrease hippocampal GABAergic transmis-
effects of selective a5-GABA-NAMs are sustained long after the sion onto CA1 pyramidal cells, which we theorize could cause a
drugs have been eliminated. The mechanisms by which both a5- glutamatergic surge that in turn leads to glutamatergic plasticity.
GABA-NAMs and a5-GABA-PAMs are eliciting the same behavioral The hypothesis is that such glutamatergic plasticity results in a
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greater signal and, by extension, an increased signal-to-noise
ratio [62].

The conclusion of the experiments shown in this study indicates
that the AD-like effects of L-655,708 may be initiated by changes
in GABA, receptor gating properties (Supplemental Fig. 4). This
results in plasticity leading to sustained reduction of GABA,
transmission as well as increase in action potential frequency that
ultimately mediates the sustained AD-like effects of L-655,708. The
findings of a large change in half-width, but small change in
amplitude of IPSC could be due to L-655,708 downregulating the
levels of the alpha5-GABA, receptor subunit at synapses. Recent
studies indicate that changes in subunit composition, through
downregulation of the alpha5 subunit, shortens chloride current
openings and increases excitability of CA1 neurons [64]. Further
studies would need to test such a hypothesis. By identifying the
mechanisms by which systemic administration of a5-GABA,
receptor negative allosteric modulators recapitulate the therapeu-
tic effects of R,S-ketamine without its psychotomimetic and abuse-
related effects, it should be possible to provide novel, safe, and
effective approaches for treating patients suffering with treatment
refractory depression.
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