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Abstract

N-methyl-D-aspartate receptor (NMDA-R) antagonists and nitric oxide inhibitors have
shown promising efficacy in depression but commonly induce adverse events. To circum-
vent these, a more indirect disruption of the nitric oxide synthase/postsynaptic density pro-
tein 95 kDa complex at the NMDA-R has been proposed. This disruption can be achieved
using small molecule inhibitors such as ZL006, which has attracted attention as ischemic
stroke therapy in rodents and has been proposed as a potential novel treatment for depres-
sion. Based on this, our aim was to translate these findings to animal models of depression
to elucidate antidepressant-like properties in more detail. In the present study, we adminis-
tered ZL0O6 to two established animal models of depression and control rodents. Following
treatment, we measured locomotion in the Open Field and depressive-like behavior in the
Forced Swim Test and Tail Suspension Test. Our experimental designs included the use of
different species (rats, mice), strains (Flinders Sensitive Line rats, Flinders Resistant Line
rats, Wistar Kyoto rats, Wistar Hanover rats, Sprague Dawley rats, B6NTac mice), routes of
administration (intraperitoneal, intracerebroventricular), times of administration (single injec-
tion, repeated injections), treatment regimens (acute, sustained), and doses (5, 10, 15, 50
mg/kg). ZL0O06 did not affect behavior in any of the described settings. On a molecular level,
ZL006 significantly reduced total nitrate/nitrite concentrations in the cerebellum, supporting
that it is capable of reducing nitric oxide metabolites in the brain. Future studies using differ-
ent experimental parameters are needed to further investigate the behavioral profile of
ZL006.
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Introduction

Depression is a devastating psychiatric disorder with a lifetime prevalence of 16% and esti-
mated annual costs of €92 billion in Europe [1-3], and is expected to become the leading cause
of the global disease burden by 2030 [4]. Despite the availability of several classes of antidepres-
sant drugs, current monoamine treatment options are inadequate due to a delayed onset of
action, a high nonresponse rate (> 30%), and severe adverse effects [5, 6]. These findings stress
the urgent need to develop novel therapeutic targets outside the classic monoamine pathway
with high efficacy and low side effect profiles.

Growing evidence highlights the relevance of the glutamatergic system, since administra-
tion of ketamine, a non-selective N-methyl-D-aspartate receptor (NMDA-R) antagonist, led
to rapid, long-lasting improvement in depressed patients [7-10]. However, ketamine exerts
severe side effects, such as psychosis, psychotomimetic effects, and chronic neurotoxic effects,
limiting its use in a clinical environment [9, 11-13]. A more selective agent would ideally
retain ketamine’s antidepressant effects without exhibiting its adverse effects [10]. Nitric oxide
(NO) is a small, highly diffusible gas molecule synthesized from L-arginine by nitric oxide
synthase (NOS) [14, 15]. Activation of the NMDA-R and subsequent Ca®* influx triggers
Ca®"-calmodulin to bind to NOS, which in turn produces NO. The most extensively character-
ized downstream signaling pathway of NO is soluble guanylate cyclase, which catalyzes the
synthesis of cGMP from GTP [15]. Several studies suggested that the L-arginine-NO-cGMP
pathway may mediate the actions of antidepressant agents. For example, the antidepressant
effects of escitalopram [16], duloxetine [17], topiramate [18], and lamotrigine [19] all seem to
depend on inhibition of either NMDA-R or NO-cGMP synthesis. Moreover, several antide-
pressants were shown to inhibit hippocampal NOS activity, which may largely involve
NMDA-R-related mechanisms [20]. A recent study suggested that NO is involved in the anti-
depressant effect of ketamine, as L-arginine pre-treatment prevented the antidepressant action
of ketamine. Furthermore, ketamine was found to reduce cNOS activity in the hippocampus
[21]. Clinical data revealed elevated plasma NO metabolite concentrations in suicidal patients
as well as increased NO production in depressed patients [22]. Correspondingly, decreasing or
blocking NOS activity (and hence NO synthesis) induced antidepressant-like effects in several
animal studies (reviewed in [15, 23]). Despite these promising leads, even selective nNOS
inhibitors exhibit adverse effects [11, 24, 25], excluding sole NOS inhibition as an antidepres-
sant target. Therefore, more targeted downstream mediators of NMDA-Rs and nNOS must be
taken into consideration.

In order to interact with the NMDA-R, nNOS is anchored to the membrane by the scaffold-
ing protein PSD-95, enabling downstream signaling via the carboxy-terminal PDZ ligand of
nNOS [26]. Disruption of this complex specifically prevents NMDA-R signaling coupled to
nNOS, while leaving other functions of both the NMDA-R and nNOS intact. To achieve this,
peptide fragments and small molecule inhibitors have been employed, such as 4-(3,5-Dichloro-
2-hydroxy-benzylamino)-2-hydroxybenzoic acid (ZL006). ZL006 attenuated neurological defi-
cits in ischemic stroke models without inhibiting NMDA-R function, catalytic activity of
nNOS, or spatial memory [27]. While NMDA-R antagonists may impair source memory in
rats, ZL006 did not affect memory or motor function, confirming a more favorable therapeutic
outcome of PSD-95/nNOS disruption [28]. Moreover, it was suggested that ZL006 possesses
antidepressant-like properties in CD-1 mice [11].

However, no study has translated behavioral or molecular effects of PSD-95/nNOS disrup-
tion to an animal model of depression, although such models are indispensable tools for an
advanced understanding of the underlying pathophysiology of the disease and subsequent
treatment strategies. The aim of the present study was therefore to investigate behavioral
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effects of ZL006 in Flinders Sensitive Line (FSL) and Wistar Kyoto rats, both validated genetic
animal models of depression [29-34], and their respective control strains, Flinders Resistant
Line (FRL) and Wistar Hanover rats. In addition, we explored antidepressant-like effects in
Sprague Dawley rats and B6NTac mice.

Materials and methods
Animals

Male Sprague Dawley rats (experiment 1) were purchased from Taconic Bioscience A/S (Ry,
Denmark). Male Wistar Kyoto/Wistar Hanover rats (experiment 6; originally derived from
Charles River, Sulzfeld, Germany) and male Flinders Sensitive Line (FSL)/Flinders Resistant
Line (FRL) rats (experiments 2-3, 5, 7-8; originally derived from the colony at the University
of North Carolina, USA) were taken from the colony maintained at Aarhus University, Den-
mark. All rats (aged 8-13 weeks) weighed 203-457 g (M = 321 g, SD = 53.1) at the start of
experimental procedures and were pair-housed in standard cages (Cage 1291H Eurostandard
Type III H, 425 x 266 x 185 mm, Tecniplast, Italy) at 20 £ 2°C and 60 + 5% relative humidity
on a 12 h light/dark cycle (lights on at 06:00 a.m.). Rats used in experiment 7 were housed

in individual cages after surgery. Male B6NTac mice with a C57BL/6 background (experi-
ment 4, aged 10-12 weeks) were obtained from Taconic Bioscience A/S (Ry, Denmark) and
weighed 21.5-31.6 g (M = 26.24 g, SD = 2.44) at the start of experimental procedures. Mice
were group-housed (n = 6-7 per cage) in standard cages and kept in scantainers on the same
light cycle as rats. Tap water and chow pellets were available to all animals ad libitum; along
with access to a tunnel shelter, nesting material, and a wooden stick. Animals were allowed to
acclimatize for 1 week and were weighed once a week. Rats were additionally handled every
day for at least 3 days prior to behavioral experiments. All experiments were approved by the
Danish Animal Experiments Inspectorate (2012-15-2934-00254) prior to initiation of the
experiments and were conducted in accordance with the European Communities Council
Directive.

Drugs

The small molecule inhibitor ZL006 was obtained from WuXi AppTec (Shanghai, China) and
injected systemically (intraperitoneal (i.p.), experiments 1-6, 8) or centrally (intracerebroven-
tricular (i.c.v.), experiment 7) at different doses. For systemic injections at doses between 5
and 50 mg/kg (based on [11]), ZL006 was dissolved in 0.9% saline at pH 12 before adjusting it
back to physiological levels (pH 7.4). Control animals were injected with saline, which was
pH-adjusted in the same manner. For central infusions at doses of 10-100 pg/5 uL, ZL006 was
dissolved in 35% Dimethyl sulfoxide (DMSO, D5879-1L, Sigma Aldrich, St. Louis, MO, USA)
diluted in saline. Consequently, vehicle for control animals consisted of a mixture of 35%
DMSO in saline. Imipramine hydrochloride (15 mg/kg, i.p.) was obtained from Sigma Aldrich
(Taufkirchen, Germany) and dissolved in saline.

The following drugs were used for the surgical procedures described in experiment 7: fenta-
nyl-fluanisone (Hypnorm, VetaPharma Ltd, Leeds, UK; 0.1 mg/kg fentanyl citrate and 3.3 mg/
kg fluanisone; i.p.), midazolam (Hameln Pharmaceuticals GmbH, Hameln, Germany; 5 mg/
kg; i.p.), lidocaine (FarmaPlus, Oslo, Norway; 10 mg/kg; s.c.), carprofen (Rimadyl, Pfizer Inc.,
NY, USA; acquired from Orion Pharma, Niva, Denmark; 5 mg/kg; s.c.), buprenorphine (Tem-
gesic, RB Pharmaceuticals Ltd, Berkshire, UK; 0.1 mg/kg; s.c.), ampicillin (PharmaCoDane
ApS, Herlev, Denmark; 333 mg/kg; s.c.). All drugs were freshly prepared on the day of the
experiment.

PLOS ONE | https://doi.org/10.1371/journal.pone.0182698  August 3, 2017 3/17


https://doi.org/10.1371/journal.pone.0182698

@° PLOS | ONE

ZL006 and depression

Surgical procedure

Stereotactic surgical procedures were performed under semi-sterile conditions as described
previously [35]. Prior to surgery, rats were anesthetized with fentanyl-fluanisone and midazo-
lam until reflexes were absent. After animals were unresponsive, they were mounted onto a
stereotactic frame (Kopf Instruments, Tojunga, CA, USA) and given carprofen. To numb the
skin, a total volume of 0.15 mL/rat of lidocaine was injected locally. After making the incision,
a flat skull orientation (i.e., bregma and lambda lie in the same coronal plane) was achieved by
setting the incision bar at —3.3 mm. Rats were placed on a heating pad throughout surgery to
ensure a constant body temperature. An i.c.v. guide cannula (21 G, 12 mm length) was inserted
2 mm above the right lateral ventricle (coordinates from bregma: AP: —1.0 mm, ML: -1.6 mm,
DV: -3.0 mm [36]), anchored to the skull with two stainless steel screws and dental acrylic
(GC Corporation, Tokyo, Japan), and closed by a dummy stylet. Immediately following sur-
gery, rats received injections of buprenorphine, ampicillin, and saline (10 mL/kg; s.c.). Ani-
mals, previously pair-housed, were housed singly after surgery, allowed to recover for 7 days
prior to drug infusions, and handled daily for 5 days prior to the testing day to habituate them
to the injection procedure. They were monitored closely (twice daily) in the period between
surgeries and injections to ensure their wellbeing. No additional analgesics were given follow-
ing the carprofen administration after surgery, as no animal showed any signs of distress or
pain in the postsurgical period.

Infusion and verification of cannula placement

On the testing day, rats were randomized to be infused with vehicle (5 pL of a mixture of 35%
DMSO in saline) or ZL006 (experiment 7a: 10 pg/5 pL; experiment 7b: 100 pg/5 pL) dissolved
in 35% DMSO diluted in saline. Injections were performed in conscious rats loosely restrained
by the experimenter as previously experienced during handling. Drugs were slowly infused
through an infusion cannula which extended 1 mm beyond the guide cannula. The injection
rate was 2 pL/min and the cannula remained in place for an additional 30 seconds to allow dif-
fusion. Behavioral testing took place 19-30 min following infusions (time intervals in min;
infusion: 00:00-00:03, OF: 00:22-00:27, FST: 00:28-00:33). The correct placement of the can-
nula was verified via dye injection after decapitation through visual inspection. Animals with
incorrect cannula placement (n = 2) were excluded from further analysis.

Behavioral experiments

All behavioral procedures were performed in specially-equipped rooms within the animal
facility between 08:00 a.m. and 12:00 p.m. Animals were moved into behavioral rooms at least
1 h before testing to allow habituation.

Open field. Locomotion was measured in an open field (OF) arena (100 x 100 x 80 cm,
10 Ix) as previously described [37]. Animals were placed in the center of the square and
allowed to move freely for 5 min. The total distance travelled was recorded by a camera
mounted to the ceiling and scored with specialized software tracking the midpoint of the
rats’ body contour (Noldus Ethovision XT, Wageningen, Netherlands).

Forced Swim Test. To measure depressive-like behavior, the modified Forced Swim Test
(FST) [38] was employed. Rats were placed into a perspex cylinder (height 60 cm, diameter 24
cm) filled with 24 (+ 1°C heated tap water to a height of 40 cm. After 5 min of swimming, rats
were removed from the water, dried with towels and returned to their home cages. Water was
changed after each session. Rat behavior was recorded by a camera positioned in front of the
four tanks. In some experimental conditions, a pretest of 15 min was conducted 24 h before
the test session to accentuate behavioral responses following drug treatment [38, 39]. Three
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distinct parameters were scored by an observer blinded to treatment with a time-sampling
technique, whereby the predominant behavior over each 5-s period of the 300-s test was rated
[39]. Behaviors distinguished were struggling, indicated by vertical climbing movements of the
forepaws, usually against the wall of the swim cylinder and typically breaking the surface of the
water; swimming, with horizontal movements throughout the cylinder (including diving); and
immobility, characterized by a floating upright posture, where the rat only makes small move-
ments to keep its head above the water surface. Struggling is usually categorized as escape-
directed behavior and interpreted as active stress coping behavior, whereas immobility is seen
as passive stress coping behavior and considered to reflect depressive-like symptoms [38].

Tail Suspension Test. To assess depressive-like behavior, mice underwent the Tail Sus-
pension Test (TST) as originally described [40]. Briefly, mice were suspended by their tails
from a horizontal rod using adhesive tape attached approximately 1 cm from the tip of the tail.
To establish baseline immobility, a pre-TST was performed before drug injections, followed by
testing sessions of the same duration (6 min). Two distinct parameters (struggling, immobility)
were scored by an observer blinded to treatment with a time-sampling technique whereby the
predominant behavior over each 5-s period of the 360-s test was rated. Mice were considered
immobile when they hung passively and completely motionless, indicating passive stress cop-
ing behavior. Conversely, motion was scored as struggling, suggesting escape-directed and
antidepressant-like behavior.

Nitrate/Nitrite measurements

To measure nitrate/nitrite concentrations in the cerebellum, we performed an enzyme-linked
immunosorbent assay (ELISA) according to the manufacturer’s instructions (Nitrate/Nitrite
Fluorometric Assay Kit #780051, Cayman Chemical, MI, USA). Upon decapitation, the cere-
bellum was separated from the brain, immediately snap-frozen using pre-cooled isopentane,
and stored at —80°C until further use. Cerebellar tissue was homogenized and prepared as a
4X Wpean/V dilution in 1x PBS + 1:25 proteinase inhibitor cocktail (Roche Diagnostics GmbH,
Mannheim, Germany).

Data analysis

Differences between treatment groups were assessed using a variety of tests, depending on the
experiment. In single-strain experiments, a one-way analysis of variance (ANOVA) test was
performed. In experiments using more than one strain, a two-way ANOVA was carried out.
Multiple within-subject tests were analyzed using repeated-measures ANOVA. If any statisti-
cally significant differences were found following ANOVA, post-hoc comparisons using Bon-
ferroni were performed to determine the direction of significance. Nonsignificant interaction
effects were omitted from the result section. Assumptions of normality and homogeneity of
variances were tested using Shapiro-Wilk test and Levene’s test, respectively, and were met by
all data sets. Data in the figures are depicted as means + standard error of the mean (SEM);
alpha was set at .05. All statistics were performed using IBM SPSS 22.0 (IBM Corp., Armonk,
NY, USA) and GraphPad Prism 5.0 (GraphPad Software Inc., San Diego, CA, USA).

Experimental design

Experiment 1. Dose-dependent systemic effects of ZL006 in Sprague Dawley rats. To
establish the optimal dose of ZL006 in rats, we initially used Sprague Dawley rats, a normal
(i.e., nondepressed) reference rat strain with similar dose responses to FSL rats. Sprague Daw-
ley rats (n = 32) were randomized to receive ZL006 (5, 10, or 50 mg/kg) or vehicle (saline) and
were exposed to a 15-min pre-FST 24 h prior to the testing day. On the testing day, rats were
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injected i.p. with either ZL006 or vehicle. The OF was conducted 50 min post-injection for a
duration of 5 min, followed by the FST performed 60 min post-injection for 5 min. One week
later, rats were again subjected to a 5-min FST session to investigate potential sustained effects.
Dose selections were based on a study indicating that 10 mg/kg of ZL006 had antidepressant-
like properties in mice [11].

Experiment 2a. Acute systemic effects of ZL006 in FSL/FRL rats. To test antidepressant
effects of ZL006 in an animal model of depression, FSL (n = 14) and FRL (n = 14) rats were
randomized to receive ZL006 (15 mg/kg) or vehicle (saline). The dose was based on Experi-
ment 1, showing that 50 mg/kg elicited locomotor effects, which was not the case at 10 mg/kg.
We therefore increased the dose minimally (to 15 mg/kg) to elicit a behavioral response with-
out locomotor effects. Upon i.p. drug administration, rats were tested in the OF (5 min, 50
min post-injection) and FST (5 min, 60 min post-injection). No pre-FST was performed, as
FSL rats show sufficient immobility without pre-exposure [31]. After 24 h, rats were again sub-
jected to a 5-min FST session.

Experiment 2b. Replication of experiment 2a with additional higher dose. FSL (n =24)
and FRL (n = 22) rats were randomized to receive ZL006 (15 or 50 mg/kg) or vehicle (saline).
After i.p. injections, they were tested in the OF (5 min, 50 min post-injection) and the FST
(5 min, 60 min post-injection).

Experiment 3. Sustained systemic effects of ZL006 in FSL/FRL rats. To exclude any
effects of habituation, pre-OF and pre-FST tests were performed in FSL (n = 14) and FRL
(n = 14) rats randomized to ZL006 (15 mg/kg) or vehicle (saline). All rats were exposed to the
OF for 15 min to habituate them to the arena. Immediately afterwards, they underwent a pre-
FST session for 15 min to establish baseline immobility. One hour after the pre-FST, they were
injected i.p. with ZL006 or vehicle. After 24 h and 72 h, they were again subjected to the OF
and FST for 5 min each. This protocol was based on the aforementioned study reporting anti-
depressant effects of ZL006 in mice after habituation to behavioral tests [11].

Experiment 4. Sustained systemic effects of ZL006 in B6NTac mice. This experiment
was conducted to explore the effects of ZL006 in mice (n = 26) receiving ZL006 (10 mg/kg) or
vehicle (saline). Mice were exposed to a 15-min pre-OF to habituate them to the arena. Imme-
diately afterwards, they underwent a 6-min pre-TST to establish baseline immobility. After the
pre-TST, they were injected i.p. with ZL006 or vehicle. After 24 h and 72 h following injections,
they were again subjected to the OF (5 min) and TST (6 min).

Experiment 5. Systemic effects of repeated injections of ZL006 in FSL/FRL rats. To
investigate the effects of repeated injections of ZL006, FSL (n = 20) and FRL (n = 26) rats were
randomized to receive i.p. injections of ZL006 (15 mg/kg), imipramine (serving as a positive
control, 15 mg/kg), or vehicle (saline) at three different time points (24 h, 19 h, and 1 h prior
to the FST [41]). All rats were subjected to a 15-min pre-FST session 24 h prior to the testing
session. Injections were performed immediately after the pre-FST.

Experiment 6. Systemic effects of repeated injections of ZL006 in FSL/FRL and Wistar
Kyoto/Wistar Hanover rats. To investigate the effects of repeated injections of ZL006 in a
different animal model of depression, Wistar Kyoto (n = 16) and Wistar Hanover (n = 8) rats
were randomized to receive i.p. injections of ZL006 (10 mg/kg) or vehicle (saline) at three dif-
ferent time points (24 h, 19 h, and 1 h prior to the FST). All rats were subjected to a 15-min
pre-FST session 24 h prior to the testing session. Injections were performed immediately after
the pre-FST. FSL (n = 16) and FRL (n = 8) rats were included as additional groups and under-
went the same procedure.

Experiment 7a. Central effects of ZL006 in FSL rats. To explore the effects of central
administration compared with systemic administration, FSL (n = 13) and FRL (n = 6) rats
underwent a surgical procedure in which a guide cannula was stereotactically implanted into
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the right lateral ventricle. After a 7-day recovery period, ZL006 (10 pg/5 uL) or vehicle (5 pL
saline), both dissolved in 35% DMSO, were perfused through the guide cannula at a rate of

2 uL/min and were held in place for 30 sec afterwards to allow diffusion. After 19 and 25 min
following infusions, rats underwent a 5-min OF test and a 5-min FST, respectively.

Experiment 7b. Replication of experiment 7a with a 10 x higher dose. To investigate
whether central effects of ZL006 may be dose-dependent, we replicated experiment 7a with
FSL (n =17) and FRL (n = 9) rats receiving a higher dose of ZL006 (100 ug/5 uL); all other
parameters were equal to experiment 7a.

Experiment 8. Cerebellar nitrate/nitrite measurements after repeated ZL006 injections
in FSL rats. To assess the capability of ZL006 to decrease NO metabolites, we analyzed total
nitrate/nitrite and nitrite concentrations in the cerebellum using an ELISA assay. Behaviorally
naive FSL rats (n = 16) were randomized to receive i.p. injections of ZL006 (10 mg/kg) or
vehicle (saline) at three different time points (24 h, 19 h, and 1 h prior to decapitation). After
decapitation, the cerebellum was taken out, immediately snap-frozen in pre-cooled isopentane
and stored at —80°C until further use.

Results
Experiment 1. Dose-dependent systemic effects of ZL006 in Sprague
Dawley rats

Treatment groups significantly differed in the distance travelled in the OF after 1 h (F(3,28) =
5.164, p = .006, one-way ANOVA). Post-hoc analysis revealed that rats receiving 50 mg/kg
Z1.006 moved significantly less compared with vehicle (p = .017; Fig 1A). After 1 week, this
effect was present in all ZL006-treated rats (p’s < .05). There were no significant effects in the
EST (p’s > .05, two-way mixed ANOVA; Fig 1B).

3 Vehicle
C3J 2006 (5 mg/kg)
3 ZL006 (10 mg/kg)

A B
5000 200- @@ 71006 (50 mg/kg)
T 2
G, 4000- % 150,
2 # o)
2 3000+ =
£ E 100-
§ 2000- §_
S » 504
% 1000 e
: £
0 0-
1h 1 wk 1h 1 wk

Fig 1. Dose-dependent systemic effects in Sprague Dawley rats 1 h and 1 week after injection of vehicle or ZL006 (5, 10, 50 mg/
kg). A: Locomotion during a 5-min Open Field session. After 1 h, animals receiving 50 mg/kg ZL006 moved significantly less compared
with those treated with vehicle. After 1 week, this effect was present in all ZLO06-injected rats; #: p < .05 compared with respective
vehicle; n = 6-8/group. B: Immobility during a 5-min Forced Swim Test session. There were no significant strain or treatment effects, p's >
.05; n = 6-8/group. Values are expressed as means + SEM and were analyzed using one-way ANOVAs followed by Bonferroni post-hoc
tests.

https://doi.org/10.1371/journal.pone.0182698.9001
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Fig 2. Acute systemic effects in Flinders Sensitive/Resistant Line rats 1 h after injection of vehicle or ZL006 (15 mg/kg (B); 15-50 mg/kg
(C)). A: Locomotion during a 5-min Open Field session. A significant strain difference indicated that FSL rats moved a greater total distance than FRL
rats; **: p <.005; n = 7/group. B: Immobility during a 5-min Forced Swim Test session. A significant strain difference indicated that FSL rats were
more immobile than FRL rats; ***: p <.001; n = 7/group. C: Replication of B with the inclusion of an additional dose (50 mg/kg). A significant strain
difference indicated that FSL rats were more immobile than FRL rats; ***: p < .001; n = 6-8. Values represent means + SEM and were analyzed
using two-way ANOVAs followed by pairwise comparisons.

https://doi.org/10.1371/journal.pone.0182698.9002

Experiment 2a. Acute systemic effects of ZL006 in FSL/FRL rats

There was a significant strain effect in the OF 1 h after injection (F(1, 24) = 9.715, p = .005,
two-way ANOVA; Fig 2A), in that FSL rats moved more than FRL rats. Treatment did not
significantly affect locomotion. In the FST, FSL rats showed significantly greater immobility
than FRL rats (F(1, 24) = 47.31, p < .001, two-way ANOVA; Fig 2B). Struggling and swim-
ming data showed the same pattern with main effects of strain but no significant treatment
or interaction effects (p’s > .05). Retesting the animals after 24 h yielded the same results as
described after 1 h.

Experiment 2b. Replication of experiment 2a with additional higher dose

In the OF, FSL rats moved a greater distance than FRL rats (F(1,40) = 26.824, p < .001, two-
way ANOVA). In the FST, FSL rats were more immobile than FRL rats (F(1, 40) = 27.590,

p < .001, two-way ANOVA; Fig 2C). There were no significant treatment effects in either test
(p’s > .05).

Experiment 3. Sustained systemic effects of ZL006 in FSL/FRL rats

There were no strain or treatment effects in the OF after 24 or 72 h (p5 > .05, two-way
ANOVA). In the FST, there was a Time x Strain interaction (F(2,40) = 4.928, p = .012, three-
way mixed ANOVA). Pairwise comparisons showed that FSLs were more immobile 72 h after
injections compared with the pretest (p = .022; Fig 3A), which was not the case for FRL rats

(p > .05). As expected, mean immobility scores in the FST were higher in FSL than in FRL rats
(F(1,20) = 27.343, p < .001, three-way mixed ANOVA). No significant treatment effects were
found (p’s > .05).

Experiment 4. Sustained systemic effects of ZL006 in B6NTac mice

Locomotion in the OF did not differ between treatment groups (p > .05, one-way
ANOVA). In the TST, two mice in the vehicle group were removed from further analysis
after video inspection because they climbed their tails for more than 5% of the time period
analyzed. There were no significant treatment effects (p’s > .05, two-way mixed ANOVA;
Fig 3B).
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Fig 3. Sustained effects of ZL006 in Flinders Sensitive Line rats and B6NTac mice. A: Immobility of Flinders Sensitive Line rats in
the Forced Swim Test at baseline (15 min pretest) and at 5-min test sessions 24 h and 72 h after injection of vehicle or ZL006 (15 mg/
kg). Rats were more immobile 72 h after injections; &: p < .05 compared with the pretest; n = 7/group. B: Immobility of BENTac mice in
6-min Tail Suspension Test sessions at baseline (pretest) and 24 h and 72 h after injection of vehicle or ZL006 (10 mg/kg); n=11-13/
group. Values are expressed as means + SEM and were analyzed using a three-way mixed ANOVA (A) and one-way ANOVA (B)
followed by pairwise comparisons.

https://doi.org/10.1371/journal.pone.0182698.9003

Experiment 5. Systemic effects of repeated injections of ZL006 in FSL/
FRL rats

FSL rats moved a greater distance in the OF than FRL rats (F(2, 45) = 3.86, p = .028, two-way
ANOVA). Moreover, FSL rats treated with imipramine showed decreased locomotion com-
pared with vehicle (F(2, 45) = 4.37, p = .018, two-way ANOVA). In the FST, FSL rats were
more immobile than FRL rats (F(1, 40) = 35.924, p < .001, two-way ANOVA; Fig 4A). More-
over, there was a main effect of treatment (F(2, 40) = 6.521, p = .004), in that imipramine
significantly reduced immobility time (p = .048, Bonferroni correction). There were no signifi-
cant effects of ZL006 in either test (p’s > .05).

Experiment 6. Systemic effects of repeated injections of ZL006 in FSL/
FRL and Wistar Kyoto/Wistar Hanover rats

Two separate one-way ANOVAs were performed in FSL/FRL rats and Wistar Kyoto/Wistar
Hanover rats. In the OF, vehicle-treated FSL rats moved more than FRL rats (F(1, 14) = 11.346,
p =.005), and vehicle-treated Wistar Kyoto rats moved less than Wistar Hanover rats (F(1, 14) =
32.258, p < .001). In the FST, vehicle-treated FSL rats were more immobile than FRL rats (F(1,
14) = 19.198, p = .001), and vehicle-treated Wistar Kyoto rats were more immobile than Wistar
Hanover rats (F(1, 14) = 14.447, p = .002; Fig 4B). There were no significant treatment effects in
either test (p’s > .05).

Experiment 7a. Central effects of ZL006 in FSL rats

Two animals were excluded from further analysis due to incorrect placement of the cannula
and bending of the cannula in the cage. In the OF, vehicle-treated FSL rats moved more than
FRL rats (F(1, 9) = 6.579, p = .030, one-way ANOVA). In the FST, vehicle-treated FSL rats
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Fig 4. Systemic effects of repeated injections of ZL006 in Flinders Sensitive/Resistant Line and Wistar Kyoto/Wistar Hanover
rats. A: Effects of ZL006 in FSL/FRL rats in a 5-min Forced Swim Test session after repeated injections (24 h, 19 h, 1 h prior to the FST)
of vehicle, ZL006 (15 mg/kg), or imipramine (15 mg/kg). A significant strain difference indicated that FSL rats were more immobile than
FRL rats; ***: p < .001. Moreover, imipramine-treated FSL rats were significantly less immobile than vehicle-treated FSL rats; #: p < .05;
n = 6—10/group. B: Effects of ZL006 in FSL, FRL, Wistar Kyoto (WKY), and Wistar Hanover rats (WH) after repeated injections (24 h, 19
h, 1 h prior to the FST) of vehicle or ZL006 (10 mg/kg). When comparing vehicle-treated rats, FSL rats were more immobile than FRL rats,
and Wistar Kyoto rats were more immobile than Wistar Hanover rats; **: p < .005; ***: p < .001; n = 8/group. Values are expressed as
means + SEM and were analyzed using a two-way ANOVA (A) and two separate one-way ANOVAs (B) followed by pairwise
comparisons.

https://doi.org/10.1371/journal.pone.0182698.g004

were more immobile than FRL rats (F(1, 9) = 17.185, p = .003, one-way ANOVA; Fig 5A).
There were no significant effects of treatment (p’s > .05).

Experiment 7b. Replication of experiment 7a with a 10 x higher dose

One FRL rat was excluded from the analysis due to bending of the needle. Vehicle-treated FSL
rats moved more in the OF than FRL rats (F(1, 14) = 12.518, p = .003, one-way ANOVA), but
there was no significant treatment effect. There were no strain or treatment effects in the FST
(p’s > .05; Fig 5B).

Experiment 8. Cerebellar nitrate/nitrite measurements after repeated
ZL0O06 injections in FSL rats

Rats treated with ZL006 showed decreased total nitrate/nitrite levels compared with vehicle,
(F(1, 15) = 6.804, p = .021, one-way ANOVA; Fig 6A). Nitrite levels were unchanged between
treatment groups (p > .05; Fig 6B). Calculating nitrate levels ([total nitrate/nitrite]-nitrite)
showed decreased nitrate levels in ZL006-treated rats (F(1, 15) = 5.807, p = .03; Fig 6C).

Discussion

The present study did not find evidence for behavioral effects of ZL006 in two animal models
of depression or control rodents, using different species, strains, routes of administration,
times of administration, treatment regimens, and doses. Modulating glutamatergic neuro-
transmission with an NMDA-R antagonist like ketamine was previously found to have antide-
pressant-like properties in both rodents and humans [8, 42] but is not devoid of adverse effects
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Fig 5. Central effects of ZL006 in Flinders Sensitive/Resistant Line rats. A: Immobility of Flinders Resistant Line (only received
vehicle) and Flinders Sensitive Line rats during a 5-min FST session 25 min following infusion of vehicle or ZL006 (10 pg/5 pL) at a rate
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n = 8-9/group. Values represent means + SEM and were analyzed using one-way ANOVAs followed by pairwise comparisons.

https://doi.org/10.1371/journal.pone.0182698.9005

[43]. We therefore took a more targeted approach by uncoupling nNOS from the scaffolding
protein PSD-95, which may circumvent adverse events likely resulting from upstream target-
ing. Our study was based on previous work in mice [11], but no studies have addressed behav-
ioral consequences of ZL006 in an animal model of depression.

We observed no acute behavioral effects (1 h after administration) of ZL006, which is in
line with previous work [11]. Although the authors showed sustained effects after 24 h and 72
h, they did not report acute effects of ZL006. When they tested acute antidepressant-like effects
of a structurally related compound (IC87201) in the TST after 1 h, no behavioral effects were
visible, suggesting that small molecule inhibitors may substantially differ from the rapid-acting
antidepressant effects of ketamine. In contrast with the previous study, our data did not con-
firm the reported sustained effects after 24 and 72 h. However, it should be noted that the
authors only tested the effects of ZL006 in the TST, but not in the FST. Our study focused on
the FST (except for experiment 4), since the TST can only be performed in mice. This may
partly explain heterogeneous findings, since several studies reported marked differences

B c
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Fig 6. Cerebellar nitrate/nitrite measurements after repeated ZL006 (10 mg/kg) injections (24 h, 19 h, and 1 h prior to decapitation) in
Flinders Sensitive Line rats. A: Total nitrate/nitrite concentrations were decreased in rats treated with ZL0O06 compared to vehicle, *: p < .05. B:
Nitrite concentrations were unchanged between treatment groups, p > .05. C: Nitrate concentrations ([total nitrate/nitrite]-nitrite) were decreased
in ZLOO6-treated rats, *: p < .05; n = 8/group. Values represent means + SEM and were analyzed using one-way ANOVAs.

https://doi.org/10.1371/journal.pone.0182698.g006
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between the two tests. Chatterjee et al. [44] found that acute single-dose injections of ketamine
in mice increased the immobility duration in the TST but not FST, indicating enhanced sensi-
tivity of the TST. Studies by Cryan et al. [45] and others [46] confirmed that FST and TST dif-
fer in terms of their response to drugs, in that the TST appears more sensitive. When the
previous study [11] administered the related compound IC87201 and tested its effects in the
FST, they did not find any acute behavioral effects either, which may lend partial support for
our findings.

This study provides the first data on behavioral consequences of ZL006 in the FST, and is
the first to test the compound in rats, hindering a direct comparison with previous studies.
Rats and mice were previously shown to differ in cytochrome metabolism enzymes, which are
essential for metabolizing the NMDA-R antagonist ketamine and may thus also be relevant for
downstream NMDA-R inhibitors [47, 48]. In experiment 4, we administered ZL006 to mice,
but did not yield the same results as the previous study. This may be due to a different strain
used (inbred B6NTac mice with a C57BL/6 background vs. outbred CD-1 mice), although
both strains are “normal” mice not exhibiting enhanced baseline immobility. Nevertheless, key
mechanisms related to depression such as hippocampal cell proliferation and brain-derived
neurotrophic factor (BDNF) expression levels were shown to differ between the two strains
[49], potentially indicating important interstrain differences.

Importantly, we confirmed that ZL006 did not show any locomotor effects in rats at doses
up to 15 mg/kg, which is in line with the aforementioned study. To our knowledge, this is the
first study comparing central (i.c.v.) and systemic (i.p.) administration of ZL006. The majority
of our experiments were conducted using systemic injections, as ZL006 was previously shown
to readily cross the blood-brain barrier after systemic injection [50]. However, a recent paper
reported low permeability of ZL006 through the blood-brain barrier [51]. To exclude any
route-dependent mechanisms due to drug metabolism, we infused ZL006 centrally using two
different doses, but did not see any differences compared with systemic administration. For
comparative purposes, we included the tricyclic antidepressant imipramine as a positive con-
trol. As expected, imipramine reduced immobility of FSL rats in the FST, supporting the valid-
ity of our study results.

Z1.006 was previously shown to suppress NMDA-stimulated cyclic guanosine monophos-
phate formation, indicative of decreased NO production [28]. To verify that ZL006 is capable
of decreasing NO metabolite concentrations in the brain, we measured total nitrate/nitrite
concentrations in the cerebellum. Nitrate/nitrite tissue concentrations were demonstrated to
correlate closely with NOS activity in various brain regions [52]. The cerebellum was chosen
because it produces the highest concentrations of NO within the brain [53]. While it might
seem interesting to measure nitrate levels in limbic areas of the brain, previous studies showed
that administration of NOS inhibitors produced a similar inhibition of NOS across various
brain regions [52, 54]. It is therefore unlikely that nitrate/nitrite measurements in the hippo-
campus or prefrontal cortex would substantially differ from our results. We found that ZL006
reduced total cerebellar nitrate/nitrite concentrations compared with vehicle, which was
mainly due to decreased nitrate. This finding suggests that ZL006 was able to modify NO
metabolites in the brain, which strengthens the relevance of our findings. However, this
decrease or the overall decrease in the whole brain may not have been large enough to elicit a
behavioral effect or may precede a clinical behavioral manifestation.

Some limitations of this study deserve mentioning. First, while we did explore sustained
effects after 24 h, 72 h, and 1 week, the study design could be improved by including separate
groups for each time point to avoid carryover effects from previous swim sessions. Second,
chronic treatment with ZL006 may reveal different effects, although repeated injections in our
study did not affect immobility. While more than three injections may be deemed necessary to
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obtain an antidepressant effect, the need of chronic treatment would considerably contradict
the concept of downstream NMDA mediators as rapid-onset antidepressants. Third, our study
was not designed to enable a direct comparison between parameters, e.g. with regard to the
effects of pre-swimming on acute vs. sustained effects of the drug. However, collectively, these
individual experiments support the same conclusion, i.e., a lack of behavioral findings. Never-
theless, the list of parameters is not exhaustive, and further studies may show different results
using different experimental designs, e.g., different animal models, behavioral tests, doses etc.,
which is beyond the scope of the current work.

The exact molecular mechanisms of the small molecule inhibitors ZL006 and IC87201
remain unclear. Previous studies largely ascribed the pharmacological effects of ZL006 to inhi-
bition of the PSD-95/nNOS interaction [11, 27, 28, 55-60], in that ZL006 specifically binds to
the extended nNOS-PDZ domain at the B-finger, thus preventing interaction with PSD-95
[61]. However, a recent study casted doubt on that explanation, as the authors found that nei-
ther ZL006 nor IC87201 interacted with the PDZ domains of nNOS or PSD-95, or inhibited
the nNOS-PSD-95 interaction through the p-finger of nNOS-PDZ [61]. This is in contrast
with the original study proposed by Zhou et al. [50] and challenges the viewpoint of small mol-
ecule inhibitors downstream of the NMDA-R. The consequences of this finding need to be fur-
ther addressed in future studies, but could partly explain our results.

Finally, we cannot exclude any antidepressant properties of ZL006 in other experimental
conditions, and encourage other researchers to use our study as a starting point for further
investigating the properties of ZL006 with regard to psychiatric disorders.

Supporting information

S1 Dataset. Raw dataset for Fig 1.
(XLSX)

$2 Dataset. Raw dataset for Fig 2.
(XLSX)

$3 Dataset. Raw dataset for Fig 3.
(XLSX)

$4 Dataset. Raw dataset for Fig 4.
(XLSX)

S5 Dataset. Raw dataset for Fig 5.
(XLSX)

$6 Dataset. Raw dataset for Fig 6.
(XLSX)

Acknowledgments

We are grateful to Prof. Andrew Harkin (Trinity College Dublin, Ireland) for his valuable
comments. We also thank Anne Boisen and Anders Solitander Bohlbro for running the
nitrate/nitrite kit.

Author Contributions
Conceptualization: Sandra Tillmann, Vitor Silva Pereira, Gregers Wegener.

Funding acquisition: Gregers Wegener.

PLOS ONE | https://doi.org/10.1371/journal.pone.0182698  August 3, 2017 13/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0182698.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0182698.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0182698.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0182698.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0182698.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0182698.s006
https://doi.org/10.1371/journal.pone.0182698

@° PLOS | ONE

ZL006 and depression

Investigation: Sandra Tillmann, Vitor Silva Pereira, Nico Liebenberg, Anne Karina

Christensen.

Project administration: Sandra Tillmann, Gregers Wegener.

Resources: Gregers Wegener.

Supervision: Gregers Wegener.

Writing - original draft: Sandra Tillmann.

Writing - review & editing: Sandra Tillmann, Vitor Silva Pereira, Gregers Wegener.

References

1.

10.

11.

12

13.

14.

15.

Kessler RC, Berglund P, Demler O, Jin R, Koretz D, Merikangas KR, et al. The epidemiology of major
depressive disorder: results from the National Comorbidity Survey Replication (NCS-R). Jama. 2003;
289(283):3095—-105. Epub 2003/06/19. https://doi.org/10.1001/jama.289.23.3095 PMID: 12813115.

Gustavsson A, Svensson M, Jacobi F, Allgulander C, Alonso J, Beghi E, et al. Cost of disorders of the
brain in Europe 2010. European neuropsychopharmacology: the journal of the European College of
Neuropsychopharmacology. 2011; 21(10):718-79. Epub 2011/09/20. https://doi.org/10.1016/j.
euroneuro.2011.08.008 PMID: 21924589.

Olesen J, Gustavsson A, Svensson M, Wittchen HU, Jonsson B. The economic cost of brain disorders
in Europe. Eur J Neurol. 2012; 19(1):155-62. Epub 2011/12/20. https://doi.org/10.1111/j.1468-1331.
2011.03590.x PMID: 22175760.

World Health Organization. The global burden of disease: 2004 update Geneva, Switzerland2008 [cited
2016 19-02-2016]. http://www.who.int/healthinfo/global_burden_disease/GBD_report_2004update_
full.pdf?ua=1.

Thase ME, Entsuah AR, Rudolph RL. Remission rates during treatment with venlafaxine or selective
serotonin reuptake inhibitors. The British journal of psychiatry: the journal of mental science. 2001;
178:234—-41. Epub 2001/03/07. PMID: 11230034.

Rosenzweig-Lipson S, Beyer CE, Hughes ZA, Khawaja X, Rajarao SJ, Malberg JE, et al. Differentiating
antidepressants of the future: efficacy and safety. Pharmacol Ther. 2007; 113(1):134-53. Epub 2006/
10/03. https://doi.org/10.1016/j.pharmthera.2006.07.002 PMID: 17010443.

Sanacora G, Zarate CA, Krystal JH, Manji HK. Targeting the glutamatergic system to develop novel,
improved therapeutics for mood disorders. Nat Rev Drug Discov. 2008; 7(5):426—37. Epub 2008/04/22.
https://doi.org/10.1038/nrd2462 PMID: 18425072;

Berman RM, Cappiello A, Anand A, Oren DA, Heninger GR, Charney DS, et al. Antidepressant effects
of ketamine in depressed patients. Biological psychiatry. 2000; 47(4):351—4. Epub 2000/02/25. PMID:
10686270.

Zarate CA Jr, Singh JB, Quiroz JA, De Jesus G, Denicoff KK, Luckenbaugh DA, et al. A double-blind,
placebo-controlled study of memantine in the treatment of major depression. The American journal of
psychiatry. 2006; 163(1):153-5. Epub 2006/01/05. https://doi.org/10.1176/appi.ajp.163.1.153 PMID:
16390905.

Duman RS. Pathophysiology of depression and innovative treatments: remodeling glutamatergic syn-
aptic connections. Dialogues Clin Neurosci. 2014; 16(1):11-27. Epub 2014/04/16. PMID: 24733968;

Doucet MV, Levine H, Dev KK, Harkin A. Small-molecule inhibitors at the PSD-95/nNOS interface have
antidepressant-like properties in mice. Neuropsychopharmacology: official publication of the American
College of Neuropsychopharmacology. 2013; 38(8):1575-84. Epub 2013/03/01. https://doi.org/10.
1038/npp.2013.57 PMID: 23446451;

Edward Roberts R, Curran HV, Friston KJ, Morgan CJ. Abnormalities in white matter microstructure
associated with chronic ketamine use. Neuropsychopharmacology: official publication of the American
College of Neuropsychopharmacology. 2014; 39(2):329-38. Epub 2013/08/10. https://doi.org/10.1038/
npp.2013.195 PMID: 23929545;

Wang C, Zheng D, Xu J, Lam W, Yew DT. Brain damages in ketamine addicts as revealed by magnetic
resonance imaging. Front Neuroanat. 2013; 7:23. Epub 2013/07/25. https://doi.org/10.3389/fnana.
2013.00023 PMID: 23882190;

Alderton WK, Cooper CE, Knowles RG. Nitric oxide synthases: structure, function and inhibition. Bio-
chem J. 2001; 357(Pt 3):593-615. Epub 2001/07/21. PMID: 11463332;

Wegener G, Volke V. Nitric Oxide Synthase Inhibitors as Antidepressants. Pharmaceuticals. 2010; 3
(1):273-99. https://doi.org/10.3390/ph3010273 PMID: 27713253

PLOS ONE | https://doi.org/10.1371/journal.pone.0182698  August 3, 2017 14/17


https://doi.org/10.1001/jama.289.23.3095
http://www.ncbi.nlm.nih.gov/pubmed/12813115
https://doi.org/10.1016/j.euroneuro.2011.08.008
https://doi.org/10.1016/j.euroneuro.2011.08.008
http://www.ncbi.nlm.nih.gov/pubmed/21924589
https://doi.org/10.1111/j.1468-1331.2011.03590.x
https://doi.org/10.1111/j.1468-1331.2011.03590.x
http://www.ncbi.nlm.nih.gov/pubmed/22175760
http://www.who.int/healthinfo/global_burden_disease/GBD_report_2004update_full.pdf?ua=1
http://www.who.int/healthinfo/global_burden_disease/GBD_report_2004update_full.pdf?ua=1
http://www.ncbi.nlm.nih.gov/pubmed/11230034
https://doi.org/10.1016/j.pharmthera.2006.07.002
http://www.ncbi.nlm.nih.gov/pubmed/17010443
https://doi.org/10.1038/nrd2462
http://www.ncbi.nlm.nih.gov/pubmed/18425072
http://www.ncbi.nlm.nih.gov/pubmed/10686270
https://doi.org/10.1176/appi.ajp.163.1.153
http://www.ncbi.nlm.nih.gov/pubmed/16390905
http://www.ncbi.nlm.nih.gov/pubmed/24733968
https://doi.org/10.1038/npp.2013.57
https://doi.org/10.1038/npp.2013.57
http://www.ncbi.nlm.nih.gov/pubmed/23446451
https://doi.org/10.1038/npp.2013.195
https://doi.org/10.1038/npp.2013.195
http://www.ncbi.nlm.nih.gov/pubmed/23929545
https://doi.org/10.3389/fnana.2013.00023
https://doi.org/10.3389/fnana.2013.00023
http://www.ncbi.nlm.nih.gov/pubmed/23882190
http://www.ncbi.nlm.nih.gov/pubmed/11463332
https://doi.org/10.3390/ph3010273
http://www.ncbi.nlm.nih.gov/pubmed/27713253
https://doi.org/10.1371/journal.pone.0182698

@° PLOS | ONE

ZL006 and depression

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Zomkowski AD, Engel D, Gabilan NH, Rodrigues AL. Involvement of NMDA receptors and L-arginine-
nitric oxide-cyclic guanosine monophosphate pathway in the antidepressant-like effects of escitalopram
in the forced swimming test. European neuropsychopharmacology: the journal of the European College
of Neuropsychopharmacology. 2010; 20(11):793-801. Epub 2010/09/03. https://doi.org/10.1016/j.
euroneuro.2010.07.011 PMID: 20810255.

Zomkowski AD, Engel D, Cunha MP, Gabilan NH, Rodrigues AL. The role of the NMDA receptors and I-
arginine-nitric oxide-cyclic guanosine monophosphate pathway in the antidepressant-like effect of
duloxetine in the forced swimming test. Pharmacology, biochemistry, and behavior. 2012; 103(2):408—
17. Epub 2012/09/27. https://doi.org/10.1016/j.pbb.2012.09.011 PMID: 23010381.

Ostadhadi S, Khan MI, Norouzi-Javidan A, Chamanara M, Jazaeri F, Zolfaghari S, et al. Involvement of
NMDA receptors and L-arginine/nitric oxide/cyclic guanosine monophosphate pathway in the antide-
pressant-like effects of topiramate in mice forced swimming test. Brain research bulletin. 2016; 122:62—
70. Epub 2016/03/19. https://doi.org/10.1016/j.brainresbull.2016.03.004 PMID: 26988103.

Ostadhadi S, Ahangari M, Nikoui V, Norouzi-Javidan A, Zolfaghari S, Jazaeri F, et al. Pharmacological
evidence for the involvement of the NMDA receptor and nitric oxide pathway in the antidepressant-like
effect of lamotrigine in the mouse forced swimming test. Biomedicine & pharmacotherapy = Biomede-
cine & pharmacotherapie. 2016; 82:713-21. Epub 2016/07/30. https://doi.org/10.1016/j.biopha.2016.

05.035 PMID: 27470415.

Wegener G, Joca SRL. Nitric Oxide Signaling in Depression and Antidepressant Action. In: Lépez-
Mufioz F, Srinivasan V, de Berardis D, Alamo C, Kato TA, editors. Melatonin, Neuroprotective Agents
and Antidepressant Therapy. New Delhi: Springer India; 2016. p. 765-92.

Liebenberg N, Joca S, Wegener G. Nitric oxide involvement in the antidepressant-like effect of ketamine
in the Flinders sensitive line rat model of depression. Acta Neuropsychiatr. 2015; 27(2):90-6. Epub
2014/12/11. https://doi.org/10.1017/neu.2014.39 PMID: 25491110.

Suzuki E, Yagi G, Nakaki T, Kanba S, Asai M. Elevated plasma nitrate levels in depressive states. Jour-
nal of affective disorders. 2001; 63(1-3):221-4. Epub 2001/03/14. PMID: 11246099.

Dhir A, Kulkarni SK. Nitric oxide and major depression. Nitric Oxide. 2011; 24(3):125-31. Epub 2011/
02/22. https://doi.org/10.1016/j.niox.2011.02.002 PMID: 21335097.

Mutlu O, Ulak G, Laugeray A, Belzung C. Effects of neuronal and inducible NOS inhibitor 1-[2-(trifluoro-
methyl) phenyl] imidazole (TRIM) in unpredictable chronic mild stress procedure in mice. Pharmacol-
ogy, biochemistry, and behavior. 2009; 92(1):82—7. Epub 2008/11/22. https://doi.org/10.1016/j.pbb.
2008.10.013 PMID: 19022280.

Ulak G, Mutlu O, Tanyeri P, Komsuoglu Fl, Akar FY, Erden BF. Involvement of serotonin receptor sub-
types in the antidepressant-like effect of TRIM in the rat forced swimming test. Pharmacology, biochem-
istry, and behavior. 2010; 95(3):308—14. Epub 2010/02/23. https://doi.org/10.1016/j.pbb.2010.02.006
PMID: 20171242.

Jaffrey SR, Snowman AM, Eliasson MJ, Cohen NA, Snyder SH. CAPON: a protein associated with neu-
ronal nitric oxide synthase that regulates its interactions with PSD95. Neuron. 1998; 20(1):115-24.
Epub 1998/02/12. PMID: 9459447.

ZhouL, Li F, Xu HB, Luo CX, Wu HY, Zhu MM, et al. Treatment of cerebral ischemia by disrupting ische-
mia-induced interaction of NNOS with PSD-95. Nature medicine. 2010; 16(12):1439—-43. Epub 2010/11/
26. https://doi.org/10.1038/nm.2245 PMID: 21102461.

Smith AE, Xu Z, Lai YY, Kulkarni PM, Thakur GA, Hohmann AG, et al. Source memory in rats is
impaired by an NMDA receptor antagonist but not by PSD95-nNOS protein-protein interaction inhibi-
tors. Behavioural brain research. 2016; 305:23-9. Epub 2016/02/26. https://doi.org/10.1016/j.bbr.2016.
02.021 PMID: 26909849;

Overstreet DH. The Flinders sensitive line rats: a genetic animal model of depression. Neuroscience
and biobehavioral reviews. 1993; 17(1):51-68. Epub 1993/01/01. PMID: 8455816.

Overstreet DH, Friedman E, Mathe AA, Yadid G. The Flinders Sensitive Line rat: a selectively bred
putative animal model of depression. Neuroscience and biobehavioral reviews. 2005; 29(4-5):739-59.
Epub 2005/06/01. https://doi.org/10.1016/j.neubiorev.2005.03.015 PMID: 15925699.

Overstreet DH, Wegener G. The flinders sensitive line rat model of depression—25 years and still pro-
ducing. Pharmacological reviews. 2013; 65(1):143-55. Epub 2013/01/16. https://doi.org/10.1124/pr.
111.005397 PMID: 23319547.

Will CC, Aird F, Redei EE. Selectively bred Wistar-Kyoto rats: an animal model of depression and
hyper-responsiveness to antidepressants. Molecular psychiatry. 2003; 8(11):925-32. Epub 2003/11/
01. https://doi.org/10.1038/sj.mp.4001345 PMID: 14593430.

Griebel G, Cohen C, Perrault G, Sanger DJ. Behavioral effects of acute and chronic fluoxetine in Wis-
tar-Kyoto rats. Physiology & behavior. 1999; 67(3):315-20. Epub 1999/09/25. PMID: 10497947.

PLOS ONE | https://doi.org/10.1371/journal.pone.0182698  August 3, 2017 15/17


https://doi.org/10.1016/j.euroneuro.2010.07.011
https://doi.org/10.1016/j.euroneuro.2010.07.011
http://www.ncbi.nlm.nih.gov/pubmed/20810255
https://doi.org/10.1016/j.pbb.2012.09.011
http://www.ncbi.nlm.nih.gov/pubmed/23010381
https://doi.org/10.1016/j.brainresbull.2016.03.004
http://www.ncbi.nlm.nih.gov/pubmed/26988103
https://doi.org/10.1016/j.biopha.2016.05.035
https://doi.org/10.1016/j.biopha.2016.05.035
http://www.ncbi.nlm.nih.gov/pubmed/27470415
https://doi.org/10.1017/neu.2014.39
http://www.ncbi.nlm.nih.gov/pubmed/25491110
http://www.ncbi.nlm.nih.gov/pubmed/11246099
https://doi.org/10.1016/j.niox.2011.02.002
http://www.ncbi.nlm.nih.gov/pubmed/21335097
https://doi.org/10.1016/j.pbb.2008.10.013
https://doi.org/10.1016/j.pbb.2008.10.013
http://www.ncbi.nlm.nih.gov/pubmed/19022280
https://doi.org/10.1016/j.pbb.2010.02.006
http://www.ncbi.nlm.nih.gov/pubmed/20171242
http://www.ncbi.nlm.nih.gov/pubmed/9459447
https://doi.org/10.1038/nm.2245
http://www.ncbi.nlm.nih.gov/pubmed/21102461
https://doi.org/10.1016/j.bbr.2016.02.021
https://doi.org/10.1016/j.bbr.2016.02.021
http://www.ncbi.nlm.nih.gov/pubmed/26909849
http://www.ncbi.nlm.nih.gov/pubmed/8455816
https://doi.org/10.1016/j.neubiorev.2005.03.015
http://www.ncbi.nlm.nih.gov/pubmed/15925699
https://doi.org/10.1124/pr.111.005397
https://doi.org/10.1124/pr.111.005397
http://www.ncbi.nlm.nih.gov/pubmed/23319547
https://doi.org/10.1038/sj.mp.4001345
http://www.ncbi.nlm.nih.gov/pubmed/14593430
http://www.ncbi.nlm.nih.gov/pubmed/10497947
https://doi.org/10.1371/journal.pone.0182698

@° PLOS | ONE

ZL006 and depression

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Lahmame A, del Arco C, Pazos A, Yritia M, Armario A. Are Wistar-Kyoto rats a genetic animal model of
depression resistant to antidepressants? European journal of pharmacology. 1997; 337(2-3):115-23.
Epub 1998/01/16. PMID: 9430405.

DeVos SL, Miller TM. Direct intraventricular delivery of drugs to the rodent central nervous system.
Journal of visualized experiments: JoVE. 2013;(75):€50326. Epub 2013/05/29. https://doi.org/10.3791/
50326 PMID: 23712122;

Paxinos G, Watson C. The Rat Brain in Stereotaxic Coordinates. Sixth Edition: Hard Cover Edition ed:
Academic Press; 2007.

Gould T, Dao D, Kovacsics C. The Open Field Test. In: Gould TD, editor. Mood and Anxiety Related
Phenotypes in Mice. Neuromethods. 42: Humana Press; 2009. p. 1-20.

Lucki I. The forced swimming test as a model for core and component behavioral effects of antidepres-
sant drugs. Behavioural pharmacology. 1997; 8(6—7):523-32. Epub 1998/12/02. PMID: 9832966.

Slattery DA, Cryan JF. Using the rat forced swim test to assess antidepressant-like activity in rodents.
Nature protocols. 2012; 7(6):1009—14. Epub 2012/05/05. https://doi.org/10.1038/nprot.2012.044 PMID:
22555240.

Steru L, Chermat R, Thierry B, Simon P. The tail suspension test: a new method for screening antide-
pressants in mice. Psychopharmacology. 1985; 85(3):367—70. Epub 1985/01/01. PMID: 3923523.

Sales AJ, Biojone C, Terceti MS, Guimaraes FS, Gomes MV, Joca SR. Antidepressant-like effect
induced by systemic and intra-hippocampal administration of DNA methylation inhibitors. British journal
of pharmacology. 2011; 164(6):1711-21. Epub 2011/05/19. https://doi.org/10.1111/j.1476-5381.2011.
01489.x PMID: 21585346;

Garcia LS, Comim CM, Valvassori SS, Reus GZ, Barbosa LM, Andreazza AC, et al. Acute administra-
tion of ketamine induces antidepressant-like effects in the forced swimming test and increases BDNF
levels in the rat hippocampus. Progress in neuro-psychopharmacology & biological psychiatry. 2008;
32(1):140—4. Epub 2007/09/22. https://doi.org/10.1016/j.pnpbp.2007.07.027 PMID: 17884272.

Mercadante S, Arcuri E, Tirelli W, Casuccio A. Analgesic effect of intravenous ketamine in cancer
patients on morphine therapy: a randomized, controlled, double-blind, crossover, double-dose study.
Journal of pain and symptom management. 2000; 20(4):246-52. Epub 2000/10/12. PMID: 11027905.

Chatterjee M, Jaiswal M, Palit G. Comparative evaluation of forced swim test and tail suspension test
as models of negative symptom of schizophrenia in rodents. ISRN psychiatry. 2012; 2012:595141.
Epub 2012/01/01. https://doi.org/10.5402/2012/595141 PMID: 23738205;

Cryan JF, Mombereau C, Vassout A. The tail suspension test as a model for assessing antidepressant
activity: review of pharmacological and genetic studies in mice. Neuroscience and biobehavioral
reviews. 2005; 29(4-5):571-625. Epub 2005/05/14. https://doi.org/10.1016/j.neubiorev.2005.03.009
PMID: 15890404.

BaiF, Li X, Clay M, Lindstrom T, Skolnick P. Intra- and interstrain differences in models of "behavioral
despair". Pharmacology, biochemistry, and behavior. 2001; 70(2—-3):187—-92. Epub 2001/11/10. PMID:
11701187.

Veilleux-Lemieux D, Castel A, Carrier D, Beaudry F, Vachon P. Pharmacokinetics of ketamine and xyla-
zine in young and old Sprague-Dawley rats. Journal of the American Association for Laboratory Animal
Science: JAALAS. 2013; 52(5):567-70. Epub 2013/09/18. PMID: 24041212;

Mossner LD, Schmitz A, Theurillat R, Thormann W, Mevissen M. Inhibition of cytochrome P450
enzymes involved in ketamine metabolism by use of liver microsomes and specific cytochrome P450
enzymes from horses, dogs, and humans. American journal of veterinary research. 2011; 72(11):1505—
13. Epub 2011/10/26. https://doi.org/10.2460/ajvr.72.11.1505 PMID: 22023129.

de Sa-Calcada D, Roque S, Branco C, Monteiro S, Cerqueira-Rodrigues B, Sousa N, et al. Exploring
Female Mice Interstrain Differences Relevant for Models of Depression. Frontiers in behavioral neuro-
science. 2015; 9:335. Epub 2015/12/24. https://doi.org/10.3389/fnbeh.2015.00335 PMID: 26696854;

Zhou L, Li F, Xu H-B, Luo C-X, Wu H-Y, Zhu M-M, et al. Treatment of cerebral ischemia by disrupting
ischemia-induced interaction of NNOS with PSD-95. Nature medicine. 2010; 16(12):1439—43. http://
www.nature.com/nm/journal/v16/n12/abs/nm.2245.html#supplementary-information. PMID: 21102461

Chen D, Zhao T, Ni K, Dai P, Yang L, Xu Y, et al. Metabolic investigation on ZL006 for the discovery of a
potent prodrug for the treatment of cerebral ischemia. Bioorganic & medicinal chemistry letters. 2016;
26(9):2152-5. Epub 2016/03/31. https://doi.org/10.1016/j.bmcl.2016.03.074 PMID: 27025341.

Salter M, Duffy C, Garthwaite J, Strijbos PJ. Ex vivo measurement of brain tissue nitrite and nitrate
accurately reflects nitric oxide synthase activity in vivo. Journal of neurochemistry. 1996; 66(4):1683—
90. Epub 1996/04/01. PMID: 8627326.

PLOS ONE | https://doi.org/10.1371/journal.pone.0182698  August 3, 2017 16/17


http://www.ncbi.nlm.nih.gov/pubmed/9430405
https://doi.org/10.3791/50326
https://doi.org/10.3791/50326
http://www.ncbi.nlm.nih.gov/pubmed/23712122
http://www.ncbi.nlm.nih.gov/pubmed/9832966
https://doi.org/10.1038/nprot.2012.044
http://www.ncbi.nlm.nih.gov/pubmed/22555240
http://www.ncbi.nlm.nih.gov/pubmed/3923523
https://doi.org/10.1111/j.1476-5381.2011.01489.x
https://doi.org/10.1111/j.1476-5381.2011.01489.x
http://www.ncbi.nlm.nih.gov/pubmed/21585346
https://doi.org/10.1016/j.pnpbp.2007.07.027
http://www.ncbi.nlm.nih.gov/pubmed/17884272
http://www.ncbi.nlm.nih.gov/pubmed/11027905
https://doi.org/10.5402/2012/595141
http://www.ncbi.nlm.nih.gov/pubmed/23738205
https://doi.org/10.1016/j.neubiorev.2005.03.009
http://www.ncbi.nlm.nih.gov/pubmed/15890404
http://www.ncbi.nlm.nih.gov/pubmed/11701187
http://www.ncbi.nlm.nih.gov/pubmed/24041212
https://doi.org/10.2460/ajvr.72.11.1505
http://www.ncbi.nlm.nih.gov/pubmed/22023129
https://doi.org/10.3389/fnbeh.2015.00335
http://www.ncbi.nlm.nih.gov/pubmed/26696854
http://www.nature.com/nm/journal/v16/n12/abs/nm.2245.html#supplementary-information
http://www.nature.com/nm/journal/v16/n12/abs/nm.2245.html#supplementary-information
http://www.ncbi.nlm.nih.gov/pubmed/21102461
https://doi.org/10.1016/j.bmcl.2016.03.074
http://www.ncbi.nlm.nih.gov/pubmed/27025341
http://www.ncbi.nlm.nih.gov/pubmed/8627326
https://doi.org/10.1371/journal.pone.0182698

@° PLOS | ONE

ZL006 and depression

53.

54.

55.

56.

57.

58.

59.

60.

61.

Forstermann U, Gorsky LD, Pollock JS, Schmidt HH, Heller M, Murad F. Regional distribution of EDRF/
NO-synthesizing enzyme(s) in rat brain. Biochemical and biophysical research communications. 1990;
168(2):727-32. Epub 1990/04/30. PMID: 1692215.

MacKenzie GM, Rose S, Bland-Ward PA, Moore PK, Jenner P, Marsden CD. Time course of inhibition
of brain nitric oxide synthase by 7-nitro indazole. Neuroreport. 1994; 5(15):1993-6. Epub 1994/10/083.
PMID: 7531007.

Hu W, Guan LS, Dang XB, Ren PY, Zhang YL. Small-molecule inhibitors at the PSD-95/nNOS interface
attenuate MPP+-induced neuronal injury through Sirt3 mediated inhibition of mitochondrial dysfunction.
Neurochemistry international. 2014; 79:57-64. Epub 2014/12/03. https://doi.org/10.1016/j.neuint.2014.
10.005 PMID: 25452082.

Lee WH, Xu Z, Ashpole NM, Hudmon A, Kulkarni PM, Thakur GA, et al. Small molecule inhibitors of
PSD95-nNOS protein-protein interactions as novel analgesics. Neuropharmacology. 2015; 97:464-75.
Epub 2015/06/14. https://doi.org/10.1016/j.neuropharm.2015.05.038 PMID: 26071110;

Florio SK, Loh C, Huang SM, lwamaye AE, Kitto KF, Fowler KW, et al. Disruption of (NOS-PSD95 pro-
tein-protein interaction inhibits acute thermal hyperalgesia and chronic mechanical allodynia in rodents.
British journal of pharmacology. 2009; 158(2):494—-506. Epub 2009/09/08. https://doi.org/10.1111/j.
1476-5381.2009.00300.x PMID: 19732061;

Lai TW, Zhang S, Wang YT. Excitotoxicity and stroke: identifying novel targets for neuroprotection.
Progress in neurobiology. 2014; 115:157-88. Epub 2013/12/24. https://doi.org/10.1016/j.pneurobio.
2013.11.006 PMID: 24361499.

LiLL, Ginet V, Liu X, Vergun O, Tuittila M, Mathieu M, et al. The nNOS-p38MAPK pathway is mediated
by NOS1AP during neuronal death. The Journal of neuroscience: the official journal of the Society for
Neuroscience. 2013; 33(19):8185-201. Epub 2013/05/10. https://doi.org/10.1523/jneurosci.4578-12.
2013 PMID: 23658158.

Luo CX, Lin YH, Qian XD, Tang Y, Zhou HH, Jin X, et al. Interaction of nNOS with PSD-95 negatively
controls regenerative repair after stroke. The Journal of neuroscience: the official journal of the Society
for Neuroscience. 2014; 34(40):13535-48. Epub 2014/10/03. https://doi.org/10.1523/jneurosci. 1305-
14.2014 PMID: 25274829.

Bach A, Pedersen SW, Dorr LA, Vallon G, Ripoche |, Ducki S, et al. Biochemical investigations of the
mechanism of action of small molecules ZL006 and IC87201 as potential inhibitors of the nNOS-PDZ/
PSD-95-PDZ interactions. Scientific reports. 2015; 5:12157. Epub 2015/07/17. https://doi.org/10.1038/
srep12157 PMID: 26177569;

PLOS ONE | https://doi.org/10.1371/journal.pone.0182698  August 3, 2017 17/17


http://www.ncbi.nlm.nih.gov/pubmed/1692215
http://www.ncbi.nlm.nih.gov/pubmed/7531007
https://doi.org/10.1016/j.neuint.2014.10.005
https://doi.org/10.1016/j.neuint.2014.10.005
http://www.ncbi.nlm.nih.gov/pubmed/25452082
https://doi.org/10.1016/j.neuropharm.2015.05.038
http://www.ncbi.nlm.nih.gov/pubmed/26071110
https://doi.org/10.1111/j.1476-5381.2009.00300.x
https://doi.org/10.1111/j.1476-5381.2009.00300.x
http://www.ncbi.nlm.nih.gov/pubmed/19732061
https://doi.org/10.1016/j.pneurobio.2013.11.006
https://doi.org/10.1016/j.pneurobio.2013.11.006
http://www.ncbi.nlm.nih.gov/pubmed/24361499
https://doi.org/10.1523/jneurosci.4578-12.2013
https://doi.org/10.1523/jneurosci.4578-12.2013
http://www.ncbi.nlm.nih.gov/pubmed/23658158
https://doi.org/10.1523/jneurosci.1305-14.2014
https://doi.org/10.1523/jneurosci.1305-14.2014
http://www.ncbi.nlm.nih.gov/pubmed/25274829
https://doi.org/10.1038/srep12157
https://doi.org/10.1038/srep12157
http://www.ncbi.nlm.nih.gov/pubmed/26177569
https://doi.org/10.1371/journal.pone.0182698

