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Abstract

Conventional antidepressant drugs elevate the availability of monoamine neurotransmitters. However, these pharmacological
therapies have limited efficacy and a slow onset of action as main limitations. New glutamatergic drugs such as ketamine have
shown promise as a rapid-acting antidepressant drugs although with adverse effects. The mechanism of action of ketamine is
hypothesized to involve a dis-inhibition of cortical pyramidal neurons produced by an stimulation of AMPA receptors by
glutamate. In this context, low-impact positive allosteric modulators of the AMPA receptors (a.k.a. ampakines) have been
regarded as potential antidepressant drugs. Here, we have examined the behavioral, biochemical, and molecular effects of a
low-impact ampakine, CX717. Our results show that CX717 has a rapid (30 min) but short-lasting (up to 24 h) antidepressant-
like effect in the forced swim test. Intra-cortical infusion of CX717 increases the efflux of noradrenaline, dopamine, and
serotonin, but not glutamate. However, systemic CX717 does not alter these neurotransmitters. CX717 also produced a rapid
(up to 1 h) increase of brain-derived neurotrophic factor (BDNF) and a more sustained (up to 6 h) increase of p11. Overall,
CX717 appears to possess a rapid but not sustained antidepressant action possibly caused by rapid increases of BDNF and p11.

Keywords Ampakine - Antidepressant - Prefrontal cortex - BDNF - p11

Introduction exhibit limited efficacy (about one third of patients are resis-

tant to pharmacological treatment) and a slow onset of action.

Major depressive disorder (MDD) is the most prevalent of
psychiatric diseases, being one of the leading causes of dis-
ability with enormous personal and societal costs.
Conventional antidepressant drugs are still based on the clas-
sic monoaminergic hypothesis, thus elevating the availability
of monoamine neurotransmitters such as serotonin, noradren-
aline, and/or dopamine in the brain. However, these therapies
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Therefore, there is an urgent need to develop new pharmaco-
logical approaches that lead to more rapid and effective clin-
ical therapies.

The AMPA (x-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid) receptor is a subtype of ionotropic
glutamate receptor that mediate most of the fast excitatory
neurotransmission [1] and is ubiquitously distributed through-
out the central nervous system, particularly in brain regions
known to be involved in mood regulation such as the prefron-
tal cortex and hippocampus [2—4]. In fact, decreased AMPA
receptor subunit levels have been reported in the prefrontal
cortex of depressive patients [5] and chronic antidepressant
treatments increased the protein levels of some AMPA recep-
tor subunits [6].

Recent research has shown that systemic administration of
AMPA evoked dose-dependent antidepressant-like effects in
both the forced swim test (FST) and sucrose preference test
[7]. Furthermore, we have demonstrated that the direct infu-
sion of the full receptor agonist (S)-AMPA in the medial pre-
frontal cortex (mPFC) elicits an antidepressant-like action in
the FST [8], thus underscoring the importance of AMPA
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receptors of the mPFC in antidepressant effects. Interestingly,
the antidepressant-like behavior of ketamine is dependent on
the activation of AMPA receptors [9—11]. Other glutamatergic
drugs such as mGluR2/3 receptor antagonists also increase the
efflux of gutamate in the brain [12, 13] and exhibit antidepres-
sant-like effects in the FST. Thus, it is likely that this mGluR2/
3 receptor antagonist-induced glutamate release activates
postsynaptic AMPA receptors. As a matter of fact, AMPA
receptor antagonists attenuated the antidepressant-like effects
of mGluR2/3 receptor antagonists [14, 15]. In addition, acti-
vation of AMPA receptors show positive effects on synaptic
plasticity [16] and cognitive performance [17, 18], two do-
mains impaired in depression. Taken together, these findings
suggest that the stimulation of AMPA receptors may be a
beneficial strategy to treat MDD [19]. However, excessive
AMPA receptor stimulation by full AMPA receptor agonists
can lead to psychostimulant and seizure activity [20]. Instead,
positive allosteric modulators (PAMs) -also known as
ampakines- bind allosterically to AMPA receptors and slow
the rate of their deactivation or desensitization [21], thus
prolonging the duration of AMPA receptor-mediated re-
sponses [22]. Because ampakines do not activate directly
AMPA receptors, the drugs are only effective with a underly-
ing glutamatergic transmission [23]. Hence, it was postulated
that ampakines would exert rapid antidepressant effects. This
was first suggested from rodent studies that examined the
positive response to behavioral despair (FST and tail suspen-
sion test) or assessed submissive behavior in an animal model
[24, 25]. Collectively, these findings demonstrate that
ampakines are active in animal models relevant to procedures
probing clinically effective antidepressants although the exact
mechanism involved is not fully understood [26]. Ampakines
can be subdivided in high impact ampakines that reduced
latency to deactivation of AMPA receptors, and low impact
ampakines, which preferentially accelerated channel opening,
thereby enhancing the amplitude of the AMPA-mediated cur-
rent, but without affecting the deactivation process.

The aim of the present study was to investigate the antide-
pressant-like effects of CX717, a low impact ampakine in the
FST, one of the most commonly used assays to examine de-
pressive-like behaviors in rodents. Unlike high impact
ampakines, low impact ampakines do not seem to produce
adverse, pro-convulsant effects even after administration of
high doses. Therefore, low impact ampakines are potentially
safe and well tolerated in humans. Indeed, CX717 has passed
through initial clinical studies in humans [27-29]. Further,
previous positron emission tomography (PET) studies in non-
human primates have revealed increased activity in prefrontal
cortex, dorsal striatum and hippocampus following adminis-
tration of CX717, which has been associated to improvement
in learning and memory, two behaviors impaired in depres-
sion [30]. Therefore, in the present work the effects of CX717
on intracellular signaling pathways and extracellular levels of

noradrenaline (NA), dopamine (DA), serotonin (5-HT) and
glutamate in the mPFC were also examined and associated
with behavioral responses. In addition, because PAMs of
AMPA receptors potentiate the antidepressant-like response
of monoamine-based antidepressants [31, 32], in the present
study, we also sought to examine whether CX717 was able to
enhance the antidepressant-like effects of two treatments that
we previously demonstrated that reduced immobility in the
FST, i.e. deep brain stimulation (DBS) and local administra-
tion of (S)-AMPA in the mPFC [8].

Materials and Methods
Animals

Male Sprague-Dawley rats (Envigo, Sant Feliu de Codines,
Spain) weighing 280-350 g were used. The rats were group-
housed (four per cage) in a controled environment (12 h light/
dark, 22 + 1 °C) with food and water available ad libitum. All
the experimental procedures were conducted in accordance
with national (RD 53/2013) and European legislation
(Directive 2010/63/EU, on the Protection of Animals Used
for Scientific Purposes, 22 September 2010), and were ap-
proved by the Animal Care and Use Committee of the
University of Cantabria.

Drugs and Reagents

Serotonin hydrochloride (5-hydroxytryptamine, 5-HT), nor-
adrenaline (NA), dopamine hydrochloride (DA), and gluta-
mate were purchased from Sigma-Aldrich (Tres Cantos,
Spain). CX717 was kindly provided by RespireRx
Pharmaceuticals Inc. (Glen Rock, NJ). For intraperitoneal
(i.p.) injection, CX717 was dissolved in 33% 2-
hydroxypropyl-f3-cyclodextrin (HPCD, Sigma-Aldrich) to a
concentration of 20 mg/ml by gently warming. The dose of
20 mg/kg (administered at 1 ml/kg) of CX717 was chosen
because it was reported to alleviate drug-induced respiratory
depression without evoking seizure activity [33, 34]. This near
maximal dose for rodents is similar to the upper end dose used
in human clinical trials. Going beyond that dose could result in
behavioral effects (e.g. animal lethargy). For intracortical in-
fusion, a solution of 85 mM of CX717 in HPCD was further
diluted with artificial cerebrospinal fluid (aCSF, see below for
composition) to a concentration of 300 M.

Forced Swim Test
In naive animals, the FST was conducted as previously de-
scribed [35]. Rats were handled daily for 1 week before FST

for habituation. On day 1 (pretest), rats were placed in a clear
plexyglas cylinder (46 cm height, 20 cm diameter) filled with

@ Springer



3500

Mol Neurobiol (2020) 57:3498-3507

24 + 1°C water to a height of 30 cm, for 15 min. After this
pretest, animals were returned to their home cages and dried
under a lamp for 30 min. It is established that this lapse is
sufficient for healing of damage caused by surgery but not
long enough for gliosis to alter the environment of the probe,
which could interfere with results [36, 37]. Twenty-four hours
after the pretest, rats received an i.p. injection of 20 mg/kg of
CX717. Three tests were conducted 30 min, 24 h and 7 days
after drug administration in the same cylinder for 5 min. The
test sessions were videotaped (ANY-maze, Stoelting Europe,
Dublin, Ireland) and scored for immobility, climbing and
swimming by an experimenter blind to the treatment, as pre-
viously defined [38].

Locomotor Activity Test

Locomotor activity was recorded for 15 min in an open field
arena (100 cm x 100 cm x 40 cm) with black plastic walls
dimly lighted. Ambulatory behavior was video-tracked by a
computerized system (Any-maze) and total distance travelled
was measured.

Intracerebral Microdialysis and Biochemical Analysis

Concentric dialysis probes with a 4-mm membrane length
were implanted under sodium pentobarbital anesthesia (60
mg/kg, i.p.) in the mPFC (AP +3.2 mm, L £0.6 mm, DV -
6.0 mm; from bregma), according to Paxinos and Watson
[39]. In all cases, microdialysis experiments were conducted
24 h after surgery in freely moving rats by continuously per-
fusing probes with aCSF (147 mM NaCl, 3 mM KCl, 1.2 mM
CaCl,, 1.2 mM MgCl,) at a rate of 1.5 pl/min. Dialysate
samples of 30 ul were collected every 20 min, and mono-
amines and glutamate were determined using an Alexys®
Analyzer (Antec Scientific, Leiden, The Netherlands) follow-
ing its published methods. At the completion of dialysis ex-
periments, rats were given an overdose of sodium pentobarbi-
tal and processed for cresyl violet staining to assess the correct
location of the probes.

Deep Brain Stimulation

The experimental timeline of the concomitant behavioral ef-
fects of CX717 and deep brain stimulation (DBS) are depicted
in Figure Sla. Given the short half-life of CX717, an addi-
tional dose of 10 mg/kg was administered 30 min after DBS
onset. Bipolar stimulating electrodes were implanted bilater-
ally under sodium pentobarbital anesthesia (60 mg/kg, i.p.) in
the infralimbic area of the medial prefrontal cortex (mPFC)
using the coordinates from the Paxinos and Watson [39] (AP
+3.2mm, L +0.6 mm, DV -5.4 mm from bregma). Electrodes
consisted of two stainless steel enamel-coated wires
(California Fine Wire, Grover Beach, CA) with a diameter

@ Springer

of 150 um and a tip separation of ~100 um and in vitro
impedances of 10-30 k€. The stimulation settings were sim-
ilar to those used in depressive states [40]. Stimulation lasted
for 1 h and its parameters were: frequency, 130 Hz; current
intensity, 200 pA and pulse width, 90 ps. Continuous alter-
nating current with monophasic square pulses was delivered
with a CS-20 Stimulator (Cibertec, Madrid, Spain) attached to
an overhead electrical swivel (Plastics One Inc, Roanoke, VA,
USA). In the control (sham) groups, all rats had the two elec-
trodes implanted, but no current was delivered.

(S)-AMPA Perfusion

The experimental timeline of the concomitant behavioral ef-
fects of CX717 and intra-prefrontal (S)-AMPA infusion were
previously described [8] and depicted in Figure S2a.
Concentric dialysis probes with a 4-mm membrane length
were implanted bilaterally under sodium pentobarbital anes-
thesia (60 mg/kg i.p.) in the mPFC (AP +3.2 mm, L £0.6 mm,
DV —6.0 mm; from bregma), according to Paxinos and
Watson atlas [39]. Experiments were conducted 24 h after
surgery in freely moving rats by continuously perfusing
probes with aCSF at a rate of 1 ul/min. After three basal
samples the aCSF was changed to an aCSF solution contain-
ing 100 pM of (S)- x-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid [(S)-AMPA], which was perfused
for 1 h. Given the short half-life of CX717, an additional dose
of 10 mg/kg was administered 30 min after the onset of (S)-
AMPA perfusion.

Protein Extraction and Western Blotting

In a separate set of experiments, animals were killed by de-
capitation thirty min, 1 h, 2 h and 6 h after the administration
of 20 mg/kg of CX717, their brains removed from the skulls,
and mPFCs dissected out on ice and stored at -80 C. Samples
of mPFC were homogenized (1:15) in a solution containing
10 mM HEPES-HCI (pH 7.9), 1.5 mM MgCl,, 100 mM KCI,
and the following protease and phosphatase inhibitors: 1 mM
phenylmethylsulfonyl fluoride (PMSF), 0.2 mg/ml aprotinin,
10 pg/ml leupeptin, 10 pg/ml pepstatin A, 10 pg/ml antipain,
10 pg/ml chymostatin, 1 mM NazVO,, 1 mM NaF, 1 mM
cantharidin and 1 pM E-64. Homogenates were next sonicat-
ed on ice-cold protein lysis buffer (homogenization buffer
containing 1% Igepal®, 0.5% sodium deoxycholate, 0.1%
SDS and 2.5 mM CHAPS) for 30 min. Solubilized proteins
were recovered in the supernatant after centrifugation at
14,000 x g for 10 min at 4 C. Protein quantification was
performed according to the Lowry method.

Fifty micrograms of protein for each sample (in duplicate)
were loaded into 8.5-15% SDS-PAGE gel and transferred to
nitrocellulose membranes and incubated with primary anti-
bodies overnight at 4 C. The sources and dilution of primary
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antibodies used were: mouse anti glial fibrillary acidic protein
[anti-GFAP (1:1000)], mouse anti- glyceraldehyde-3-phos-
phate dehydrogenase [anti-GAPDH (1:2000)], rabbit anti-
brain-derived neurotrophic factor [anti-BDNF (1:200)], goat
anti-PSD95 (1:500), and rabbit anti-excitatory amino acid
transporter 1 [anti-EAATI (1:500)] from Santa Cruz
Biotechnology (Santa Cruz, CA, USA); goat anti-pl1
(1:200) from R&D Systems (Bio-Techne, Abingdon, UK);
and rabbit anti-GluA1 (1:700) from Abcam (Cambridge,
UK). The next day, membranes were washed with a mixture
of Tris-buffered saline and 0.05% Tween 20 (TBST) and in-
cubated with fluorochrome conjugated anti-rabbit, anti-mouse
or anti-goat secondary antibodies from Li-Cor Biosciences
(Lincoln, NE, USA). Secondary antibodies were detected with
Odyssey CLx Scanner, also from Li-Cor Biosciences
(Lincoln, NE, USA). Blot quantitation was performed by
using Image Studio Lite software from Li-Cor Biosciences
(Lincoln, NE, USA), and densitometry values were normal-
ized with respect to the values obtained with anti-GAPDH
antibody.

Statistics

Data are expressed as mean = SEM. Differences between two
groups were assessed by two-tailed Student’s #-test. One or
two-way analysis of variance (ANOVA) followed by post-hoc
Fisher’s least significant difference (LSD) multiple compari-
sons test was used to analyze differences among three or more
independent groups. For microdialysis experiments, changes
in monoamines and glutamate concentrations were assessed
by repeated measures ANOVA with drug and time as factors,
followed by post-hoc Fisher’s least significant difference
(LSD) multiple comparisons test. In all cases the level of sig-
nificance was set at p < 0.05.

Results
Antidepressant-like Effects of CX717

As shown in Fig. 1a, 30 min after a single injection of 20 mg/
kg CX717 immobility in the FST was significantly reduced (¢
= 2.799, df = 8; P < 0.03, Student’s t-test), an effect that
persisted 24 h later (¢ = 4.058, df'= 10; P < 0.003, Student’s
t-test), but disappeared 7 days later. The decrease in immobil-
ity was associated with an increase in swimming 30 min (¢ =
3.202,df=9; P<0.02, Student’s #-test) and 24 h (t=2.636, df
= 10; P < 0.03, Student’s #-test) later (Fig. 1b). Further,
climbing was also increased (Fig. 1c) 24 h after CX717 ad-
ministration (f = 2.327, df = 10; P < 0.05, Student’s #-test). In
contrast, no significant differences were found in immobility,
climbing and swimming 7 days after the injection of CX717.
The CX717-induced decrease in immobility was not caused

by increased locomotor activity (Fig. 1d). The administration
of CX717 was not able to potentiate the antidepressant-like
effects of 1 h DBS, (Supplemental Fig. S1) and the
intracortical perfusion of 100 uM (S)-AMPA for 1 h
(Supplemental Fig. S2) in the FST. A histological section
showing the location of the two dialysis probes in the mPFC
is depicted in Figure 2.

Effects of CX717 on Prefrontal Monoamines and
Glutamate

The same dose of CX717 that evoked antidepressant-like ef-
fects (20 mg/kg, i.p.) did not alter the extracellular concentra-
tions of NA (Fig. 3a), DA (Fig. 3b), 5-HT (Fig. 3¢) and glu-
tamate (Fig. 3d) in the mPFC. However, repeated measures
two-way ANOV A showed that the direct perfusion of 300 uM
of CX717 into the mPFC enhanced dialysate NA (Fig. 4a) as
measured by significant effects of drug (£, = 13.982, P <
0.002), time (F9,139 = 7.879; P < 0.0001) and the drug x time
interaction (£ 159 = 8.055; P < 0.0001). In a similar way,
intracortical CX717 increased dialysate DA (Fig. 4b) as mea-
sured by significant effects of drug (F,4 = 16.165; P <
0.0001), time (Fy516 = 2.793; P < 0.05) and time x treatment
interaction (Fg 16 = 6.117; P < 0.0001). Finally, intracortical
CX717 also increased dialysate 5-HT (Fig. 4c) as measured by
significant effects of drug (F,4 = 5.458; P < 0.03), time
(Fo216 = 3.384; P < 0.001) and time x treatment interaction
(Fo216=4.334; P<00005). In contrast, the direct perfusion of
300 uM of CX717 into the mPFC did not alter the extracel-
lular concentration of glutamate (Fig. 4d).

Effects of CX717 on Prefrontal Protein Expression

As shown in Fig. 5a, CX717 evoked a rapid increase in mPFC
BDNF determined at 30 min (¢ = 2.942, df = 5; P < 0.05,
Student’s #-test) and 1 h (¢ = 2.364, df = 7; P < 0.05,
Student’s t-test) after drug administration. CX717 also in-
creased PSD95, but only 2 h after its administration (¢ =
3.091, df = 9; P < 0.02, Student’s t-test), as shown in Fig.
5b. On the other hand, the synthesis of pl1 in the mPFC
was enhanced 30 min (¢ = 2.992, df = 6; P < 0.03, Student’s
t-test), L h (t=3.913,df=5; P <0.02, Student’s #-test), 2 h (¢ =
4.426,df=5;P<0.01, Student’s t-test)and 6 h (= 3.373, df =
5; P <0.02, Student’s t-test) after CX717 administration (Fig.
5c¢). The same injection of CX717 did not change the concen-
tration of the GluA1 subunit in any of the time points tested
(Fig. 5d).

Discussion

Low impact ampakines such as CX717 are characterized by
keeping the AMPA receptor channel open without
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Fig. 1 Behavioral changes in a
immobility (a), swimming (b),
climbing (c¢) in the forced swim
test (FST) and locomotor activity
(d) in the open-field test, 30 min,
24 h and 7 days after the
administration of 20 mg/kg of
CX717. Locomotor (Loc.)
activity is expressed as distance
traveled in meters during 15 min.
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S
o
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n
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desensitizing the receptor or alter its affinity for agonists [41].
The main finding of the present study is that the single admin-
istration of CX717 evoked an antidepressant response in the
FST, which is in line with previous work with other
ampakines [18, 32]. In contrast to what has been observed
after repeated FST in mice (i.e. progressive increase in immo-
bility counts over time [42]), the present results shown that
immobility counts are constant over the different tests, which
is in line with previous results in rats [43, 44] and suggests that
this behavior may truly reflect a depressive-like state instead
of a sign of learning after repeated tests. Importantly, this
antidepressant-like effect persisted 24 h later although was
no longer observed 7 days after drug administration.

1 mm

Fig. 2 Representative histological section cut in the coronal plane at
50 pum and stained with cresyl violet showing the tract of the dialysis
probes located bilaterally in the medial prefrontal cortex of the rat. Scale
bar, | mm
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Because CX717 has a short half-life in rodents (~45 min), this
finding suggests that CX717 can induce plastic changes of a
relatively short duration (24 h), but perhaps an extended treat-
ment may be needed to achieve longer-lasting effects. It is
important to note herein that the present study has two main
limitations. First, the use of only one test (FST) to examine
depression-related behaviors. However, an established
strength of the FST is its predictive validity, which suggests
a potential of CX717 to treat depression. Moreover, it has
been argued that FST is particularly predictive of non-mono-
aminergic antidepressant efficacy [9, 10]. Second, the absence
of examining the effects of CX717 in a rat model relevant for
depression. Further research using other behavioral tests and
model(s) for depressive states is needed to further support the
potential of CX717 as a novel antidepressant. CX717 was not
able to potentiate the antidepressant-like effects of two treat-
ments, i.c. deep brain stimulation (DBS) of the infralimbic
prefrontal cortex and intra-mPFC infusion of the full agonist
(S)-AMPA [8]. The reduction of immobility behavior in the
FST after these procedures is so substantial that cannot be
incremented by CX717 (ceiling effect). Alternatively, there
is evidence in mice that some pharmacological treatments
(such as 5-HT}, receptor agonists [45]) and genetic manipula-
tions such as constitutive 5-HT} 4 receptor knockout [46] and
conditional ablation of the expression of 5-HTj4
autoreceptors in the raphe nuclei [47, 48] also reduces immo-
bility in the FST. However, there is no evidence of changes in
such serotonergic receptors after CX717.

The rapid antidepressant-like effects of systemic CX717
did not appear to be associated with increased output of mono-
amines and glutamate in the mPFC because no change of the
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Fig. 3 Lack of effect of a single
intra-peritoneal injection of

20 mg/kg of CX717 or vehicle
(arrow) on the extracellular
concentration of noradrenaline
(a), dopamine (b), 5-HT (¢), and
glutamate (d) in the mPFC. Data
(mean + SEM) are expressed as
percentage changes of the four
basal pretreatment values.
Number of animals is given in
parentheses

extracellular concentrations of these transmitters was ob-
served under the same experimental conditions. As aforemen-
tioned, the short half-life of CX717 in the rat makes it hardly
likely that the lack of biochemical effects after systemic
CX717 would result from adaptive mechanisms such as

Fig. 4 Effects of 2-h intra-mPFC
perfusion of CX717 or aCSF
(black bar) on the extracellular
levels of noradrenaline (a),
dopamine (b), 5-HT (c), and
glutamate (d) in the right and left
mPFC. Data (mean + SEM) are
expressed as percentage changes
of the four basal pretreatment
values. Number of animals is
given in parentheses. *p < 0.05 at
least, different from the
corresponding vehicle group,
Fisher’s LSD test following
significant two-way repeated
measures ANOVA

Q

Noradrenaline

2001.9. Vehicle (8)
o |® cx717 (20 mgikg) (8)
& 150
D
% 100 = L J
Q
S
® 5 T
2 504
Q\_
A 0 1 2
Time (h)
Tg‘m'o- Vehicle (7)
S |- CX717 (20 mglkg) (6)
D 150
(7]
3 s
S~ 1004 o 8-
e =9
AN
= 50- T
~
T
O ol T T 1
1 0 1 2

a

Noradrenaline

Time (h)

-®- Control - Left (7)
-@ CX717 (300 uM) - Left (7)
-®- Control - Right (7)

60001-9- CX717 (300 uM) - Right (6)

(% of baseline)

5-HT (% of baseline)

4000

2000+

200+

100+

*

--0--0--0--0--0

-1 0 1 2
Time (h)

-®- Control - Left (5)
@ CX717 (300 uM) - Left (8)

3001-@- Control - Right (8)

-@- CX717 (300 uM) - Right (7)

o,
R %

o

Time (h)

(o2

200+

150+

Dopamine
(% of baseline)

4
o
1

-®- Vehicle (8)
-@ CX717 (20 mg/kg) (8)

Q

200+

150

4
o
1

Glutamate
(% of baseline)

Time (h)

-®- Vehicle (7)
@ CXT717 (20 mg/kg) (9)

Az I1A

b

Dopamine
>
b

(% of baseline)

o
1=
X

(=)

Time (h)

reuptake, degradation or autoreceptor-induced inhibitory
feedback. Interestingly, after 2h of continuous perfusion into
the mPFC, CX717 was indeed able to enhance locally the
extracellular concentration of NA, DA and 5-HT, but not that
of glutamate. In light of previous results [35], our experiments
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30 min 1h

2h

6h 30 min 1h 2h 6h

Fig. 5 Effects of CX717 (CX,
20 mg/kg) and vehicle (Veh) on
the concentration of BDNF (a),
PSD95 (b), pl1 (c), and GluA1
(d) in the mPFC at 30 min, 1 h,
2 h, and 6 h after its intra-
peritoneal administration. Results
expressed as mean + SEM of n=
4-6 rats per group, *p <0.05 at
least, different from the
corresponding vehicle group,
two-tailed Student’s ¢ test
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suggest that elevated swimming and climbing reflects activa-
tion of brain 5-HT and NA systems, respectively, although not
to an extension to be reflected in dialysate levels. Given that
CX717 readily penetrates the brain, it is conceivable that an
opposing mechanism could operate under systemic conditions
or that, alternatively, the antidepressant-like effects of CX717
could be related to changes in monoamines in other brain
area(s). Alternatively, a more parsimonious explanation could
be that, under condition of systemic administration the brain
concentration of CX717 is sufficient for reducing immobility
in the FST, but not for altering prefrontal monoamine trans-
mitters. Further, unlike the perfusion of a full agonist, which
increases the output of 5-HT, DA and glutamate in the mPFC
[8, 49], CX717, increases monoamine, but not glutamate out-
put. We postulate that the increase in prefrontal monoamines
can be accounted for by the stimulation of AMPA receptors
localized to layer V pyramidal neurons that project to
brainstem monoaminergic nuclei. The findings that stimula-
tion of prefrontal cortex projections to brainstem monoamin-
ergic nuclei, evoked antidepressant responses through the ac-
tivation of monoaminergic neurons [8, 50-52] gives support
to our view. Further research is currently underway to exam-
ine the effects of ampakines on the firing rate of serotonergic,
noradrenergic and dopaminergic neurons. There is no infor-
mation about the effects of AMPA receptor antagonists on the
prefrontal release of monoamines elicited by intra-cortical per-
fusion of CX717. However, the AMPA receptor antagonist,
NBQX, attenuated the antidepressant-like action and the in-
crease in 5-HT and glutamate induced by DBS of the
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infralimbic prefrontal cortex [8] and the ampakine-induced
synthesis of BDNF (see below), which again suggests that
CX717 would support a similar mechanism of action.
Moreover, ampakines do not activate the AMPA receptor
without glutamate being bound. Thus, presumably, CX717
would not function with a bound AMPA receptor antagonist.
The absence of increased glutamate release could be respon-
sible for the lack of seizure activity after administration of
CX717 [34]. Although the precise mechanism responsible
for this different effect is not known, it is possible that the
stimulation of AMPA receptors by full agonists is more potent
and effective for evoking glutamate release whereas PAMs
would exert a more efficient utilization of pre-existing synap-
tic glutamate (by keeping the AMPA receptor channel open).

Our results also show that acute CX717 produced a rapid
increase in the expression of BDNF in the mPFC although this
effect lasted only for 1 h. This is coincident to what occurs
with other ampakines [53-55]. The formation of BDNF (a
trophic factor involved in neurogenesis, and synaptic plastic-
ity is one of the well-established molecular changes related to
the onset of antidepressant effects [56, 57]. Interestingly, the
transient increase in BDNF protein synthesis was no longer
present beyond 2 h after CX717 administration, which sug-
gests that intracellular signaling and possibly synaptic plastic-
ity effects were required for the antidepressant response [10,
57, 58]. Since the BDNF-induced proliferation of new-born
neurons and their differentiation into adult mature neurons
requires weeks to promote antidepressant response, we could
likely rule out neurogenesis as being responsible for the
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antidepressant effects of CX717. Instead, we postulate that the
rapid stimulation of AMPA synaptic activity by CX717 would
result in a rapid Ca®* influx and subsequent release of BDNF,
as reported for other ampakines [26, 59]. This would lead to a
depletion of internal BDNF sources with the concomitant in-
duction of its new synthesis. Eventually, the increased synthe-
sis of BDNF protein would activate mTOR signaling and
evoke formation of new synaptic proteins. Indeed, it has been
shown that ampakines stimulate mTOR activation, which in-
duces a rapid stimulation of translation machinery, a process
prevented by an AMPA receptor blocker [59]. Thus, the elab-
oration of new synapses in the prefrontal cortex is likely im-
portant for the behavioral effects observed in the time frame of
the present study. Furthermore, the increase of PSD95 2 h
after CX717 might be indicative of the formation of new syn-
aptic contacts at this time point [60]. CX717 also increased the
concentration of p11 in the mPFC. It has been shown that the
protein p11 (also known as S100A10) plays an important role
in depression as well as in the responses to antidepressant
treatment [61]. Thus, the absence of p11 from birth induced
a depressive-like behavior in mice, an effect abrogated by the
overexpression of pl1 in the nucleus accumbens [62]. Also,
pll is upregulated by antidepressant drugs [63]. It is known
that BDNF stimulates the formation of p11 in primary neuro-
nal cultures [64], and the present work also suggests that the
synthesis of p11 persisted after BNDF returned to basal levels.
On the other hand, p11 has a bidirectional relationship with 5-
HT transmission in that p11 potentiates 5-HT neurotransmis-
sion [61] and 5-HT controls pl1 expression [63, 64]. It is
important to note herein that the expression of p11 is enriched
in prefrontal cortex, DRN, ventral tegmental area and locus
coeruleus [65], thus underscoring the relevance of p11 expres-
sion in the brain circuitry implicated in mood regulation. In
fact, layer V projection pyramidal cells of the mPFC that ex-
press pl1 are particularly responsive to effective antidepres-
sant treatment, and this action requires p11 [66].

Among the four subunits of AMPA receptors, the GluA1
subunit appears to play a role in the response to stress, depres-
sion and neuroplasticity [67]. In fact, membrane expression of
GluAl is found consistently enhanced after chronic antide-
pressant treatment [6, 68] and rapidly after NMDA receptor
antagonists [44, 69]. In the present work, however, CX717 did
not stimulate glutamate release nor did it alter GluA1 synthe-
sis, possibly because only the stimulation of AMPA receptors
by full agonists such as glutamate or (S)-AMPA is able to
elevate the formation of GluA1. Thus, the view that increased
levels of GluAl is a common feature of rapid-acting antide-
pressant drugs [70] does not seem to adhere to the effects of
PAMSs of AMPA receptors. It is possible that CX717 is able to
increase the biological activity of the GluA1 subunit without
changing its level of expression. Further research is needed to
unveil the mechanism(s) responsible for this process.

In summary, CX717 shows future promise as a novel anti-
depressant drug. Our findings suggest a key role of BDNF and
pl1 in the mPFC in the antidepressant-like effects of CX717.
Elevations of prefrontal monoamines might be responsible for
more protracted effects of CX717.
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