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Abstract

Background: To determine brain areas involved in the antidepressant-related behavioral effects of the selective neuronal 
nitric oxide synthase inhibitor 1-(2-Trifluoro-methyl-phenyl) imidazole (TRIM) and experimental test compound 
4-((3,5-dichloro-2-hydroxybenzyl)amino)-2-hydroxybenzoic acid (ZL006), an inhibitor of the PSD of 95 kDa/neuronal nitric 
oxide synthase interaction in the N-methyl-D-aspartic acid receptor signalling pathway, regional specific expression 
of the neuronal activation marker c-FOS was assessed following exposure to the forced swimming test in the Wistar  
Kyoto rat.
Methods: Wistar Kyoto rats were subjected to a 15-minute swim pretest (pre-forced swimming test) period on day 1. At 24, 
5, and 1 hour prior to the 5-minute test, which took place 24 hours following the pre-forced swimming test, animals were 
treated with TRIM (50 mg/kg; i.p.), ZL006 (10 mg/kg; i.p.), or saline vehicle (1 mL/kg i.p). Behavior was recorded during both 
pretest and test periods.
Results: Both TRIM and ZL006 decreased immobility time in Wistar Kyoto rats in the forced swimming test. Exposure to the 
forced swimming test increased c-FOS immunoreactivity in the lateral septum, paraventricular nucleus of the hypothalamus, 
periaqueductal grey, dentate gyrus, and ventral CA1 of the hippocampus compared with non-forced swimming test-
exposed controls. Forced swimming test-induced c-FOS immunoreactivity was further increased in the lateral septum, 
periaqueductal gray, and paraventricular nucleus of the hypothalamus following treatment with TRIM or ZL006. By contrast, 
forced swimming test-induced c-FOS immunoreactivity was reduced in dorsal dentate gyrus and ventral CA1 following 
treatment with TRIM or ZL006. Exposure to the forced swimming test resulted in an increase in NADPH diaphorase staining 
in the paraventricular nucleus of the hypothalamus. This forced swimming test-induced increase was attenuated following 
treatment with ZL006 and points to the paraventricular nucleus as a brain region where ZL006 acts to attenuate forced 
swimming test-induced neuronal nitric oxide synthase activity while concomitantly regulating region specific neuronal 
activation associated with an antidepressant-related response.
Conclusions: This study identified a pattern of enhanced and reduced forced swimming test-related c-FOS immunoreactivity 
indicative of a regulated network where inhibition of nitric oxide coupled to the N-methyl-D-aspartic acid receptor leads to 
activation of the lateral septum, periaqueductal gray, and paraventricular nucleus of the hypothalamus with concomitant 
inhibition of the hippocampus.
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Introduction
Previous studies have demonstrated that NOS inhibitors are as 
efficacious as tricyclic antidepressants in preclinical antidepres-
sant screening procedures in attenuating behavioral deficits asso-
ciated with animal models of depression (Harkin et al., 2003; Ulak 
et al., 2008; Gigliucci et al., 2010, 2014; Silva et al., 2012; Doucet 
et al., 2013; Sherwin et al., 2017). The intracellular domain of the 
N-methyl-D-aspartic acid receptor (NMDA-R) is associated with 
the postsynaptic density (PSD), a membrane-bound scaffolding 
complex that functions in postsynaptic signaling. PSD of 95 kDa 
(PSD-95) associates with the NMDA-R, allowing for coupling to 
neuronal nitric oxide synthase (nNOS) through protein-protein 
PDZ interactions (Alderton et al., 2001; Guix et al., 2005; Doucet 
et  al., 2012). We hypothesized that uncoupling nNOS from the 
NMDA-R through PSD-95 would produce behavioral antidepres-
sant effects similar to NOS inhibitors (Doucet et al., 2012). Small-
molecule inhibitors of the PSD-95/nNOS interaction, IC87201 
(0.01–2 mg/kg) and ZL006 (10 mg/kg), produce antidepressant-like 
responses in the forced swimming test (FST) and tail suspension 
test (TST) in mice and support the hypothesis that targeting the 
PSD-95/nNOS interaction downstream of NMDA-R produces anti-
depressant effects and may represent a novel class of therapeu-
tics for major depressive disorders (Doucet et al., 2012).

ZL006 is a small molecule inhibitor of the PSD-95/nNOS 
interface that acts by binding to the internal PDZ motif of nNOS 
to inhibit its interaction with PSD-95 in postsynaptic neurons. 
ZL006 has been shown to inhibit NMDA-R-dependent nitric 
oxide (NO) synthesis in cortical neurons with a high IC50 value 
of 82 nM. Furthermore, ZL006 has been shown to have no effect 
on the PDZ interactions of NR2B/PSD-95, CAPON/nNOS, and syn-
GAP/nNOS, suggesting that the drug is specific only for the PSD-
95/nNOS interaction and is capable of attenuating NMDA-R/
nNOS signalling without affecting the other signalling pathways 
associated with NMDA-R activation (Zhou et al., 2010). Further 
biochemical investigations indicate that the mechanism of 
action of ZL006 may not be via direct binding to the extended 
nNOS-PDZ domain as originally proposed and that given its 
reported potency, ZL006 may bind to other parts of the large and 
complex 321-kDa homodimer nNOS protein or to other proteins 
affecting the nNOS/PSD-95 system (Bach et  al., 2015). Others 
have confirmed that ZL006 directly inhibits binding of PSD95 
and nNOS protein in AlphaScreen without altering the binding 
of PSD95 to ErbB4 (Lee et  al., 2015). ZL006 has been shown to 
readily pass the blood brain barrier when injected systemically 
without having any noticeable effect upon arterial blood pres-
sure, platelet aggregation, or cerebral blood flow (Zhou et  al., 
2010). In vitro and in vivo experiments have demonstrated the 
neuroprotective properties of ZL006 against glutamate-induced 
excitotoxicity (Zhou et al., 2010; Doucet et al., 2014). ZL006 blocks 
NMDA-R-dependent NO synthesis in cultured cortical neurons 
in a concentration-dependent manner and reverses neuronal 
atrophy of cultured cortical neurons induced by high concen-
trations of glutamate (Zhou et  al., 2010). In an animal model 
of cerebral ischemia, ZL006 reduced infarct size and improved 
neurological scores in both mice and rats while also reducing 

the formation of the PSD-95/nNOS complex in the cortex (Zhou 
et al., 2010).

The inbred Wistar Kyoto (WKY) rat has been proposed as a 
model of depressive-like behavior, as it endogenously expresses 
some behavioral, endocrine, and neurotransmitter changes akin 
to those exhibited in depressed human patients (Redei et  al., 
2001; Rittenhouse et al., 2002; Nagasawa et al., 2012; Nam et al., 
2014). The WKY rat displays a higher level of immobility in the 
FST relative to Wistar and Sprague-Dawley strains and is rou-
tinely used to assess the efficacy of novel antidepressant com-
pounds (Carr et al., 2010; Malkesman et al., 2012; Akinfiresoye 
et al., 2013; Gormley et al., 2016). In the present study, the anti-
depressant-related effects of ZL006 and, for comparison pur-
poses, the selective nNOS inhibitor, TRIM, were assessed in the 
FST in the WKY rat model. In addition, the patterns of neuronal 
activation of specific brain regions were assessed by means of 
c-FOS immunohistochemistry. Furthermore, it was of interest to 
determine if nNOS activity was affected following exposure to 
the FST and following administration of ZL006. Brain sections 
were stained for nicotinamide adenine dinucleotide (NADPH) 
diaphorase, a marker of NOS activity, and as such, observable 
staining for NADPH-diaphorase is indicative of all NOS isoforms. 
However, as ZL006 targets PSD-95-associated nNOS, alterations 
in NADPH-diaphorase staining observed may be considered to 
be due to inhibition of NMDA-R-associated nNOS activity.

Methods

Animals and Drug Treatments

Male WKY (Harlan Olac) rats weighing 280 to 330 g at the begin-
ning of the study were acclimatized to the animal unit and subse-
quently singly housed in standard, medium-sized polypropylene 
cages (41 x 24  cm). The animals were maintained at a constant 
temperature (22 ± 2°C) and exposed to standard lighting condi-
tions (12-hour-light/-dark cycle; lights on from 8:00 am to 8:00 
pm). Food and water were available ad libitum except when the 
animals were subjected to behavioral testing. WKY rats were 
handled each day for 7 days prior to the commencement of the 
experiment to acclimatize the animals to the experimenter and 
reduce any stressful effects associated with handling. TRIM was 
dissolved by sonication in saline solution to reach a final concen-
tration of 50  mg/mL. TRIM was administered via the i.p. cavity 
in an injection volume of 1 mL/kg to achieve a dose of 50 mg/
kg. The dose of TRIM was selected based upon previous studies 
of TRIM-related antidepressant activity in rats and mice (Doucet 
et al., 2013; Gigliucci et al., 2014). ZL006 was prepared by dissolv-
ing in saline solution at alkaline pH, which was then adjusted to 
pH 7.5, to reach a concentration of 5 mg/mL. ZL006 was admin-
istered i.p. in an injection volume of 2 mL/kg to deliver a dose of 
10 mg/kg. The dose of ZL006 was selected based on previous stud-
ies of ZL006-related antidepressant activity in mice (Doucet et al., 
2013). Research involving animals in Trinity College Dublin is gov-
erned by Directive 2010/63/EU on the protection of animals used 
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for scientific purposes in accordance with the requirements of 
the S.I No 543 of 2012 and reviewed and approved by the Animal 
Research Ethics Committee prior to submission to the Health 
Products Regulatory Authority for regulatory approval.

FST

The FST was performed in accordance with the protocol origi-
nally described by Porsolt (1977). On day 1, rats were removed 
from their home cage and individually placed into a clear glass 
tank (40 cm high and 20 cm in diameter) filled with 30 cm of 
water (22–23°C) and allowed to swim for 15 minutes (pre-FST). 
The first 5 minutes of the pre-FST session were scored for time 
spent immobile (seconds) with a stopwatch and used as a base-
line to assess for any further increase in immobility when the 
animals were reexposed. The first injection of ZL006, TRIM, or 
saline vehicle was administered 1 hour following the pre-FST 
session. Animals then received a second and a third injection of 
ZL006, TRIM, or saline vehicle 5 and 1 hour prior to the 5-minute 
FST, which took place 24 hours following the pre-FST session. In 
the test session, rats were allowed to swim for 5 minutes, and 
the time spent immobile was again scored. The animals were 
considered immobile when floating in the water without strug-
gling and making only those movements necessary to keep their 
heads above the water. The individual scoring the behavior was 
blind to the treatments administered to the animals.

Immunohistochemistry

At 90 minutes following the FST, animals were anesthesized with 
an i.p. injection of urethane (Sigma-Aldrich). Rats were intracardi-
ally perfused with phosphate buffered saline (PBS; 10 mM, pH 7.4) 
followed by 4% paraformaldehyde in PBS. Brains were removed 
and postfixed for 24 hours in 4% paraformaldehyde and stored for 
at least 36 hours in 30% sucrose for cryoprotection. Coronal sec-
tions (40 μm) were obtained in series of 6 on a cryostat, and brain 
sections were stored in a cryoprotectant solution (30% ethylene 
glycol, 30% sucrose in 10  mM PBS, pH 7.4). Free-floating brain 
sections were then processed for c-FOS immunohistochemistry 
as previously described (Sherwin et  al., 2017). In brief, sections 
were blocked with 10% normal goat serum (Sigma-Aldrich). They 
were then washed with PBS and incubated overnight at room 
temperature with c-FOS anti-sera (1 in 6500 in PBS; anti-rabbit 
IgG, sc-52, Santa Cruz Biotechnology Inc.). Following incubation 
in the primary anti-serum, the sections were washed in PBS and 
sequentially incubated with a biotinylated goat anti-rabbit IgG (1 
in 1000 in PBS, Vectastain ABC kit, Vector Laboratories). Sections 
were then processed by the avidin-biotin immunoperoxidase 
method (Vectastain ABC kit, Vector Laboratories). c-FOS immu-
noreactivity was visualized by the addition of the chromogen 
3’,3-diaminobenzidine (with 0.02% H2O2 in PBS, Sigma-Aldrich). 
Sections were rinsed in PBS and then mounted on glass slides 
and allowed to dry overnight at room temperature. Sections were 
then dehydrated in ethanol, cleared in xylene, and coverslipped 
with mounting medium. To assess antibody specificity, incuba-
tion with the primary antibody was omitted for several sections, 
and no significant staining was observed in this case. To assess 
basal antigen immunoreactivity, a subset of animals underwent 
the same treatment of vehicle, TRIM (50 mg/kg), or ZL006 (10 mg/
kg) but were not exposed to the FST.

NADPH Diaphorase Histology

In the ZL006 experiment, NADPH diaphorase (NADPH-d) stain-
ing was carried out to confirm nNOS activity was altered in the 

brain following exposure to the FST and following treatment 
with ZL006 in some brain regions. Experiments performed by 
Hope and colleagues (Hope et al., 1991) identified that NADPH-d 
corresponds to nNOS expression, molecular weight, and enzy-
matic activity. Morris and colleagues (Morris et al., 1997) deter-
mined that the intensity of NADPH-d staining reflects the level 
of nNOS enzyme activity at the time of tissue fixation. Moreover, 
the nonselective NOS inhibitor, L-NAME, and the selective nNOS 
inhibitor, 7-NI, have been also shown to reduce NADPH-d stain-
ing in several brain regions (Amir et al., 1997; Joung et al., 2012). 
Sections were incubated in the NADPH-d reaction mixture 
(0.5  mg/mL β-NADPH, 0.2  mg/mL nitrotetrazolium blue chlo-
ride, and 0.3% Triton-X in PBS [pH 7.4]) for approximately 110 
minutes at 37°C in a water bath. A negative control consisted 
of incubating several sections in the reaction mixture with the 
exception of the β-NADPH substrate. The photosensitive nature 
of β-NADPH requires that the reaction be completed with mini-
mal exposure to light. Sections were rinsed several times in PBS 
and then mounted on glass slides and allowed to dry overnight 
at room temperature. Sections were then dehydrated in ethanol, 
cleared in xylene, and cover slipped with mounting medium. To 
assess basal NOS activity, brain sections from non-FST-exposed 
animals were subjected to NADPH-d histology.

Cell Counting

c-FOS immunoreactivity was observed as a brown dot under the 
microscope representing the nucleus of cells. NADPH-d histol-
ogy was observed as a dark blue/purple stain localized within 
the cell soma under the microscope. The number of c-FOS posi-
tive nuclei or NADPH-d positive cells was manually counted 
using a computerized image analysis system (Cell^d, Olympus). 
For each group, 2 sections from each animal were evaluated per 
brain region along the rostro-caudal plane. For bilateral struc-
tures, the mean value was calculated and an overall average 
value for each animal was obtained. Neuroanatomical sites 
were identified with the help of the Paxinos and Watson’s atlas 
(Paxinos and Watson, 1998). The anterior-posterior (AP) localiza-
tion from bregma of the analyzed regions for c-FOS immuno-
reactivity were as follows: cingulate cortex (Cgx; AP: 2.70 mm), 
prelimbic cortex (PLx; AP: 2.70 mm), infralimbic cortex (ILx; AP: 
2.70 mm), lateral septum (LS; AP: 0.70 mm), nucleus accumbens 
(NAc; AP: 0.70 mm), paraventricular nucleus of the hypothalamus 
(PVN; AP: -1.80 mm), basolateral amygdala (BlA; AP: -3.14 mm), 
medial amygdala (MeA; AP: -3.14  mm), central nucleus of the 
amygdala (CeA; AP: -3.14 mm), paraventricular thalamic nucleus 
(PVT; AP: -3.30 mm), dorsal dentate gyrus of the hippocampus 
(dDG; AP: -3.30 mm), ventral CA1 of the hippocampus (vCA1; AP: 
-4.80 mm), dorsal raphe nucleus (DRN; AP: -7.64 mm), and the 
dorsolateral periaqueductal gray matter (dlPAG; AP: -7.64 mm). 
Brain regions assessed for NADPH diaphorase staining included 
the PVN of the hypothalamus (AP: -1.80 mm), shell and core of 
the NAc (AP: 0.70 mm), the dDG and vCA1 of the hippocampus 
(AP: -3.30 mm and -4.80 mm), DRN (AP: -7.64 mm), and the dlPAG 
(AP: -7.64 mm). PVN sections were dual stained for c-FOS and 
NADPH diaphorase to assess neuronal activation within cells 
staining positively for NADPH-d.

Data Analysis

Data are expressed as group mean with SEM and were analyzed 
by ANOVA. The behavioral data were analyzed by means of a 
2-way ANOVA followed by Newman-Keuls’ posthoc test. c-FOS 
immunohistochemistry nuclei counting and NADPH-d staining 
were analyzed by 2-way ANOVA followed by Newman-Keuls’ 
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posthoc test. Data were considered significant when P < .05. 
All analysis was carried out with the GB-Stat v10 statistical 
package.

Results

TRIM and ZL006 Reduce Immobility Time in the FST

Two-way ANOVA of immobility time showed an effect of 
the pre-FST session [F(1,23)= 39.03; P < .001] and an effect of 
TRIM [F(1,23)  = 39.38; P < .001] in the FST. Two-way ANOVA also 
revealed a significant pre-FST x drug interaction [F(1,23) = 5.62; 
P < .001]. Posthoc comparisons revealed that reexposure to the 
5-minute FST 24 hours following the 15-minute pre-FST ses-
sion facilitated an increase in immobility time compared with 
the first 5 minutes of the pretest session (P < .01), which was 
reversed following treatment with TRIM (50 mg/kg; i.p) (P < .01) 
(Figure 1A).

Two-way ANOVA of immobility time showed an effect of 
the pre-FST session [F(1,32) = 31.42; P < .01] and an effect of ZL006 
[F(1,32) = 30.39; P < .01] in the FST. Two-way ANOVA also revealed 
a significant pre-FST x drug interaction [F(1,32) = 4.34; P < .001]. 
Posthoc comparisons revealed that reexposure to the 5-min-
ute FST 24 hours following the 15-minute pretest provoked an 
increase in immobility time compared with the first 5 minutes 
of the pretest session (P < .01), which was attenuated following 
treatment with ZL006 (10 mg/kg; i.p.) (P < .01) (Figure 1B).

Effect of the nNOS Inhibitor TRIM on FST-Induced 
Regional c-FOS Immunoreactivity

In non-FST animals, 2-way ANOVA revealed that TRIM had 
no significant effect on c-FOS immunoreactivity in any brain 
region examined with the exception of the central nucleus of 
the amygdala [F(1,20) = 61.08; P < .0001; Table 1]. Posthoc compari-
sons revealed that TRIM increased c-FOS immunoreactivity in 
the central nucleus of the amygdala in naïve animals relative 
to naïve vehicle controls (P < .01). Two-way ANOVA revealed 
a significant effect of FST exposure on c-FOS immunoreac-
tivity in the lateral septum [F(1,20) = 674.77; P < .001], PVN of the 
hypothalamus [F(1,20) = 113.43; P < .001], the dlPAG [F(1,20) = 438.42; 
P < .001], dorsal dentate gyrus [F(1,20) = 53.19; P < .0001], and ven-
tral CA1 [F(1,20) = 73.07; P < .001] in addition to the cingulate cortex 
[F(1,20) = 34.42; P < .001], the shell [F(1,20) = 15.42; P < .001], and core 
[F(1,20) = 21.34; P < .001] of the nucleus accumbens, paraventricu-
lar thalamic nucleus [F(1,20) = 13.53; P < .01], basolateral nucleus 
of the amygdala [F(1,20) = 31.12; P < .001], central nucleus of the 
amygdala [F(1,20) = 63.08; P < .001], and DRN [F(1,20) = 17.89; P < .01]. 
Posthoc comparisons revealed that exposure to the FST signifi-
cantly enhanced c-FOS immunoreactivity in these brain regions 
relative to non-FST vehicle counterparts (P < .01) (Figure  2A–E; 
Table 1).

Two-way ANOVA also revealed a significant FST x drug inter-
action in the lateral septum [F(1,20) = 94.70; P < .0001], the PVN of 
the hypothalamus [F(1,20) = 14.82; P < .001], the dlPAG [F(1,20) = 25.57; 
P < .0001], the dorsal dentate gyrus [F(1,20) = 23.70; P < .001], and the 
ventral CA1 [F(1,20) = 67.72; P < .0001] in addition to the dorsal raphe 
nucleus [F(1,20) = 12.02; P < .01]. Posthoc comparisons revealed that 
treatment with TRIM significantly enhanced FST-induced c-FOS 
immunoreactivity in the lateral septum (Figure 2A), the PVN of 
the hypothalamus (Figure  2B), the dlPAG (Figure  2E), and cen-
tral nucleus of the amygdala (Table 1) relative to vehicle-treated 
controls (P < .01). Posthoc comparisons revealed a concomitant 
reduction in FST-induced c-FOS immunoreactivity in the dor-
sal dentate gyrus (Figure 2C), ventral CA1 (Figure 2D) of the hip-
pocampus, and in the dorsal raphe nucleus (Table 1) (P < .01).

Effect of the Small Molecule Inhibitor ZL006 on FST-
Induced Regional c-FOS Immunoreactivity

Two-way ANOVA revealed a significant effect of FST exposure 
on c-FOS immunoreactivity in the cingulate cortex [F(1,23) = 
35.07; P < .0001], lateral septum [F(1,23) = 57.51; P < .0001], the shell 
[F(1,22) = 26.21; P < .001], and core [F(1,22) = 34.78; P < .001] of the 
nucleus accumbens, PVN of the hypothalamus [F(1,23) = 541.56; 
P < .0001], paraventricular thalamic nucleus [F(1,22) = 37.83; P < .01], 
dorsal dentate gyrus [F(1,20) = 30.60; P < .000], ventral CA1 [F(1,23) = 
28.61; P < .0001], and the dlPAG [F(1,23) = 146.88; P < .0001]. Posthoc 
comparisons revealed that exposure to the FST significantly 
increased c-FOS immunoreactivity within these brain regions 
compared with their non-FST vehicle-treated counterparts 
(P < .05) (Figure 2F–J; Table 2).

Two-way ANOVA also revealed a FST x drug interaction in 
the cingulate cortex [F(1,21) = 6.68; P < .01], lateral septum [F(1,23) = 
6.78; P < .01], core of the nucleus accumbens [F(1,22) = 5.22; P < .01], 
PVN of the hypothalamus [F(1,23) = 14.95; P < .001], dorsal dentate 
gyrus [F(1,20) = 11.15; P < .01], ventral CA1 [F(1,23) = 19.26; P < .01], and 
the dlPAG [F(1,23) = 14.00; P < .01]. Posthoc comparisons revealed 
that treatment with ZL006 significantly enhanced FST-induced 
c-FOS immunoreactivity in the lateral septum (Figure 2F), PVN 
of the hypothalamus (Figure  2G), core of the nucleus accum-
bens (Table 2), and within the dlPAG (Figure 2J) relative to the 

Figure 1. Treatment with the neuronal nitric oxide synthase (nNOS) inhibitor, 

1-(2-Trifluoro-methyl-phenyl) imidazole (TRIM), or the PSD of 95 kDa (PSD-95)/

nNOS inhibitor, 4-((3,5-dichloro-2-hydroxybenzyl)amino)-2-hydroxybenzoic 

acid (ZL006) lowers immobility time of Wistar Kyoto (WKY) rats in the forced 

swimming test (FST). Animals were subjected to a 15-minute pre-FST session 

in which the first 5 minutes were scored for immobility. One hour following the 

pre-FST session, rats were administered vehicle (i.p.), TRIM (50 mg/kg; i.p.), or 

ZL006 (10 mg/kg; i.p.). A second and a third injection were administered 5 and 1 

hours prior to the 5-minute FST the following day. Data expressed as mean and 

SEM (n = 5–6 per group for TRIM and n = 10 for ZL006). ++P < .01 relative to baseline 

vehicle group. **P < .01 relative to 24-hour vehicle group.
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vehicle-treated FST-exposed group (P < .01). Posthoc compari-
sons revealed that treatment with ZL006 significantly attenu-
ated FST-induced c-FOS immunoreactivity within the cingulate 
cortex (Table  2), dorsal dentate gyrus (Figure  2H), and ventral 
CA1 of the hippocampus (Figure 2I) compared with the vehicle-
treated FST-exposed group (P < .01).

Effect of the Small Molecule Inhibitor ZL006 on FST-
Induced Regional NADPD-d Histology

Two-way ANOVA revealed an effect of FST exposure on the num-
ber of NADPH-d-positive cells in the PVN of the hypothalamus 
[F(1,23) = 25.46; P < .01], shell of the nucleus accumbens [F(1,23) = 17.26; 
P < .01], ventral CA1 of the hippocampus [F(1,23) = 11.06; P < .05], dor-
sal raphe nucleus [F(1,21) = 59.33; P < .01], and dlPAG [F(1,23) = 16.14; 
P < .01]. Posthoc comparisons revealed that exposure to the FST 
increased the number of NADPH-d-positive cells in these brain 
regions relative to non-FST vehicle-treated counterparts (P < .05) 
(Figure  3A; Table  3). Two-way ANOVA revealed a significant FST 
x drug interaction in the PVN of the hypothalamus [F(1,23) = 24.53; 
P < .01] and in the shell of the nucleus accumbens [F(1,23) = 17.26; 
P < .01]. Posthoc comparisons revealed that treatment with ZL006 
reduced the number of NADPH-d-positive cells in the PVN of the 
hypothalamus (Figure 3A) and in the shell of the nucleus accum-
bens (Table 3) relative to their vehicle-treated counterparts (P < .01).

Discussion

TRIM and ZL006 Produce an Antidepressant 
Response in the FST in the WKY Rat

The results of the current experiments demonstrate that treat-
ment with TRIM and ZL006 reduce immobility time of WKY rats 
in the FST indicative of an antidepressant response in the test. 
The present study is in line with findings reported by Doucet 
and colleagues (Doucet et  al., 2013), who demonstrated that 
ZL006 produces antidepressant-like effects in mice in both the 
FST and TST in a similar fashion to the NMDA-R antagonist, 
ketamine, and the nNOS inhibitor, TRIM. However, the present 

study demonstrates that ZL006 displays efficacy in reducing 
immobility behavior in an animal model of depression that is 
often reported to be resistant to conventional antidepressants 
(i.e., SSRIs) (Lahmame et  al. 1997; Durand et  al., 1999; Griebel 
et al., 1999;Tejani-Butt et al., 2003). While there is a lack of con-
flicting reports on the mechanism of action of ZL006 (Zhou 
et al., 2010; Bach et al., 2015), considerable evidence suggests it 
is through targeting the PSD-95/nNOS interface. The ability of 
ZL006 to reduce immobility time of WKY rats in the FST high-
lights the potential of targeting the NMDA-R/nNOS pathway for 
the development of novel, more efficacious antidepressants.

Regional-Specific Modulation of FST-Induced 
Neuronal Activation following TRIM or ZL006 
Administration

Lateral Septum (LS)
Exposure to the FST enhanced c-FOS immunoreactivity within 
the LS, indicative of a stress-induced increase in neuronal acti-
vation within this brain region. We have previously shown that 
exposure to the FST increases neuronal activation within the 
LS of Sprague-Dawley rats (Sherwin et  al., 2017). Treatment 
with either TRIM or ZL006 further enhanced FST-induced c-FOS 
immunoreactivity within the LS, which is consistent with pre-
vious work describing regional-specific modulation of neuronal 
activation associated with NOS inhibitors in the FST (Sherwin 
et  al., 2017) and suggests that the region is involved in medi-
ating antidepressant-related effects in the FST. Indeed, it was 
previously reported that chronic fluoxetine treatment enhances 
the spontaneous firing rate of septal neurons while coincid-
ing with an antidepressant-like response in the FST (Contreras 
et al., 2001). TRIM or ZL006 do not share the same pharmacologi-
cal mechanism of action as fluoxetine. Instead, it is likely that 
modulating the activity of the LS is a determinant in mediating 
behavioral responses in the FST.

PVN of the Hypothalamus
In the present study, exposure to the FST increased c-FOS 
immunoreactivity within the PVN of the hypothalamus, which 

Table 1. Regional c-FOS Immunoreactivity in Non-FST and in FST Exposed WKY Rats Treated with Vehicle or TRIM

Brain Region Non-FST Vehicle Non-FST TRIM FST Vehicle FST TRIM

Cortical
PLx 134.4 ± 11.35 145.7 ± 17.93 168.5 ± 15.31 145.5 ± 9.17
ILx 81.60 ± 8.93 103.2 ± 11.62 106.3 ± 14.40 109.6 ± 4.42
Cgx 59.10 ± 3.56 53.90 ± 14.08 124.3 ± 14.80++ 121.9 ± 5.67
LS 33.60 ± 3.82 34.90 ± 2.94 95.33 ± 1.64++ 170.6 ± 6.05**
Subcortical
NAc (shell) 46.30 ± 8.62 39.70 ± 2.79 74.92 ± 6.02+ 58.60 ± 5.06
NAc (core) 31.20 ± 5.12 33.00 ± 5.57 66.25 ± 6.74++ 52.90 ± 5.60
PVN 30.50 ± 3.47 30.40 ± 3.39 64.17 ± 1.52++ 102.2 ± 9.03**
PVT 41.20 ± 4.62 37.00 ± 3.53 52.00 ± 2.65++ 50.20 ± 1.65
CeA 9.30 ± 1.37 30.40 ± 4.87++ 30.83 ± 2.70++ 63.20 ± 3.90**
BlA 8.60 ± 1.43 10.10 ± 2.24 26.92 ± 3.98++ 27.40 ± 3.76
MeA 17.40 ± 3.56 19.80 ± 2.13 25.67 ± 3.74 23.00 ± 2.43
Hippocampus
dDG 11.00 ± 1.34 11.50 ± 1.35 36.58 ± 2.17++ 16.60 ± 2.98**
vCA1 18.30 ± 2.89 17.30 ± 1.87 55.08 ± 2.22++ 18.00 ± 1.41**
Brainstem
DRN 28.80 ± 3.63 27.80 ± 2.88 37.17 ± 2.41+ 17.60 ± 1.20**
dlPAG 20.20 ± 2.38 21.90 ± 0.99 51.42 ± 1.66++ 73.00 ± 2.51**

+P < .05 relative to corresponding vehicle group. ++P < .01 relative to corresponding vehicle group. **P < .01 relative to corresponding FST vehicle-treated group.
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was further potentiated following treatment with either TRIM 
or ZL006. Enhancement of neuronal activation within the PVN 
has previously been reported with several other antidepres-
sants. The SSRIs fluoxetine and citalopram have both been 
shown to increase c-FOS immunoreactivity within this brain 
region in naïve animals (Jensen et  al., 1999; Lino-de-Oliveira 

et  al., 2001). Additionally, drugs with antidepressant-related 
properties that target the glutamatergic system such as the 
mGluR5 antagonist, MPEP, have been shown to elicit the same 
response (Inta et al., 2012). Thus, as described for the LS, modu-
lation of the PVN may serve to influence the behavior of ani-
mals exposed to the FST.

Figure 2. Effect of the neuronal nitric oxide synthase (nNOS) inhibitor, 1-(2-Trifluoro-methyl-phenyl) imidazole (TRIM), and the PSD of 95 kDa (PSD-95)/nNOS inhibitor, 

4-((3,5-dichloro-2-hydroxybenzyl)amino)-2-hydroxybenzoic acid (ZL006), on forced swimming test (FST)-induced c-FOS immunoreactivity in cortical and subcortical 

brain regions of the Wistar Kyoto (WKY) rat. Animals were subjected to a 15-minute pre-FST session or handled. At 1 hour following the pre-FST session, rats were 

administered vehicle (i.p.), TRIM (50 mg/kg; i.p.), or ZL006 (10 mg/kg; i.p.). A second and a third injection were administered 5 and 1 hours prior to the 5-minute FST the 

following day. Non-FST animals were handled at this time. Data expressed as mean and SEM (n = 5–6 per group for TRIM and ZL006 experiments). +P < .05 relative to 

non-FST-exposed vehicle-treated group. ++P < .01 relative to non-FST-exposed vehicle-treated group. **P < .01 relative to corresponding vehicle-treated group.
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dlPAG
Exposure to the FST enhanced c-FOS immunoreactivity within 
the dlPAG, indicative of stress-induced neuronal activation 
within this brain region. Treatment with either TRIM or ZL006 
further enhanced the FST-induced c-FOS immunoreactivity. The 
dlPAG has been shown to mediate fight-or-flight, fearful or anxi-
ogenic responses in rats, which is suggested to be dependent 
on the local activation of the NMDA-R/nNOS pathway (Tonetto 
et al., 2009). However, its role in mediating a depressive-like phe-
notype in the FST is not well documented. Inactivation of the 
dlPAG has previously been shown to increase the time rats spend 
immobile in the FST, indicating that this brain region is involved 
in determining passive coping behavior (Lino-de-Oliveira et al., 
2002). The enhancement of FST-induced c-FOS immunoreactiv-
ity within the dlPAG following treatment with TRIM or ZL006 
in the current study suggests that this region is part of a brain 
network regulated by NMDA-R/nNOS signaling. It was previ-
ously shown that inhibition of nNOS in the dlPAG leads to an 
increase in the activation of this brain region in rats (Xing et al., 
2012). Stimulation of the dlPAG has also been shown to increase 
the latency of immobility in the FST, suggesting that activation 
of this region mediates antidepressant-like effects (Lino-de-
Oliveira et al., 2002). Yet another study demonstrated that nNOS 
knockout mice display no difference in c-FOS expression in the 
dlPAG in response to the FST relative to wild-type counterparts 
(Salchner et al., 2004). Despite the paucity of information relat-
ing to a role for NOS in the activation of the dlPAG, the current 
study indicates that increased c-FOS immunoreactivity within 
this structure following treatment with TRIM or ZL006 reflects 
an increase in escape-orientated behavior in the FST.

Hippocampus
In the current experiments, both TRIM and ZL006 attenuated 
FST-induced c-FOS immunoreactivity within the dorsal DG and 
ventral CA1 of the hippocampus. Activation of the dorsal and 
ventral hippocampus in response to the FST is likely to have 
distinct individual functions, which gives rise to immobility 
time. Suppression of the FST-induced activation of the dorsal DG 
may relate to the learned response that gives rise to the animal 

adopting a passive, immobile response when reexposed to the 
FST, whereas activation of the ventral hippocampus contrib-
utes through regulation of the HPA axis response (Nettles et al., 
2000; Bannerman et  al., 2004). Given the proposed role of the 
ventral hippocampus in regulation of the HPA axis (Herman and 
Mueller 2006), reduced FST-induced c-FOS immunoreactivity in 
the ventral CA1 following treatment with TRIM and ZL006 may 
be associated with concomitant changes in neuronal activation 
within the hypothalamus. Further studies are, however, required 
to substantiate links between differential patterns of activation 
and regulation within circuits extending between the ventral 
hippocampus and PVN of the hypothalamus.

TRIM Specific Action in the CeA and DRN

Despite the aforementioned similarities between TRIM and 
ZL006 in the modulation of FST-induced neuronal activa-
tion, there were notable differences also. TRIM, but not ZL006, 
increased c-FOS immunoreactivity in naïve and FST-exposed 
animals in the CeA. This effect was not observed previously in 
rats following L-NA treatment under similar experimental condi-
tions (Sherwin et al., 2017). Activation of the CeA has also been 
observed with conventional antidepressants. For instance, acute 
administration of citalopram and fluoxetine have been reported 
to increase c-FOS immunoreactivity within the CeA at baseline 
and in response to the FST (Miyata et al., 2005; Choi et al., 2013; 
Kawahara et  al., 2013). The ability of antidepressants such as 
fluoxetine and citalopram to facilitate an increase in neuronal 
activation within the CeA may relate to pharmacologically 
induced alterations in 5-HT transmission within the structure. It 
is important to note, however, that a higher basal level of c-FOS 
immunoreactivity within the amygdala (CeA, BIA, and MeA) was 
observed in the experiment involving treatment with ZL006. An 
FST-related increase in c-FOS immunoreactivity, however, was 
observed in the DRN of both experiments where treatment with 
TRIM, but not ZL006, was found to attenuate the FST-related 
increase. Here a TRIM-specific modulation of  neuronal activa-
tion within the DRN nucleus may be due to the close association 
between nNOS and 5-HT in the DRN (Chanrion et  al. 2007). In 

Table 2. Regional c-FOS Immunoreactivity in Non-FST and in FST Exposed WKY Rats Treated with Vehicle or ZL006

Brain region Non-FST Vehicle Non-FST ZL006 FST Vehicle FST ZL006

Cortical
PLx 128.8 ± 3.67 123.6 ± 8.02 166.0 ± 13.05 281.8 ± 28.65**
ILx 124.4 ± 5.31 125.7 ± 15.15 104.2 ± 4.78 172.3 ± 22.69**
Cgx 69.60 ± 8.27 68.70 ± 8.36 197.8 ± 12.75++ 119.0 ± 22.11**
LS 93.25 ± 7.73 99.00 ± 11.03 140.4 ± 6.47++ 195.5 ± 11.64**
Subcortical
NAc (shell) 47.08 ± 4.30 48.75 ± 4.22 121.5 ± 24.67++ 124.8 ± 14.32
NAc (core) 54.67 ± 6.20 52.33 ± 4.09 90.67 ± 11.52+ 133.9 ± 16.04**
PVN 50.58 ± 4.46 52.17 ± 1.08 132.3 ± 2.88++ 166.5 ± 6.44**
PVT 42.50 ± 2.09 41.17 ± 3.20 82.50 ± 7.57++ 73.83 ± 11.58
CeA 34.25 ± 3.82 33.92 ± 2.91 28.00 ± 2.73 34.17 ± 5.85
Bla 38.90 ± 4.25 40.25 ± 4.06 35.58 ± 2.05 38.83 ± 4.74
MeA 35.00 ± 1.29 37.75 ± 6.93 42.92 ± 3.62 40.83 ± 4.54
Hippocampus
dDG 16.40 ± 0.53 15.13 ± 1.23 33.42 ± 2.65++ 19.33 ± 1.67**
vCA1 27.08 ± 2.69 32.17 ± 5.03 70.17 ± 5.12++ 36.42 ± 4.40**
Brainstem
DRN 67.00 ± 12.19 69.83 ± 11.74 90.50 ± 13.77 118.0 ± 9.71
dlPAG 48.92 ± 3.29 57.00 ± 2.12 103.8 ± 4.98++ 160.8 ± 11.46**

+P < .05 relative to corresponding vehicle group. ++P < .01 relative to corresponding vehicle group. **P < .01 relative to corresponding FST vehicle-treated group.
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addition to its interaction with PSD-95, nNOS is known to associ-
ate with the serotonin transporter. TRIM may thus influence ser-
otonin transporter-associated variants of nNOS accounting for 
differences with ZL006. Activation of the DRN following exposure 
to stress is suggested to shift cognitive perception of stress from 
controllable to uncontrollable, giving rise to depressive-related 

behavior (Amat et  al., 2005). The reduction in c-FOS immuno-
reactivity within the DRN following treatment with TRIM may 
contribute to the observed reduction in immobility. Further work 
is required to investigate and clarify the actions of TRIM in the 
DRN. A DRN-related action, however, is unlikely to account for 
the antidepressant-related activity of ZL006 in the test.

Table 3. Regional NADPH Diaphorase Histochemistry in Non-FST and in FST Exposed WKY Rats Treated with Vehicle or ZL006

Brain region Non-FST Vehicle Non-FST ZL006 FST Vehicle FST ZL006

NAc (shell) 34.25 ± 1.73 40.00 ± 1.88 47.25 ± 2.36++ 34.08 ± 2.93**
NAc (core) 45.92 ± 2.41 54.83 ± 2.12 53.08 ± 3.71 44.00 ± 4.15
PVN 62.08 ± 2.53 56.00 ± 3.25 120.1 ± 9.79++ 56.54 ± 4.65**
dDG 24.25 ± 2.02 23.83 ± 2.59 28.83 ± 2.43 26.67 ± 3.03
vCA1 20.25 ± 2.12 22.08 ± 3.01 33.00 ± 3.948+ 32.58 ± 4.437
DRN 41.00 ± 3.92 41.00 ± 2.78 71.00 ± 2.08++ 73.75 ± 8.01
dlPAG 46.92 ± 3.46 53.00 ± 2.86 62.00 ± 3.57++ 63.58 ± 2.79

+P < .05 relative to corresponding vehicle group. ++P < .01 relative to corresponding vehicle group. **P < .01 relative to corresponding FST vehicle-treated group.

Figure 3. Effect of 4-((3,5-dichloro-2-hydroxybenzyl)amino)-2-hydroxybenzoic acid (ZL006) administration on NADPH-d histochemistry in the paraventricular nucleus 

of the hypothalamus (PVN) of the hypothalamus of FST-exposed animals. Animals were subjected to a 15-minute pre-FST swim session or handled. At 1 hour following 

the pretest, animals were administered vehicle (i.p.) or ZL006 (10 mg/kg; i.p.). A second and a third injection were administered 5 hours and 1 hour prior to the 5-minute 

FST test session on the following day. Non-FST were handled at this time. Treatment with ZL006 attenuated FST-induced NADPH-d staining in the PVN of the hypo-

thalamus (Figure 3A). Data expressed as mean and SEM (n = 4–6). +P < .05 relative to non-FST vehicle-treated group. ++P < .01 relative to non-FST vehicle-treated group. 

**P < .01 relative to corresponding FST vehicle-treated group. Representative photomicrographs of PVN sections stained for NADPH-d from the treatment groups Vehicle 

Non FST; ZL006 Non FST; Vehicle FST; ZL006 FST are shown in 3B. Representative photomicrographs of dual staining for c-FOS and NADPH-d depicting colocalization 

within the PVN from the Vehicle FST treatment group is shown in 3C.
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ZL006-Specific Modulation of FST-Induced Neuronal 
Activation in Cortical Areas and the Nucleus 
Accumbens (Core)

In the current experiments, there were instances where ZL006, 
but not TRIM, altered FST-induced neuronal activation, namely in 
the PLx, ILx, Cgx, and the core of the NAc. These specific effects 
of ZL006 on neuronal activation are likely due to its action, which 
is distinct from that of TRIM (Zhou et al., 2010; Bach et al., 2015; 
Lee et al., 2015). In the PLx and ILx, neither ZL006 nor FST alone 
influenced c-FOS immunoreactivity. However, in combination an 
increased response was obtained compared with either treat-
ment alone, indicating a possible synergy. By contrast, ZL006 
attenuated the FST-induced increase in c-FOS immunoreactiv-
ity in the Cgx, indicating that this region responds differently 
to ZL006 compared with the other cortical areas. The role of the 
Cgx in mediating behavioral responses in the FST or its response 
to antidepressants are not well investigated to date. A study by 
Li and colleagues (Li et  al., 2012) demonstrated that lesions to 
the anterior Cgx have no impact on immobility time in the FST. 
However, another study determined that lesions to the Cgx serve 
to increase immobility time of rats in the FST (Bissiere et al., 2006). 
This would indicate that activation of the Cgx following exposure 
to the FST is unlikely to relate to immobility and that modulation 
of the Cgx following treatment with ZL006 is unlikely to have a 
bearing upon its antidepressant-like action in the FST.

Both shell and core of the NAc are implicated in mediating 
behavioral responses to antidepressants (Shirayama and Chaki 
2006). Studies have shown that neuronal activation (in terms 
of both c-FOS and ΔFosB expression) within the core and shell 
can be influenced by both acute and chronic antidepressant 
treatments (Vialou et al., 2010a; Silva et al., 2012). Induction of 
ΔFosB in the NAc following chronic antidepressant treatment is 
linked with an increase in stress resilience (Vialou et al., 2010b). 
In the present investigation, treatment with ZL006 enhanced 
FST-induced C-FOS immunoreactivity in the core of the NAc. 
Silva and colleagues (Silva et al., 2012) reported reduced c-FOS 
immunoreactivity within the NAc following treatment with 
the nNOS inhibitor, 7-NI, although no such action of TRIM was 
observed in the current investigation. Evidence suggests that 
nNOS inhibitors, when injected peripherally or injected locally 
into the accumbens, can suppress NO production within the 
NAc. Moreover, when NMDA is directly applied to the NAc, it 
increases the production of NO, suggesting that NO produc-
tion is regulated through an NMDA-R/nNOS pathway (Prast 
et al., 2015). This suggests that the NAc could be a target region 
modulated by ZL006. In support, ZL006 attenuated FST-related 
increase in NADPH-d staining indicative of reduced nNOS activ-
ity. However, these findings overall do not provide a mechanism 
likely to relate to the observed antidepressant-like actions in 
the FST, as TRIM reduced immobility yet failed to influence FST-
induced c-FOS immunoreactivity in the NAc.

Reduced NADPH-Diaphorase Staining in the PVN of 
the Hypothalamus following ZL006 Administration

Stress has been shown to increase NADPH-d staining in the PVN 
of the hypothalamus, amygdala, hippocampus, and the DRN in 
rats (Krukoff and Khalili 1997; Sánchez et  al., 1999; Echeverry 
et al., 2004; Joung et al., 2012). In the present study, exposure to 
the FST resulted in an increase in NADPH-d staining in the NAc, 
vCA1 of the hippocampus, DRN, dlPAG, and PVN of the hypothal-
amus consistent with previous literature (Sánchez et al., 1999).

While NADPH is a cofactor for all isoforms of NOS, dual 
staining studies with nNOS in the PVN of the hypothalamus 
have identified that stress-induced increases in NADPH-d stain-
ing occurs within nNOS-expressing cells (Echeverry et al., 2004). 
Thus, it is likely that the observed increase in NADPH-d stain-
ing in the current study represents increased nNOS activity. 
Treatment with ZL006 attenuated FST-induced NADPH-d stain-
ing indicative of a suppression of nNOS activity. In support, a pre-
vious study has shown that treatment with the selective nNOS 
inhibitor, 7-NI, but not the nonselective NOS inhibitor, L-NAME, 
attenuated stress-induced NADPH-d staining, accompanied by 
a decrease in the level of nitrate metabolites, in the PVN of the 
hypothalamus, and the lateral dorsal tegmental nucleus in rats 
(Joung et al., 2012). This is conisistent with the present investiga-
tion where the absence of an effect of ZL006 on NADPH-d stain-
ing in non-FST-exposed animals indictaes that stress is required 
to trigger an increase in NADPH-d staining that is attenuated 
following ZL006 administration.

The PVN of the hypothalamus was the only region in which 
c-FOS immunoreactivity and NADPH-d staining were both 
modulated following treatment with ZL006. The FST-related 
increase in c-FOS enhanced by ZL006 was present concomitant 
with an FST-related increase in NADPH-d attenuated by ZL006. 
Given that ZL006 has such opposing actions, it was of interest to 
determine that c-FOS colocalized with NADPH-d positive cells 
within the PVN, providing further support for the likelihood that 
enhanced FST-induced neuronal activation following treatment 
with ZL006 was associated with the local inhibition of nNOS via 
inhibition of the NMDA-R/PSD-95/nNOS pathway. ZL006 also 
attenuated FST-induced NADPH-d staining within the shell of 
the nucleus accumbens (Table 3). Whether this is related to the 
antidepressant-related properties of ZL006 is undetermined. 
However, as ZL006 failed to influence FST-induced c-FOS immu-
noreactivity in this region, it is unlikely that inhibition of nNOS 
within the NAc is associated with its antidepressant-related 
properties in the FST. A lack of effects of ZL006 on stress-induced 
NADPH-d staining in other brain regions may relate to the rela-
tive activity of the NMDA-NO signaling pathway in modulating 
nNOS activity in response to stress in these regions.

Conclusions

ZL006, a small molecule inhibitor of the PSD-95/nNOS inter-
face, displays antidepressant activity in the FST in the WKY rat. 
These data build on previous work targeting the NMDA-R path-
way for antidepressant-related properties in mice (Doucet et al., 
2013). Furthermore, the antidepressant-like effects of ZL006 are 
associated with the modulation of stress-induced neuronal 
activation in several brain regions. The observed changes in 
c-FOS immunoreactivity in the current study align with pre-
vious findings of NOS inhibitor modulation of FST-induced 
neuronal activation (Sherwin et  al., 2017) and extend previ-
ous findings by targeting NMDA-R associated nNOS. Moreover, 
exposure to the FST was sufficient to facilitate a stress-induced 
increase in NADPH-d reflective of NOS activity in the PVN. This 
FST-induced increase was attenuated following treatment with 
ZL006, consistent with previous reports of nNOS inhibitors 
attenuating enzymatic activity within this brain region. The 
observations of the current study identify the PVN of the hypo-
thalamus as a brain region where ZL006 acts to attenuate FST-
induced nNOS activity while concomitantly regulating region 
specific neuronal activation associated with an antidepressant 
related response.
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