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Abstract
Rationale Deregulated attack behaviors have devastating social consequences; however, satisfactory clinical management 
for the behavior is still an unmet need so far. Social isolation (SI) has been common during the COVID-19 pandemic and 
may have detrimental effects on mental health, including eliciting heightened attack behavior.
Objectives This study aims to explore whether injection of ZL006 can alleviate SI-induced escalation of attack behavior 
in mice.
Methods Pharmacological tools, biochemical methods, and behavioral tests were used to explore the potential therapeutic 
effects of ZL006 targeting postsynaptic density 95 (PSD95)/neuronal nitric oxide synthase (nNOS) pathway on escalation 
of attack behavior induced by SI in mice.
Results ZL006 mitigated SI-induced escalated attack behaviors and elevated nitric oxide (NO) level in the cortex of the SI 
mice. The beneficial effects of ZL006 lasted for at least 72 h after a single injection of ZL006. Potentiation of NO levels by 
L-arginine blocked the effects of ZL006. Moreover, a sub-effective dose of 7-NI in combination with a sub-effective dose of 
ZL006 decreased both SI-induced escalated attack behaviors and NO levels in mice subjected to SI.
Conclusions Our study highlights the importance of the PSD95/nNOS pathway in mediating SI-induced escalation of attack 
behavior. ZL006 may be a promising therapeutic strategy for treating aggressive behaviors.

Keywords Postsynaptic density 95 (PSD95) · Neuronal nitric oxide synthase (nNOS) · ZL006 · Nitric oxide (NO) · Social 
isolation (SI) · Resident–intruder test

Introduction

The neuronal mechanisms underlying aggressive behavior, 
particularly deregulated attack behaviors, have been studied 
extensively. However, clinical management of this disorder 
remains unsatisfactory. Social isolation (SI), which has been 
common during the COVID-19 pandemic, poses detrimental 
effects on human mental health and probably increases the 

risk of aggressive behaviors (Brooks et al. 2020; Cacioppo 
et  al. 2015; Cacioppo et  al. 2014; Killgore et  al. 2021; 
Okruszek et al. 2020; Peterson et al. 2021). SI plays a criti-
cal role in the etiology of aggressive behavior and is known 
to provoke an escalation of attack behavior in mice (Pinna 
et al. 2003; Zelikowsky et al. 2018).

Glutamatergic signaling, acting via the N-methyl-D-
aspartate receptor (NMDAR) and its downstream effector, 
nitric oxide (NO), is involved in a large number of psy-
chiatric disorders (Deyama et al. 2017; Zhou et al. 2007; 
Zhu et al. 2014). Preclinical studies have demonstrated that 
these disorders can be alleviated by inhibiting hyperactiv-
ity of NMDAR or aberrant production of NO initiated by 
activated NMDAR (Baranyi et al. 2015; Dhir and Kulkarni 
2011; Doucet et al. 2013; Tripathi et al. 2020; Zhou and 
Sheng 2013). However, blockade of NMDAR via its antago-
nists is undermined by psychotomimetic side effects (Muir 
2006; Olney et al. 1991) possibly due to NMDAR playing 
numerous crucial functions under physiology conditions. 
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Scaffolding protein postsynaptic density 95 (PSD95) tethers 
NMDAR to neuronal nitric oxide synthase (nNOS), which 
is responsible for the synthesis of NO after activation of 
NMDAR (Sattler et al. 1999). Although several lines of evi-
dence suggest that nNOS and perhaps other types of NOS 
are involved in aggressive behavior, findings regarding the 
roles of NOS are conflicting based on previous studies (Car-
reno Gutierrez et al. 2020; Demas et al. 1999; Nelson et al. 
1995; O'Leary et al. 2020).

4-(3,5-Dichloro-2-hydroxy-benzylamino)-2-hydroxyben-
zoic acid (ZL006) is a small molecule that targets PSD95/
nNOS and inhibits NMDAR-dependent NO synthesis in neu-
rons with an IC50 of dozens of nanomoles and can cross 
the blood–brain barrier after systemic administration (Zhou 
et al. 2010). Selective targeting of PSD95/nNOS, but not 
NMDAR or NO, circumvents the side effects caused by 
global inhibition of the receptor and NO. Therefore, ZL006 
exhibits potential to serve as a therapeutic agent for the treat-
ment of escalated attack behaviors.

In this study, we investigated whether intraperitoneal 
(i.p.) injection or intracerebroventricular (i.c.v.) injection of 
ZL006 can alleviate SI-induced heightened attack behaviors 
in mice.

Materials and methods

Subjects

Male C57BL/6J mice (aged 3–4 or 7–8 weeks) were pur-
chased from SILAC (Shanghai SLAC Laboratory Animal 
CO. Ltd, Shanghai, China). The animals were maintained 
on a reversed 12 h/12 h light/dark cycle with food and water 
ad libitum. All surgical procedures and treatments were 
approved by the Experimental Animal Ethics Committee 
of Hainan Medical University (No. XPT170075) and per-
formed in accordance with the NIH Animal Research Use 
guidelines for the Care and Use of Laboratory Animals. 
Maximal efforts were made to minimize the number of mice 
used on the experiments and any suffering.

Drugs

4-(3,5-Dichloro-2-hydroxy-benzylamino)-2-hydroxybenzoic 
acid (ZL006, T17293; TargetMol, tsbiochem, Shanghai, 
China) was administered via i.p. injection at a dose of 2 mg/
kg or 10 mg/kg or via i.c.v injection at a dose of 10 μM/2.5 
μL or 50 μM/2.5 μL in 0.9% saline. L-arginine (750 mg/
kg, A5006; Sigma-Aldrich, St Louis, MO, USA), or 7-NI 
(10 mg/kg, T7474; TargetMol, tsbiochem, Shanghai, China) 
was injected via the i.p. route. All drugs were freshly pre-
pared on the day of use and were injected as indicated before 
testing. The doses of ZL006 were selected based on our pilot 

experiments or reports by other groups (Aziz et al. 2019; 
Doucet et al. 2013; Lee et al. 2015; Qu et al. 2020).

Intracerebroventricular injection

Briefly, mice were anesthetized (using sodium pentobarbi-
tal 50 mg/kg, via i.p. injection) and positioned in a stere-
otaxic instrument with a mouse adapter. The stereotaxic 
coordinates for implantation of a guide cannula into the 
right lateral ventricle were as follows: AP, 0.5 mm relative 
to bregma; ML, 0.8 mm relative to bregma; and DV, −2.5 
mm from the skull surface. The guide cannula was fixed 
with dental cement. All injections were administered over 1 
min, and the syringe was kept in place for 2 min to prevent 
backflow after injection. To confirm successful entry into the 
right ventricle before our main experiments, 5 μL of trypan 
blue dye was injected into the cannula, and the mouse brain 
was cut into slices for observation. All animals were allowed 
to recover for 2 weeks after the operations before initiation 
of the subsequent experiments. Control animals received a 
vehicle solution. During drug infusion, the animals were 
gently restrained by hand; the stylets were removed from the 
guide cannula and replaced by 27-gauge injection needles 
(1 mm below the tip of the guide cannula). Each injection 
was connected to a 10-μL Hamilton syringe using a poly-
ethylene tube.

Open field test

The open field test was performed as described previously 
with minor modifications (Ai et al. 2020; Ai et al. 2017). The 
open field chamber was made of white plastic with dimen-
sions of 40 cm height × 40 cm length × 40 cm width. The 
mice were allowed to explore the chamber freely for 10 min. 
Ethanol (70%) was used to clean the apparatus between sub-
jects to eliminate the odor cue. The total distance traveled 
during the test was measured using Super Maze software 
(Shanghai Xinruan Information Technology Co. Ltd, Shang-
hai, China).

Resident–intruder test

The resident–intruder test was used to measure aggres-
sive behavior. SI mice were housed singly for 2 weeks, and 
intruder mice were housed at a density of 3–4 mice per cage 
before the test. The behavior of each resident mouse was 
scored blindly for total attack count, attack duration, and 
attack latency. An attack was defined as a single bite or a 
flurry of rapid bites initiated by the resident. The bedding 
in the cages housing the resident mice was not renewed for 
3 days before the test.
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NO level measurement

Immediately after the resident–intruder test, the cortex 
of each mouse was harvested and stored at −80 °C until 
examination. The cortical tissue was lysed using lysis buffer 
(P0013, Beyotime, Shanghai, China) with protease inhibi-
tors. NO levels were measured using the Griess reaction 
(Hevel and Marletta 1994; Zhang 2001). The assay was 
performed according to the manufacturer’s instructions 
(S0021S; Beyotime, Shanghai, China). Absorbance of the 
samples was measured at 540 nm using a microplate reader 
(BioTek Instruments, VT, USA). The nitrite concentration 
was calculated using a standard curve and expressed as a 
relative value.

Statistical analysis

Statistical analyses were conducted in GraphPad Prism 7 
(GraphPad Software Inc., CA, USA). Data were scatterplot-
ted in the bar which indicates the mean with an error bar 
representing the standard error of the mean (SEM). Statisti-
cal analysis between two groups was tested by the two-tailed 
Student’s t test. One-way analysis of variance (ANOVA) 
with Bonferroni’s correction was performed for multiple 
comparisons between each group. “N” indicates animal 
number; the sample size was predetermined by our previ-
ous experience and similar studies. Differences at p < 0.05 
were considered significant. Detailed statistical analysis can 
be found in the supplemental information.

Results

ZL006 attenuates SI‑induced attack behaviors 
and aberrant NO levels in the cortex

The open field and resident–intruder tests were performed 
consecutively to assess the locomotor activity and attack 
behaviors in the group housing (GH) and SI mice treated 
with vehicle or different doses of ZL006 (Fig. 1a). After 
intraperitoneal administration, it takes about 1 h for ZL006 
to reach a maximal level in the brain (Zhou et al. 2010). 
Therefore, the behavior tests were conducted 1 h after 
administration. As found in a previous study (Doucet et al. 
2013), ZL006 had minimal effects on locomotor activity, 
with no overt between-group differences (Fig. 1b). After 
2 weeks of single housing, the SI mice displayed mark-
edly heightened attack behaviors, which manifested as an 
increase in the number and duration of attacks and a shorter 
attack latency in comparison with the GH mice that received 
a vehicle injection (Fig. 1c–e), indicating that SI induced an 
escalation in attack behavior. There was no change in attack 
behavior in the GH mice that received ZL006 (Fig. 1c–e), 

suggesting that this drug neither nonspecifically decreases 
attack behavior nor interferes with an animal’s ability to 
protect its territory. Given that ZL006 inhibits PSD95/nNOS 
and that abnormal amounts of NO in the brain are linked 
to neurological disorders, including aggressive behavior, 
we harvested the cortex after behavioral tests and assessed 
the NO level using the Griess reaction (Hevel and Marletta 
1994; Zhang 2001). In line with the behavioral results in this 
study, there was a marked reduction in NO levels in the SI 
mice treated with high-dose ZL006 but not in the SI mice 
treated with vehicle or low-dose ZL006 (Fig. 1f). Another 
cohort of mice was subjected to the resident–intruder test to 
determine whether a single ZL006 injection had a sustained 
effect on attack behaviors (Fig. 1g). Our data indicate that 
the effect on attack behaviors of one ZL006 injection lasted 
for at least 72 h (Fig. 1h–m). The NO level was also reduced 
72 h later in the high-dose ZL006-treated SI mice (Fig. 1n). 
Overall, our results demonstrate that ZL006 efficiently miti-
gates SI-induced escalation of attack behavior without inter-
fering with locomotor activity and thus has potential as a 
therapeutic agent for aggressive behavior.

Intracerebroventricular injection of ZL006 reduced 
SI‑induced attack behaviors and aberrant NO levels

To determine whether ZL006 had a central rather than a 
peripheral impact on mouse behavior, we administered 
ZL006 via the i.c.v route (Tillmann et al. 2017) to deter-
mine its effect on SI mice (Fig. 2a). As anticipated, the mice 
treated with vehicle or ZL006 displayed no impairment in 
the total distance in the open field test (Fig. 2b). When com-
pared with vehicle-treated or low-dose ZL006-treated (ZL L) 
mice, high-dose ZL006-treated (ZL H) mice showed a lower 
attack count, a shorter attack duration, and a longer attack 
latency, suggesting a direct reduction in aggressive behav-
iors (Fig. 2c–e). After the behavioral tests, we measured the 
NO levels in the mouse cortices. As with the intraperitoneal 
injection of ZL006, the i.c.v injection of high-dose ZL006 
attenuated the SI-induced increase in NO levels (Fig. 2f). 
Overall, these data demonstrate that ZL006 attenuates esca-
lation of attack behavior induced by SI and leads to a con-
comitant decrease in NO levels in the cortex.

Pretreatment with L‑arginine prevented 
the effects of ZL006 on SI‑induced attack behaviors 
and aberrant NO levels

L-arginine, a known precursor of production of NO in vivo 
(Moncada and Higgs 1993), was used to examine whether 
elevated levels of NO are required for aggressive behavior 
in mice subjected to SI. To address this, we assessed loco-
motor activity and attack behaviors following administra-
tion of L-arginine and ZL006 using the open field test and 
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Fig. 1  Systemic injection of ZL006 suppresses SI-evoked esca-
lated attack behaviors and augmented NO level in mice. (a) Dia-
gram of the experimental design. After 2 weeks of group housing 
(GH) or single housing (social isolation, SI), the mice were treated 
with vehicle (Veh) or different doses of ZL006 (2 mg/kg for a low 
dose, indicated by ZL L; 10 mg/kg for a high dose, denoted by ZL 
H) via intraperitoneal injection. (b) Total distance of mice during the 
open field test (OFT) treated as shown in (a) (F(4,40) = 0.9094, p = 
0.4678). (c–e) Parameters of the attack behavior measured during the 
resident intruder test (RIT). Total attack counts (c) (F(4,40) = 19.56, p 
< 0.001); attack duration (d) (F(4,40) = 19.94, p < 0.001); and attack 
latency (e) (F(4,40) = 8.859, p < 0.001). (f) Relative NO level (F(4,40) 
= 27.33, p < 0.001). (g) Scheme of the protocol used. (h–j) Attack 

behavior parameters measured 24 h after administration of ZL006 
(10 mg/kg for a high dose, denoted by ZL H) injection during the 
resident intruder test. Total attack counts (h) (t = 4.71, p < 0.001), 
attack duration in (i) (t = 4.572, p < 0.001), and attack latency in (j) 
(t = 3.23, p = 0.0061) 24 h later. (k–m) Total attack counts (k) (t = 
5.758, p < 0.001), attack duration (l) (t = 5.62, p < 0.001), and attack 
latency (m) (t = 4.492, p < 0.001) 72 h later. (n) Relative NO levels 
(t = 5.897, p < 0.001). ∗∗p < 0.01; ∗∗∗p < 0.001; n.s., not statis-
tically significant; all were compared with GH + Veh (b–f) or SI + 
Veh (h–n). In all figures, the individual data plots represent each ani-
mal within the group overlaying the bar indicating the mean and the 
error bar indicating the standard error of the mean (SEM). Detailed 
statistical analysis can be found in the supplemental information
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the resident–intruder test, respectively (Fig. 3a). No appar-
ent differences in distance were detected in the open field 
test in any group (Fig. 3b), suggesting that neither ZL006 
nor L-arginine affected locomotor activity. Pretreatment of 
ZL006-treated mice with the vehicle consistently resulted 
in a lower attack count, a shorter attack duration, and a 
longer attack latency, indicating a substantial reduction 
in aggressive behavior (Fig. 3c–e). However, pretreat-
ment with L-arginine in ZL006-treated mice attenuated 
the effects of ZL006, as evidenced by comparable attack 
counts, attack duration, and attack latency relative to the 
vehicle only group (Fig. 3c–e). Notably, mice that were 
pretreated with L-arginine in combination with the vehicle 
did not show an increase in attack behaviors (Fig. 3c–e), 
suggesting SI-induced ceiling effects on attack behaviors. 
Indeed, there was a marked reduction in NO levels in 
mice treated with vehicle + ZL006, and this decrease was 
reversed by pretreatment with L-arginine (Fig. 3f). How-
ever, L-arginine in combination with the vehicle did not 
boost the NO level further compared with that in the vehi-
cle + vehicle-treated mice (Fig. 3f). Overall, these results 
suggest that potentiation of NO production by L-arginine 
blocked the effect of ZL006 on attack behaviors, suggest-
ing that NO plays an essential role in SI-induced attack 
behaviors.

Combined treatment with sub‑effective doses 
of ZL006 and 7‑NI had a synergistic effect 
on SI‑induced attack behaviors and aberrant 
NO levels

To further ascertain the role of ZL006 in targeting PSD95/
nNOS and reducing heightened attack behaviors, we 
employed a pharmacological approach to simultaneously 
inhibit PSD95/nNOS and nNOS activity with sub-effective 
doses of ZL006 and 7-NI, a preferential nNOS inhibitor 
(Mutlu et al. 2011), and evaluated the effects of this manip-
ulation on attack behaviors using the resident–intruder test 
(Fig. 4a). There was no difference in total distance between 
the treatments as measured in the open field test (Fig. 4b). 
Subsequently, we observed a combined effect of co-appli-
cation of sub-effective doses of ZL006 and 7-NI, as dem-
onstrated by a marked reduction in the attack count and 
duration of attacks and a longer attack latency (Fig. 4c–e). 
However, no significant changes in attack behaviors were 
detected in mice that received a sub-effective dose of ZL006 
or 7-NI alone when compared with mice treated with vehicle 
only (Fig. 4c–e). Notably, there was a marked decrease in 
NO levels in mice co-injected with sub-effective doses of 
ZL006 and 7-NI but not in those that received sub-effective 
ZL006 or sub-effective 7-NI alone (Fig. 4f). These findings 

Fig. 2  Intracerebroventricular injection of ZL006 reduces SI-evoked 
attack behaviors and elevated NO levels in mice. (a) Schematic draw-
ing of the experimental protocol. After 2 weeks of SI, the mice were 
treated with vehicle (Veh) or different doses of ZL006 (10 μM/2.5 μL 
for a low dose, indicated by ZL L; 50 μM/2.5 μL for a high dose, 
denoted by ZL H) via intracerebroventricular injection. (b) Total 
distance of mice (F(2,21) = 2.119, p = 0.1451). (c–e) Attack behav-

ior parameters measured during the resident intruder test. Total attack 
counts (c) (F(2,21) = 15.73, p < 0.001), attack duration (d) (F(2,21) = 
16.68, p < 0.001), and attack latency (e) (F(2,21) = 6.971, p = 0.0048). 
(f) Relative NO level (F(2,21) = 16.78, p < 0.001). ∗∗p < 0.01; ∗∗∗p 
< 0.001; n.s., not statistically significant; all were compared with SI 
+ Veh. Detailed statistical analysis can be found in the supplemental 
information
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further support our theory that specifically disrupting 
PSD95/nNOS by ZL006 alleviates SI-induced escalation of 
attack behavior by reducing elevated NO levels.

Discussion

Despite its prevalence and disabling consequences, the 
biological mechanisms underlying deregulated attack 
behavior remain poorly understood, and there are no effec-
tive clinical management strategies. In this study, a sin-
gle dose of ZL006, a small-molecule inhibitor of PSD95/
nNOS, attenuated escalation of attack behavior in the resi-
dent–intruder test at a dose that did not affect locomotor 
activity. To our knowledge, this is the first study to demon-
strate that targeting PSD95/nNOS with ZL006 attenuates 
attack behavior induced by SI, thereby adding to the evi-
dence for ZL006 as a potential treatment for various neu-
rological disorders (Cai et al. 2018b; Doucet et al. 2013; 
Li et al. 2018; Qin et al. 2019). Notably, we demonstrated 
that the effect of ZL006 on attack behavior was mediated 
via suppression of production of NO. The actions observed 
in mice treated with ZL006 in our study have paved the 
way for future dose optimization in preclinical trials and 
subsequent clinical trials. Besides, we also inspired other 
studies that employ similar agents targeting the PSD95/

nNOS or its downstream node in the pathway, including 
IC87201 or ZLc002 (Florio et al. 2009; Lee et al. 2018; 
Lee et al. 2015; Zhu et al. 2014).

NMDAR-mediated production of NO is an important 
mechanistic pathway in neurological disorders (Carey et al. 
2017; Gunasekar et al. 1995; Sattler et al. 1999). Therefore, 
suppression of NMDAR-mediated aberrant NO levels is a 
promising strategy for the amelioration of various neuro-
logical disorders. However, inhibitors that directly target 
NMDAR and NOS have a number of side effects, which 
means that there is an urgent need for alternative approaches 
to inhibit NMDAR-dependent production of NO. Consider-
ing that PSD95 tethers nNOS to NMDAR and that selec-
tive disruption of PSD95/nNOS spares memory and motor 
function (Smith et al. 2016), we hypothesized that ZL006, a 
validated pharmacological tool in numerous rodent models 
of neurological disease (Carey et al. 2017; Qu et al. 2020; 
Sherwin et al. 2017), would suppress the attack behaviors 
induced by SI. Given previous research demonstrating that 
ZL006 has a limited ability to penetrate the blood–brain 
barrier (Wang et al. 2015a), we also administered ZL006 
via the i.c.v route to test the central action of the drug. Our 
data consistently indicated that a single injection of ZL006 
can alleviate SI-induced attack behaviors whether adminis-
tered via the i.p. route or the i.c.v route. Therefore, targeting 
PSD95/nNOS downstream of the NMDAR may be a more 

Fig. 3  Pretreatment with L-arginine abolishes the effect of ZL006 
on SI-evoked attack behaviors and elevated NO levels in mice. (a) 
Schematic drawing of the experimental protocol. After 2 weeks of 
SI, the mice were treated with vehicle (Veh) or L-arginine (L-arg) 
via intraperitoneal injection followed by vehicle (Veh) or ZL006 
(ZL) via intraperitoneal injection 30 min later. (b) Total distance of 
mice (F(3,32) = 1.302, p = 0.2908). (c–e) Attack behavior parameters 

measured in the resident intruder test. Total attack count (c) (F(3,32) = 
15.89, p < 0.001), attack duration (d) (F(3,32) = 17.07, p < 0.001), and 
attack latency (e) (F(3,32) = 5.876, p = 0.0026). (f) Relative NO level 
(F(3,32) = 32.97, p < 0.001). ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; 
n.s., not statistically significant; all were compared with Veh + Veh. 
Detailed statistical analysis can be found in the supplemental infor-
mation
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promising therapeutic strategy for attack behavior than an 
NMDAR antagonist.

The role of NO in attack behavior is subtle and multi-
faceted, and the evidence is mixed with regard to whether 
elevated or reduced NO levels contribute to escalation of 
attack behavior (Carreno Gutierrez et al. 2020; Demas et al. 
1999; Nelson et al. 1995). These seemingly contradictory 
reports may reflect differences in the strains of mice used 
in different laboratories (Roy et al. 2000). Another possible 

explanation for this paradox is that NO plays biphasic roles 
in  vivo (Getting et  al. 1996), suggesting that impaired 
homeostasis of the NO levels in vivo may result in abnormal 
attack behaviors. Furthermore, the expression of mRNA of 
nNOS is upregulated in more aggressive zebrafish (Filby 
et al. 2010; Freudenberg et al. 2016), and reduction of NO 
levels in zebrafish was found to suppress aggression (Car-
reno Gutierrez et al. 2020), implying that the effect of NO 
is species-specific. In line with the notion that an increase 

Fig. 4  Sub-effective dose of ZL006 and 7-NI had synergistic effects 
on SI-evoked attack behaviors and elevated NO levels in mice. (a) 
Schematic drawing of the experimental protocol. After 2 weeks of SI, 
the mice were treated with vehicle (Veh) or 7-NI via intraperitoneal 
injection followed by vehicle (Veh) or ZL006 (ZL) via intraperitoneal 
injection 30 min later. (b) Total distance of mice (F(3,32) = 0.4225, p 
= 0.7381). (c–e) Attack behavior parameters measured during the res-
ident intruder test. Total attack counts (c) (F(3,32) = 11.62, p < 0.001), 
attack duration (d) (F(3,32) = 12.61, p < 0.001), and attack latency (e) 

(F(3,32) = 12.43, p < 0.001). (f) Relative NO level (F(3,32) = 16.55, p < 
0.001). (g) Summary of findings. Two weeks of SI elicited heightened 
attack behavior and deregulated the PSD95/nNOS pathway, which 
caused an elevated NO level, while ZL006 or sub-effective doses of 
ZL006 and 7-NI reduced the attack behavior and reversed the incre-
ment in the NO level. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; n.s., not 
statistically significant; all were compared with Veh + Veh. Detailed 
statistical analysis can be found in the supplemental information

273Psychopharmacology (2022) 239:267–276



1 3

in the NO level contributes to escalation of attack behavior 
(Carreno Gutierrez et al. 2020; Demas et al. 1999), our data 
demonstrate that restoration of a normal NO level by ZL006 
averts SI-induced attack behaviors. However, little is known 
about the functional role of NO before, during, and after 
this behavior. This knowledge gap can be bridged by the 
development of a NO sensor (Eroglu et al. 2018), which can 
be exploited in an intact system to detect changes in the NO 
level in situ and in real time. However, further studies are 
warranted to elucidate the role of NO in attack behaviors.

Intriguingly, the effect of ZL006 was sustained for at least 
72 h following a single injection. Considering that low-dose 
ZL006 had a minimal impact on attack behaviors and the 
pharmacokinetics of ZL006 (Wang et al. 2015; Zhou et al. 
2010), it is unlikely that a single injection of high-dose 
ZL006 could have a sustained effect simply by maintaining 
an effective concentration in vivo. It is plausible that treat-
ment with ZL006 led to adaptive changes in neural circuits 
or alterations in gene expression, such as brain-derived neu-
rotrophic factor (Cai et al. 2018a), which contributes to pre-
venting aggressive behavior (Chang et al. 2020; Chang et al. 
2018). Importantly, ZL006 ameliorated SI-induced escala-
tion of attack behavior without disturbing the behavior in the 
GH mice, which is consistent with the finding of a previous 
study (Zhou et al. 2010). This specific effect of ZL006 on SI 
mice may attribute to aberrant NO level in SI mice but not 
in GH mice, further suggesting that ZL006 targets PSD95/
nNOS association and restores the deregulated NO level 
under pathological conditions (Cai et al. 2018b; Zhou et al. 
2010). Therefore, ZL006 has an advantage over NMDAR 
and nNOS antagonists because it is designed to uncouple the 
NMDAR complex from nNOS in a targeted manner when 
a pathological insult occurs. It is worth noting that ZL006 
probably blocks consolidation of contextual memory in aged 
mice (Aziz et al. 2019), suggesting that administration of 
ZL006 may have a detrimental effect in older individuals. 
Further work is required for delineation of the molecular and 
cellular mechanisms of ZL006 to understand the action of 
the drug and advance development of next-generation agents 
with fewer adverse effects.

Of note, we used smaller intruder animals of the same 
strain during the resident–intruder test. The main reason we 
chose 4-week-old mice as intruders is that mice in this age 
display fewer attack behaviors and would not have inflicted 
severe injuries during the test. Therefore, the exacerbated 
attack behavior of the resident mice subjected to SI may be 
regarded as abnormal or pathological (Miczek et al. 2001). 
It would be interesting to examine whether ZL006 could 
attenuate escalation of attack behavior when resident mice 
face intruder mice of similar size or those of a different 
strain in the future. We injected ZL006 via the i.p. or i.c.v. 
route in this study. Thus, a limitation of this research is that 
the specific brain region in which the drug acts remains to 

be determined. Nevertheless, our data show that systemic 
administration of ZL006 ameliorates SI-induced escalation 
of attack behaviors. We hope that our findings will prompt 
further studies to explore the neural circuits involved in 
attack behavior that are targeted by ZL006.

In conclusion, our study highlights the importance of 
the PSD95/nNOS pathway in the mediation of SI-induced 
escalation of attack behavior and suggests that targeting this 
pathway could be a promising therapeutic strategy for treat-
ing aggressive behaviors.
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