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Abstract

Background: Inducible or neuronal nitric oxide synthase gene deletion increases or decreases anxiety-like behavior in mice, 
respectively. Since nitric oxide and endocannabinoids interact to modulate defensive behavior, the former effect could involve 
a compensatory increase in basal brain nitric oxide synthase activity and/or changes in the endocannabinoid system. Thus, 
we investigated the expression and extinction of contextual fear conditioning of inducible nitric oxide knockout mice and 
possible involvement of endocannabinoids in these responses.
Methods: We evaluated the effects of a preferential neuronal nitric oxide synthase inhibitor, 7-nitroindazol, nitric oxide 
synthase activity, and mRNA changes of nitrergic and endocannabinoid systems components in the medial prefrontal cortex 
and hippocampus of wild-type and knockout mice. The effects of URB597, an inhibitor of the fatty acid amide hydrolase 
enzyme, which metabolizes the endocannabinoid anandamide, WIN55,212-2, a nonselective cannabinoid agonist, and AM281, 
a selective CB1 antagonist, on contextual fear conditioning were also evaluated.
Results: Contextual fear conditioning expression was similar in wild-type and knockout mice, but the latter presented 
extinction deficits and increased basal nitric oxide synthase activity in the medial prefrontal cortex. 7-Nitroindazol decreased 
fear expression and facilitated extinction in wild-type and knockout mice. URB597 decreased fear expression in wild-type 
and facilitated extinction in knockout mice, whereas WIN55,212-2 and AM281 increased it in wild-type mice. Nonconditioned 
knockout mice showed changes in the mRNA expression of nitrergic and endocannabinoid system components in the medial 
prefrontal cortex and hippocampus that were modified by fear conditioning.
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Conclusion: These data reinforce the involvement of the nitric oxide and endocannabinoids (anandamide) in stress-related 
disorders and point to a deregulation of the endocannabinoid system in situations where nitric oxide signaling is increased.

Keywords:  nitric oxide, 7-nitroindazole, URB597, WIN55,212-2, AM281, anandamide, CB1 receptors, fear conditioning, 
extinction

Introduction
Aversive stimuli increase glutamate release in brain structures 
involved in stress-related disorders, such as the medial pre-
frontal cortex (MPFC), amygdala, hippocampus (HIP), and dorsal 
periaqueductal gray matter (Moghaddam, 1993; Musazzi et al., 
2011; Riaza Bermudo-Soriano et al., 2012). Glutamate, by acting 
on NMDA receptors and increasing calcium influx, can activate 
the neuronal nitric oxide synthase (nNOS) enzyme, increasing 
NO production (Contestabile, 2000). Due to its high liposolubil-
ity, NO can act presynaptically and increase neurotransmitter 
release (Esplugues, 2002).

NO seems to be involved in stress-related disorders 
(Guimaraes et al., 2005), such as posttraumatic stress disorder 
(PTSD) (Oosthuizen et al., 2005). Several studies have shown 
that interference with NO and glutamate signaling can attenu-
ate the behavioral consequences of stress exposure in rodents 
(Forestiero et  al., 2006; Joca and Guimaraes, 2006; Spolidorio 
et  al., 2007; Resstel et  al., 2008; Aguiar and Guimaraes, 2009; 
Tonetto et al., 2009; Lisboa, 2011, 2013; ).

Supporting NO involvement in anxiety, nNOS knockout 
(KO) mice present anxiolytic-like behavior in the elevated plus 
maze (EPM) test (Wultsch et al., 2007), decreased auditory fear 
conditioning, and a marked impairment of contextual fear 
conditioning (CFC) (Kelley et al., 2009). This phenotype was phar-
macologically mimicked by administration of preferential nNOS 
inhibitors to wild-type (WT) mice or rescued by an NO donor in 
nNOS KO mice (Kelley et al., 2010).

On the other hand, mice with deletion of the inducible NOS 
gene (iNOS KO) seem to be more susceptible to stress, showing 
anxiogenic-like behavior in the EPM (Buskila et al., 2007). Moreover, 
this behavioral change is exacerbated 7  days after exposure to 
a predator odor (Abu-Ghanem et  al., 2008). This anxiogenic-like 
effect was prevented by nonselective NOS inhibitor L-NAME treat-
ment, suggesting that this behavioral change could involve a com-
pensatory increase in the activity of other NOS isoforms (ie, nNOS 
or endothelial [eNOS]). In fact, these animals showed increased 
basal levels of NOS activity in the amygdala and cortex, the latter 
effect being attenuated by inhibition of NOS constitutive isoforms 
(Buskila et al., 2007; Gilhotra and Dhingra, 2009).

Recent results indicate that the nitrergic and the endocannabi-
noid (ECB) systems could interact during stressful or aversive situ-
ations (Lisboa and Guimaraes, 2012; Lisboa et al., 2013; Lisboa et al., 
2014). ECBs are lipids synthesized from cellular membranes that 
behave as natural agonists for cannabinoid receptors (Battista et al., 
2006; Di Marzo and Petrosino, 2007; Maccarrone et al., 2007). Similar 
to NO, ECBs are synthesized “on-demand” in postsynaptic neurons 
after neuronal stimulation and are not stored in vesicles, being 
characterized as atypical neurotransmitters (Piomelli, 2003; Ligresti 
et al., 2005). After their synthesis, ECBs diffuse to presynaptic ter-
minals where they can activate cannabinoid receptors type 1 (CB1) 
or 2 (CB2) and decrease the release of neurotransmitters such as 
glutamate and GABA (Wilson and Nicoll, 2002; De Petrocellis et al., 
2004; Fernandez-Ruiz et al., 2007, 2008). ECBs are metabolized post-
synaptically by the enzymes fatty acid amide hydrolase (FAAH) and 
monoacylglycerol lipase (MAGL). It has been suggested that CB1 

receptors inhibit NOS activity. Indeed, NOS activity is enhanced in 
the cortex of CB1 KO mice (Kim et al., 2006). In addition, ananda-
mide inhibited anxiety and panic-like behaviors induced by admin-
istration of an NO donor into the dorsal periaqueductal gray matter 
(Lisboa and Guimaraes, 2012; Lisboa et al., 2013).

Based on these pieces of evidence, the present study investi-
gated the possible involvement of the nitrergic system in behav-
ioral changes stress-related behavioral changes by testing the 
hypothesis that: 1)  7-nitroindazole (7-NI), a preferential nNOS 
inhibitor, would attenuate CFC in WT mice, 2)  iNOS KO mice 
would show increased CFC, 3)  the enhanced CFC observed in 
iNOS KO mice would be associated to increased NOS activity and 
NOS mRNA expression in the MPFC and HIP, and 4) the behavio-
ral changes observed in iNOS KO mice would be attenuated by 
7-NI. We further investigated the involvement of the cannabi-
noid system in the modulation of CFC by testing the hypothesis 
that facilitation of ECB signaling and CB1 antagonism would 
attenuate and increase CFC, respectively. Moreover, to verify a 
possible interaction between cannabinoids and NO, we tested 
the hypothesis that cannabinoid drugs would modulate CFC and 
that iNOS KO mice would present changes in mRNA expression 
of genes associated to the ECB system in the MPFC and HIP.

Methods

Animals

All experiments were performed using male C57BL/6J and iNOS 
KO (C57BL/6J background) mice (8–12 weeks old). Breeding 
homozygous pairs of mice with targeted deletion of the iNOS 
gene were obtained from Jackson Laboratories (no. 002609, Bar 
Harbor, ME) and maintained in our local animal farm facility. 
The animals were housed in groups of 5 animals per cage in a 
temperature-controlled room (24 ± 1oC) under standard labora-
tory conditions (12 h light/12 h dark, lights on at 6:30 am) with 
food and water available ad libitum until they had reached the 
appropriate age for the experimental procedures. Animals that 
received the same treatment were kept in pairs until the end of 
the experiments. Procedures were conducted in conformity with 
the guidelines of the Brazilian Council for the care and use of lab-
oratory animals (COBEA), which comply with international laws 
and politics, and were approved by our local ethical committee. 
Experiments were conducted between 9:00 am and 3:00 pm.

Drugs and Treatment

7-NI (15, 30, and 60 mg/kg, Sigma-Aldrich), a preferential nNOS 
inhibitor, was dissolved in 5% Tween 80 in NaCl 0.9%; WIN55,212-2 
(Win; 0.1, 0.3, and 1.0 mg/kg, Sigma-Aldrich), a nonselective can-
nabinoid agonist, and AM281 (1, 2, and 4 mg/kg), a potent and 
selective CB1 antagonist, were dissolved in 10% dimethylsulfoxide 
(DMSO) in NaCl 0.9% and administered i.p. to WT mice 30 minutes 
before the first reexposure to the context chamber (Maren, 1998; 
Rutkowska et al., 2006; Gilhotra and Dhingra, 2009; Gomes et al., 



Lisboa et al.  |  3

2011). URB597 (URB; 0.3, 1, and 3 mg/kg), an inhibitor of the FAAH 
enzyme that metabolizes the ECB anandamide, was dissolved in 
10% DMSO in NaCl 0.9% and administered i.p. to WT mice 1 hour 
before the first reexposure to the context chamber (Gomes et al., 
2011). All drugs were administered in a fixed volume of 10 mL/
kg of body weight. The animals were also reexposed to the same 
context 48, 72, and 96 hours after the first chamber exposure.

For evaluation of freezing behavior, independent groups of 
WT and iNOS KO mice received i.p. injections of 7-NI (effective 
dose, 30 mg/kg) or URB (effective dose, 3.0 mg/kg) 30 minutes or 
1 hour, respectively, before the first reexposure to the context 
chamber previously paired with electric footshocks.

CFC

Prior to the beginning of the conditioning procedure, each animal 
remained in the conditioning chamber for 2 minutes for habitua-
tion. They remained there for an additional 2 minutes period after 
the procedure. The CFC procedure consisted of submitting the ani-
mals to 3 inescapable electrical footshocks (0.75 mA, 2 seconds), ran-
domly delivered. Each animal was reexposed to the same chamber 
for 5 minutes for evaluation of freezing behavior 24, 48, 72, and 96 
hours after the conditioning session. Freezing time was manually 
registered by an observer, who was unaware to the animal condition 
and treatment, using a stopwatch. Additionally, for the molecular 
analysis, nonconditioned animals were exposed to the chamber 
during the same time period, but no footshock was delivered.

Quantification of Nitrite and Nitrate (NOx) Levels

MPFC tissue punch and HIP dissection were performed according to 
the Mouse Brain Atlas (Paxinos and Franklin, 2004). MPFC and HIP 
tissue samples of WT and KO naïve mice were used for quantifying 
the levels of NO2

-/NO3
- products (NOx) from the spontaneous oxida-

tion of NO under physiological conditions. These levels were used as 
indirect measurements of NO production, as previously described 
(Moraes-Neto et  al., 2014). iNOS KO and WT naive animals were 
anesthetized with chloral hydrate (5%, Sigma-Aldrich), decapitated, 
and had their brain removed. The MPFC and HIP were dissected and 
immediately immersed in lysis buffer solution (137 nM NaCl, 20 mM 
Tris-HCl, pH 8, 10% [v/v] glycerol). The tissues were homogenized in 
this buffer and centrifuged (15 minutes, 10000 rpm, 4°C). The super-
natants were collected and subjected to quantification of total pro-
tein by the Bradford method (Bradford, 1976) using bovine serum 
albumin (Sigma) as standard. The absorbance was read at 595 nm, 
and the line equation provided by the standard curve was used to 
calculate the amount of total protein present in each sample.

The reduction of NO3
- (nitrite) to NO2

- (nitrate) were performed 
by a β-NADPH–dependent enzyme reductase from Aspergillus sp 
using the Griess’ method. Briefly, samples were incubated over-
night (37°C) with the β-NADPH enzyme (Sigma-Aldrich). The fol-
lowing day, NO3

- was determined by adding Griess colorimetric 
reagent (Invitrogen) according to the manufacturer’s instruc-
tions. After 10 minutes, absorbance was read at 540 nm, and the 
results were calculated based on the standard curve of sodium 
nitrite (NaNO3), corrected by total protein. Data are shown as 
relative percentage of NOx levels compared with the WT group 
(mean control group’s value was set to 100% and the individual 
animal’s values were normalized to the control mean).

Reverse Transcription and mRNA Quantification by 
Real-Time Polymerase Chain Reaction (PCR)

Independent groups of nonconditioned and conditioned WT 
and iNOS KO mice were used for evaluation of the mRNA 

expression of CB1 and CB2 receptor and nNOS, eNOS, FAAH, and 
MAGL enzyme genes in the MPFC and HIP 24 hours after the 
conditioning session.

The MPFC and HIP of WT and iNOS KO naive mice were 
collected as mentioned before in RNAse-free conditions. The 
collected tissues were maintained in microtubes (1.5 mL) con-
taining RNAlater (Ambion) and frozen at -80ºC until RNA extrac-
tion. Total RNA was isolated using TRizol reagent (Invitrogen) 
following the manufacturer’s instructions. Briefly, 750  µL of 
TRIzol was added to the samples, agitated for 30 seconds, and 
incubated in dry ice for 5 minutes. For each milliliter of sus-
pension, 200  µL of chloroform (Sigma) and 10  µL of glycogen 
(20 mg/mL; glycogen source oyster, USB) were added, vortexed, 
incubated at room temperature for 5 minutes, and centrifuged 
(14 000 rpm, 25 minutes, 4ºC). The supernatant was transferred 
to a new tube and 500 µL of iced isopropanol was added. The 
samples were incubated overnight at -80ºC. The samples were 
centrifuged (14 000 rpm, 15 minutes, 4ºC), the pellet suspended 
in ethanol 70%, and centrifuged again and allowed to dry at 
room temperature. RNA was suspended in 15 µL of ultra-pure 
water and maintained at -80ºC. RNA concentration was deter-
mined by UV spectrophotometer and 500 ng was used for cDNA 
synthesis (High Capacity cDNA Reverse Transcription, Applied 
Biosystems). mRNA quantification was performed by real-time 
quantitative PCR (StepOne Plus, Applied Biosystems) using 
Taqman PCR arrays for the following genes: CnR1 (CB1 recep-
tor, Mm01212171_s1), CnR2 (CB2 receptor, Mm02620087_s1), 
mgII (MAGL, Mm00449274_m1), faah (Mm00515684_m1), Nos1 
(nNOS, Mm00435175_m1), Nos3 (eNOS, Mm00435217_m1) and 
ACTB (β-actin, reference gene, Mm00607939_s1). Determination 
of gene transcript in each sample was obtained by the ΔΔCq 
method. For each sample, the quantification cycle of mRNA was 
measured and normalized by the quantification cycle of refer-
ence gene. The fold change of mRNA in the sample relative to 
control group was determined by 2-ΔΔCq. Data are shown as a rela-
tive percentage of mRNA expression compared with the control 
group (mean control group’s value was set to 100% and the indi-
vidual animal’s values were normalized to the control mean).

Statistical Analysis

Fear conditioning data are expressed as the mean ± SEM and 
were analyzed by repeated-measures ANOVA, with time as the 
repeated measure, treatment as the independent factor, and 
genotype as the dependent factor. Student Newman-Keuls (S-N-
K) posthoc test was used for evaluating overall treatment effects 
and individual differences in case of significant interactions 
between factors. The data from Griess reaction and real-time 
quantitative PCR data are represented as percentage relative to 
the mean of control group and were analyzed by Student’s t test. 
Differences were considered significant at P ≤ .05.

Results

Administration of the nNOS Inhibitor 7-NI Before the 
First Reexposure to the Aversive Context Attenuated 
CFC and Facilitated Fear Extinction in WT Animals

There was a significant effect of treatment (F3,26 = 15.8, P < .0001), 
time (F3,24 = 42.8, P < .0001), and interaction between them 
(F9,68 = 2.6, P < .05). During reexposure to the aversive chamber 
after conditioning, 7-NI 30 mg/kg significantly attenuated freez-
ing behavior, facilitating extinction (24 hours: F3,26 = 15.8, P < .0001, 
S-N-K, P < .05; 48 hours: F3,26 = 12.8, P < .0001, S-N-K, P < .05; 72 
hours: F3,26 = 5.7, P < .01, S-N-K, P < .05; n = 6–8/group) (Figure  1). 



4  |  International Journal of Neuropsychopharmacology, 2015

Moreover, at 96 hours after conditioning, all groups presented 
decreased freezing behavior compared to the 24-hour time point 
(veh: t = 5.3, d.f. = 10, P < .0005; 7-NI 15: t = 6.3, d.f. = 14, P < .0001; 
7-NI 30: t = 2.5, d.f. = 14, P < .05; 7-NI 60: t = 4.8, d.f. = 14, P < .0005), 
indicating that fear extinction had occurred. There were no dif-
ferences between the groups at this time (P > .05).

The High Dose of the Nonselective Cannabinoid 
Agonist, Win, Administered Before the First 
Reexposure to the Aversive Context Increased CFC

There was a significant effect of time (F3,26 = 48.2, P < .0001) 
and treatment (F4,28 = 4.1, P < .01) and a tendency to interaction 
between them (F12,74 = 1.7, P = .08). Win 1.0 mg/kg increased freez-
ing behavior (S-N-K, P < .05, n = 5–9/group) (Figure 2A). Moreover, 
at 96 hours after conditioning, all groups presented decreased 
freezing behavior compared to the 24-hour time point (veh: 
t = 5.1, d.f. = 16, P < .0005; Win 0.03: t = 2.7, d.f. = 14, P < .05; Win 0.1: 
t = 6.1, d.f. = 10, P < .0005; Win 0.3: t = 7,1, d.f. = 8, P < .0005; Win 1.0: 
t = 4.1, d.f. = 8, P < .005). There were no differences between the 
groups at this time (P > .05).

The Inhibitor of the Anandamide Hydrolase 
Enzyme (FAAH), URB, Administered Before the First 
Reexposure to the Aversive Context Attenuated CFC

There was a significant effect of time (F3,2 = 33.4, P < .0001) and treat-
ment (F3,24 = 3.3, P < .05), but no interaction between them (P > .05). 
URB 3 mg/kg attenuated freezing behavior (S-N-K, P < .05, n = 6–8/
group) (Figure 2B). Again, at 96 hours after conditioning, all groups 

presented reduced freezing behavior compared with the 24-hour 
time point (veh: t = 6.2, d.f. = 14, P < .0001; URB 0.3: t = 3.1, d.f. = 10, 
P < .05; URB 1.0: t = 5.0, d.f. = 10, P < .001; URB 3.0: t = 5.6, d.f. = 14, 
P < .0001), indicating that fear extinction had occurred. There were 
no differences between the groups at this time (P > .05).

The CB1 Antagonist, AM281, Administered Before 
the First Reexposure to the Aversive Context 
Increased CFC

There was a significant effect of time (F3,22 = 89.7, P < .0001) and 
treatment (F3,24 = 3.0, P = .05), but no interaction between them 
(P > .05). The dose of 1 mg/kg of AM281 significantly increased 
freezing behavior (S-N-K, P < .05, n = 7/group) (Figure  2C). 
Moreover, at 96 hours after conditioning, all groups presented 
decreased freezing behavior compared with the 24-hour time 
point (veh: t = 7.5, d.f. = 12, P < .0001; AM281 1 mg/kg: t = 12.4, 
d.f. = 12, P < .0001; AM281 2 mg/kg: t = 5.6, d.f. = 12, P < .005; AM281 
4 mg/kg: t = 6.3, d.f. = 12, P < .0001). There were no differences 
between the groups at this time (P > .05).

iNOS KO Mice Showed Increased CFC

There was a significant effect of time (F3,16 = 41.9, P < .0001) and 
genotype (F1,18 = 26.0, P < .0001) but no interaction between them. 
iNOS KO mice presented increased freezing behavior during fear 
expression at the 24-hour time point and during all extinction 
trials (n = 10/group) (Figure  3). Moreover, at 96 hours after fear 
conditioning, there was no difference between the groups com-
pared with the 24-hour time point (WT: t = 6.4, d.f. = 18, P < .0001; 
KO: t = 4.9, d.f. = 18, P = .0001), indicating that both WT and iNOS 
KO mice had extinguished fear.

iNOS KO Mice Presented Increased NOx Levels in the 
MPFC but Not in the HIP

Naïve iNOS KO mice presented increased percentage of NOx in 
the MPFC (t15 = 2.8, P < .05) (Figure 4), but not in the HIP (P > .05).

7-NI Decreased CFC in WT and iNOS KO Mice

There was a significant effect of time (F3,49 = 86.3, P < .0001), treat-
ment (F2,51 = 44.6, P < .0001), and genotype (F1,51 = 50.0, P < .0001), 
interactions between time and treatment (F6,96 = 3.6, P < .01) and 
time and genotype (F3,49 = 3.0, P < .05), and a tendency of inter-
action among the 3 factors (F6,96 = 1.9, P = .09). 7-NI facilitated 
extinction (Figure 5A), attenuating freezing behavior in both the 
WT and KO mice 24 hours (F3,33 = 19.9, P < .0001, S-N-K, P < .05), 48 
hours (F3,33 = 20.0, P < .0001, S-N-K, P < .05), and 72 hours (F3,33 = 15.2, 

Figure 2.  Dose-response curves for WIN55,212-2 (Win) (A), URB597 (URB) (B), and AM281 (C) on extinction of contextual fear conditioning (CFC) in WT mice. Win 

and AM281 were administered 30 minutes and URB 1 hour before the first reexposure to the aversive context. A) WIN 1 mg/kg increased freezing behavior (Student 

Newman-Keuls [S-N-K], P < .05; n = 5–9/group). B) URB 3 mg/kg attenuated freezing behavior (S-N-K, P < .05; n = 5–8/group). C) AM281 1 mg/kg increased freezing behavior 

(S-N-K, P < .05; n = 7/group). Results are expressed as means ± SEM. *P < .05 main effect of time and drug.

Figure  1.  Dose-response curve of 7-nitroindazole (7-NI) on extinction of con-

textual fear conditioning (CFC) in WT mice. 7-NI was administered 30 minutes 

before the first reexposure to the aversive context. The 15-, 30-, and 60-mg/kg 

doses facilitate extinction compared with vehicle (n = 6–8/group). Results are 

expressed as means ± SEM. S-N-K *P < .05 different from other groups; #P < .05 dif-

ferent from vehicle.
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P < .0001, S-N-K, P < .05) after conditioning. Moreover, at 96 hours 
after fear conditioning, all groups presented less freezing than 
at the 24-hour time point (WT veh: t12 = 7.3, P < .0001; WT 7-NI: 
t16 = 2.9, P < .05; KO veh: t18 = 7.8, P < .0001; KO 7-NI: t20 = 3.9, P < .001), 
indicating the occurrence of fear extinction. At this point, only 
KO veh mice still presented increased freezing behavior, indicat-
ing extinction resistance (F3,33 = 21.3, P < .0001, S-N-K, P < .05).

URB Facilitated Extinction of CFC in WT and iNOS 
KO Mice

There was a significant effect of time (F3,26 = 25.9, P < .0001), treat-
ment (F1,28 = 7.7, P < .05), and genotype (F1,28 = 78.0, P < .0001) and 

interaction between time and treatment (F3,26 = 3.2, P < .05) as 
well as between time, treatment, and genotype (F3,26 = 4.1, P < .05) 
(Figure 5B). At all time points after conditioning, KO veh mice 
presented increased freezing behavior compared with WT veh 
mice. URB 3 mg/kg facilitated fear extinction in both WT and 
KO mice (24 hours: F3,28 = 13.4, P < .0001, S-N-K P < .05; 48 hours: 
F3,28 = 20.3, P < .0001, S-N-K, P < .05; 72 hours: F3,28 = 13.5, P < .0001; 96 
hours: F3,28 = 42.7, P < .0001, S-N-K, P < .05). Moreover, at 96 hours 
after conditioning, all groups except the KO veh group presented 
decreased freezing behavior compared with the 24-hour time 
point (WT veh: t = 7.5, d.f. = 16, P < .0001; WT URB3: t = 4.4, d.f. = 14, 
P < .001; KO veh: P > .05; KO URB3: t = 4.6, df. = 12, P < .001), indi-
cating that KO veh did not extinguish fear, whereas the other 
groups did.

CFC Changed nNOS and eNOS mRNA Expression in 
iNOS KO Mice

Nonconditioned iNOS KO mice did not show changes in nNOS 
mRNA expression in the MPFC (P > .05) (Figure 6A) or in the HIP 
(P > .05) (Figure 6C). However, 24 hours after conditioning, there 
was a significant increase in nNOS mRNA expression in the 
MPFC (Figure 6A), but not in the HIP (Figure 6C), of iNOS KO mice 
compared with nonconditioned KO mice (t12 = 2.8, P < .05) or with 
conditioned WT mice (t12 = 2.3, P < .05). Fear conditioning did not 
increase nNOS mRNA expression in the WT animals (P > .05). In 
addition, although nonconditioned iNOS KO mice presented 
decreased eNOS mRNA expression compared to WT animals in 
the MPFC (WT nonconditioned vs KO nonconditioned t13 = 3.8, 
P < .01; WT conditioned vs KO C t12 = 3.1, P < .01) (Figure 6B) and 
HIP (WT nonconditioned vs KO nonconditioned t13 = 4.4, P < .001) 
(Figure  6D), the conditioning procedure increased this expres-
sion 24 hours later in iNOS KO mice compared with noncon-
ditioned KO mice in the MPFC (t10 = 2.4, P < .05) (Figure 6B). This 
expression, however, was still lower than WT conditioned mice 
in the MPFC (t12 = 3.1, P < .01) (Figure 6B).

Changes in mRNA Expression of ECB-Related Genes 
in the MPFC and HIP of iNOS KO Mice in Basal 
Conditions and 24 Hours After Conditioning

Nonconditioned iNOS KO mice showed increased CB1 and CB2 
receptors mRNA expression in the MPFC (CB1: t12 = 2.8, P < .05 
[Figure  7A]; CB2: t8 = 3.6, P < .01, [Figure  7B]) and decreased in 
the HIP (CB1: t12 = 5.3, P < .001 [Figure  7E]; CB2: t11 = 3.02, P < .05 
[Figure  7F]). These animals also presented decreased MAGL 
(t11 = 3.8, P < .005 [Figure 7C]) and FAAH mRNA expression (t11 = 3.9, 

Figure 3.  Evaluation of extinction of contextual fear conditioning (CFC) in induc-

ible nitric oxide synthase (iNOS) knockout (KO) mice. iNOS KO mice presented 

increased fear behavior compared with wild type (WT) (n = 10/group) during all 

sessions. Results are expressed as means ± SEM. *P < .05, main effect of time and 

genotype.

Figure 4.  NO2
-/NO3

- products (NOx) levels in the medial prefrontal cortex (MPFC) 

and hippocampus (HIP) of wild-type (WT) and nitric oxide synthase (iNOS) 

knockout (KO) mice. iNOS KO mice have increased NOx levels compared with 

WT in the MPFC, but not in the HIP (n = 8–9/group). Results are expressed as per-

centage means ± SEM of control values. Student’s t test, *P < .05.

Figure 5.  7-Nitroindazole (7-NI) and URB597 (URB) attenuated fear behavior in nitric oxide synthase (iNOS) knockout (KO) mice. A) 7-NI 30 mg/kg administered before 

the first reexposure to the chamber attenuated fear behavior in wild-type (WT) and KO mice. Results are expressed as means ± SEM. Student Newman-Keuls (S-N-K) 

*P < .05 different from other groups; #P < .05 compared with respective control group; n = 7 = 11/group. B) KO mice presented extinction deficits and URB 3 mg/kg facilitate 

this behavior. URB 3 mg/kg also facilitated extinction in WT mice. Results are expressed as means ± SEM. S-N-K *P < .05 different from other groups; #P < .05 KO mice 

different from WT mice; n =  7–9/group.
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P < .005; [Figure 7D]) in the MPFC when compared with noncon-
ditioned WT mice. In the MPFC, the conditioning procedure 
induced opposite effects in iNOS KO mice compared with non-
conditioned KO, decreasing CB1 (t12 = 2.3, P < .05) (Figure 7A) and 
CB2 receptor (t10 = 4.5, P < .01) (Figure  7B) and increasing MAGL 
(t12 = 2.5, P < .05) (Figure 7C) and FAAH mRNA expression (t10 = 3.3, 
P < .01) (Figure  7D). Fear conditioning also tended to decrease 
CB1 mRNA expression in the MPFC of WT mice (t14 = 1.8, P = .09). 
In the HIP, conditioning decreased CB2 mRNA expression com-
pared with nonconditioned WT mice (t12 = 2.5, P < .05) (Figure 7F) 
and increased both MAGL (t13 = 2.5, P < .05) (Figure 7G) and FAAH 
mRNA levels (t13 = 2.9, P < .05) (Figure 7H). There was a tendency 
to decreased MAGL mRNA levels in nonconditioned KO com-
pared with nonconditioned WT mice (t13 = 1.9, P = .07) (Figure 7G) 
and a tendency to decreased MAGL mRNA levels in conditioned 
KO mice compared with conditioned WT mice (t12 = 1.7, P = .1) 
(Figure 7G). There was also a tendency to increased FAAH mRNA 
levels in conditioned KO mice compared with nonconditioned 
KO mice (t12 = 1.7, P = .1) (Figure 7H).

Discussion

Our results were, to the best of our knowledge, the first to show 
that animals with genetic iNOS delection present increased 
freezing behavior in the CFC model. These mice also showed 
increased NOS activity in the MPFC and changes in nNOS and 
eNOS mRNA expression. The increased freezing behavior in 
iNOS KO mice was attenuated by the preferential nNOS inhibi-
tor 7-NI, which also decreased fear behavior in WT mice. In addi-
tion, inhibition of the FAAH enzyme by URB attenuated freezing 
behavior, whereas the higher dose of a nonselective cannabi-
noid agonist, Win, and a CB1 antagonist, AM281, increased this 
behavior. iNOS KO mice also showed changes in mRNA expres-
sion of genes associated with ECB signaling molecules. URB 
facilitated fear extinction in these mice, suggesting that the ECB 
and NO systems interact to modulate CFC.

iNOS has been related to inflammatory conditions, since 
different inflammatory stimuli induce its expression in several 
brain areas (for review, see Heneka and Feinstein, 2001), where 

Figure 6.  Expression of neuronal nitric oxide synthase (nNOS) and endothelial nitric oxide synthase (eNOS) mRNA in the medial prefrontal cortex (MPFC) (A-B) and hip-

pocampus (HIP) (C-D) of wild-type (WT) and inducible nitric oxide synthase (iNOS) KO mice. A) In the MPFC, conditioning (C) increase nNOS mRNA in KO mice compared 

with KO nonconditioned mice (NC), and KO C presented higher mRNA nNOS levels than WT C (n = 7–8/group). B) In the MPFC, KO NC presented lower eNOS mRNA than 

WT NC, and conditioning increased eNOS mRNA in KO mice compared with KO NC, although KO C presented lower eNOS mRNA than WT C (n = 6–8/group). C) In the 

HIP, there was no difference in the expression of nNOS mRNA. D) In the HIP, KO NC presented lower eNOS mRNA than WT NC, whereas conditioning increased eNOS 

mRNA in KO mice compared with KO NC (n = 5–8/group). Results are expressed as percentage means ± SEM of control values. Student’s t test, *P < .05.
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Figure 7.  Expression of cannabinoid receptors type 1 (CB1) and 2 (CB2), monoacylglycerol lipase (MAGL), and fatty acid amide hydrolase (FAAH) mRNA in the medial 

prefrontal cortex (MPFC) (A-D) and hippocampus (HIP) (E-H) of wild-type (WT) and inducible nitric oxide synthase (iNOS) knockout (KO) mice. In the MPFC, KO noncon-

ditioned (NC) presented higher CB1 (A) and CB2 (B) mRNA than WT NC, whereas conditioning decreased both CB1 and CB2 mRNA in KO mice compared with KO NC 

(n = 5–8/group), KO NC presented lower MAGL (C) and FAAH (D) mRNA than WT NC, whereas conditioning increased both MAGL and FAAH mRNA in KO conditioned (C) 

compared with KO NC (n = 6–8/group). Results are expressed as means ± SEM. Student’s t test, *P < .05. In the HIP, KO NC presented lower CB1 (E) and CB2 (F) mRNA than 

WT NC, and conditioning decreased the CB2 mRNA level in WT compared with WT NC (n = 6–8/group); conditioning increased MAGL (G) and FAAH (H) mRNA in WT mice 

compared with WT NC (n = 7–8/group). Results are expressed as percentage means ± SEM of control values. Student’s t test, *P < .05.



8  |  International Journal of Neuropsychopharmacology, 2015

this enzyme is highly expressed in astrocytes and microglia (for 
reviews, see Murphy et al., 1993; Brosnan et al., 1997; Minghetti 
and Levi, 1998). iNOS inhibition or its genetic deletion attenuates 
inflammatory conditions (Wei et al., 1995; Cuzzocrea et al., 1998; 
Herencia et  al., 2001; Camuesco et  al., 2004). More recently, it 
has been recognized that inflammatory insults can also induce 
behavioral changes that resemble psychiatric conditions such 
as depression (Capuron and Miller, 2011; Maes et al., 2011, 2012) 
and schizophrenia (Monji et al., 2009; ).

Psychological stress can also increase peripheral and brain 
levels of enzymatic sources of inflammatory mediators, including 
iNOS (Garcia-Bueno et al., 2008; Munhoz et al., 2008). Some of these 
mediators are important to plastic processes, such as synaptic 
changes in the HIP (Stellwagen and Malenka, 2006), and can influ-
ence learning, memory, and stress coping (Goshen and Yirmiya, 
2009; Miller et al., 2013). In rodents, chronic psychological stress-
ors enhance NOS activity and iNOS protein and mRNA expression 
in cortical neurons and increase plasmatic nitrites levels. These 
effects are blocked by a selective iNOS inhibitor (Olivenza et al., 
2000; Peng et  al., 2012).  iNOS inhibitors or genetic deletion of 
this enzyme also attenuate behavioral consequences of chronic 
stress (Gilhotra and Dhingra, 2009) and induce antidepressant-like 
effects in mice (Montezuma et al., 2012). Corroborating the idea 
of iNOS involvement in stress disorders, an iNOS gene polymor-
phism was proposed to be a risk factor for the development of 
depression in humans (Galecki et al., 2010, 2011). Finally, increased 
NO signaling, mainly by iNOS, has been associated with PTSD 
(Harvey et al., 2004; ). Together, these pieces of evidence suggest 
that the absence of iNOS could be protective in stress- and inflam-
matory-related conditions, such as depression and PTSD.

Contrary to this proposition, however, iNOS KO mice show 
anxiogenic-like behavior in the EPM (Buskila et al., 2007), which 
was exacerbated 7 days later after exposing these animals to a 
predator odor (Abu-Ghanem et al., 2008). In both cases, a non-
selective NOS inhibitor prevented the anxiogenic-like effect, 
suggesting that this behavioral change could be due to a com-
pensatory NO increase from other NOS isoforms. Similar to 
those observations, in the present study we observed that iNOS 
KO mice exhibited increased freezing behavior in the CFC and 
that the preferential nNOS inhibitor 7-NI attenuated this behav-
ior. Although it is not possible to completely disregard the inter-
ference of learning deficits in our results, previous study failed 
to find deficits in iNOS KO mice tested in the Morris water maze 
paradigm (Medeiros et al., 2007).

iNOS is not only expressed in the central nervous system dur-
ing inflammatory conditions but is also present at basal levels in 
certain brain regions (Amitai, 2010) such as the HIP (Montezuma 
et al., 2011). Considering iNOS basal expression in the brain, the 
participation of NO during brain development (Contestabile, 2000), 
and the presence of other constitutive, calcium-dependent iso-
forms in the brain (nNOS and eNOS), the absence of iNOS could 
lead to an overcompensation by the nitrergic system to the lack 
of this enzyme during development, as previously discussed 
(Mashimo and Goyal, 1999). Supporting this hypothesis, iNOS KO 
mice have increased basal NOS activity in both amygdala and cor-
tex, an effect attenuated, at least in the cortex, by systemic admin-
istration of L-NNA, an inhibitor of constitutive NOS isoforms 
(Buskila et al., 2007; Gilhotra and Dhingra, 2009). In the present 
study, in addition to increased freezing behavior, we also observed 
increased basal NOS activity in the MPFC of iNOS KO mice.

Even if PTSD is a complex disorder with several clinical mani-
festations, changes in processes related to conditioned fear, in 
which responses could be exaggerated and/or resistant to extinc-
tion, have been associated with the vulnerability to develop this 

disorder (Amstadter et al., 2009; ). Memory processing could be 
altered by increased stress sensitivity (Mahan and Ressler, 2012). 
PTSD patients present decreased neuronal activity in HIP and 
MPFC, 2 brain regions associated with CFC and extinction, sug-
gesting that neurotransmitter alterations in these structures 
could be involved in extinction of aversive memories (Pissiota et 
al., 2002; Shin et al., 2004a, 2004b; Vermetten et al., 2007). A recent 
study found that a polymorphism in the nitric oxide synthase-1 
adaptor protein (NOS1AP) gene that codifies NOS1AP, which binds 
to nNOS and reduces NMDA receptor signaling, was associated 
with increased depression severity in PTSD patients (Lawford 
et al., 2013). nNOS is involved in processes altered in PTSD, such 
as emotional responses, memory formation, and cognitive per-
formance. nNOS KO mice are less anxious (Wultsch et al., 2007; 
Walton et  al., 2013), present impaired cognitive performance 
(Kirchner et al., 2004; Weitzdoerfer et al., 2004; Wultsch et al., 2007; 
Walton et al., 2013), impaired short- and long-term olfactory fear 
conditioning memory (Pavesi et  al., 2013), and attenuated con-
textual and cue-fear behavior (Kelley et al., 2009). Similar effects 
were induced by the administration of nNOS inhibitors systemi-
cally (Holscher et al., 1996; Kelley et al., 2010; Pavesi et al., 2013) or 
locally into brain regions associated with memory and emotional 
processing such as the HIP or MPFC (Resstel et  al., 2008; Fabri 
et al., 2014). These results suggest that NO plays an important role 
in memory formation and the normal expression of conditioned 
fear. Corroborating this proposal, systemic administration of a 
preferential nNOS inhibitor to WT mice before the first context 
reexposure attenuated freezing behavior.

Considering that 7-NI is a preferential nNOS inhibitor com-
pared with eNOS (IC50 bovine eNOS 0.7 ± 0.2  µM, IC50 rat nNOS 
0.47 µM) (Ji et al., 2009), increased nNOS activity could be respon-
sible for the behavioral changes observed in iNOS KO mice. 
Nonetheless, in basal conditions, we failed to find altered mRNA 
expression of nNOS and eNOS in the MPFC or HIP of iNOS KO 
mice. However, 24 hours after the conditioning session, the mRNA 
expression of both isoforms increased, suggesting that both 
could participate in the observed effects. Corroborating the pro-
posal that genetic alterations of the NO system could also induce 
overcompensation of eNOS expression/activity, O´Dell and cow-
orkers (1994) showed that blockade of hippocampal LTP by NOS 
inhibitors was still present in nNOS KO mice and that eNOS was 
expressed in the hippocampal CA1 region of these animals. This 
is consistent with previous observations showing eNOS expres-
sion in pyramidal cells of this region (Dinerman et al., 1994) and 
its involvement in LTP (Wilson et  al., 1997), supporting that, at 
least in LTP, eNOS could play an important role in the absence 
of nNOS. In addition, impairment in cognitive performance in 
Wistar rats is associated with increased eNOS expression in 
the HIP (Gokcek-Sarac et al., 2012). Although the involvement of 
eNOS in emotional behavior is much less investigated, anxiogenic 
(Frisch et al., 2000), antidepressant (Reif et al., 2004), or no effect 
(Demas et al., 1999; Dere et al., 2002) have already been reported.

Like NO, ECBs are also atypical neurotransmitters, being syn-
thetized on demand on postsynaptic neuron and acting in a retro-
grade fashion in presynaptic terminals (Esplugues, 2002; Piomelli, 
2003). Also similar to the nitrergic, the ECB system plays an impor-
tant role important in emotion control (Lafenetre et  al., 2007; 
Moreira and Wotjak, 2010) and processing of aversive memories 
in rodents (Lafenetre et al., 2007; Resstel et al., 2009). In the pre-
sent study, administration of the anandamide metabolism inhibi-
tor, URB, to WT mice attenuated freezing behavior and facilitated 
fear extinction, whereas the selective CB1 antagonist, AM281, 
increased freezing behavior. Even if there are contradictory results 
(Mikics et  al., 2006), several studies show that pharmacological 



Lisboa et al.  |  9

antagonist or genetic deletion of CB1 receptors increases freez-
ing behavior and impairs extinction in fear conditioning mod-
els (Marsicano et al., 2002; Suzuki et al., 2004; Varvel et al., 2005; 
Kamprath et al., 2006; Niyuhire et al., 2007; Reich et al., 2008).

In contrast to these results, the higher dose of the nonse-
lective cannabinoid receptor agonist Win increased freezing 
behavior. These latter data corroborate previous results showing 
that high doses of WIN can increase CFC in mice (Mikics et al., 
2006)  and fear induced by predator exposure in rats (Lisboa 
et al., 2014). WIN at lower doses usually induces anxiolytic-like 
effect (Viveros et al., 2005; Patel and Hillard, 2006), decreases fear 
induced by predator exposure (Lisboa et al., 2014), and facilitates 
fear extinction (Pamplona et  al., 2006)  in rodents, probably by 
activation of CB1 receptors and decreased of glutamate release 
(Rey et al., 2012). However, at higher doses this drug could also 
activate TRPV1 receptors facilitating glutamate release (Moreira 
et al., 2012). Therefore, similar to blockade of CB1 receptors, WIN 
at high doses could disinhibit glutamate release, activate NO pro-
duction, and increase freezing behavior. In fact, CB1 KO mice have 
increased cortical NOS activity (Kim et al., 2006) and CB1 antago-
nist in vitro increased, whereas CB1 agonist decreased NMDA-
elicited intracellular calcium in the HIP (Hampson et al., 2011).

In addition to behavioral changes, iNOS KO mice presented 
several alterations in mRNA expression of components of the 
ECB system (CB1 and CB2 receptors, FAAH and MAGL enzymes) 
in the HIP and MPFC. If translated into protein changes, the 
increased mRNA expression of MAGL and FAAH, associated 
with the decreased gene expression of CB1 and CB2 receptors, 
observed in the MPFC of KO mice after conditioning could be 
reflected in a decrease in ECB signaling in this region. This might 
facilitate NO signaling by decreasing the inhibitory effects of 
ECBs on glutamate release. NO signaling would be further 
enhanced by the increased nNOS and eNOS mRNA expression 
found in this region.

These results agree with the proposal that the MPFC NO sys-
tem is activated during aversive memory reactivation, a moment 
where a local decrease in the activity of the cannabinoid sys-
tem and increase in NO release would facilitate fear responses. 
Corroborating this proposal, administration of the FAAH inhibi-
tor URB in iNOS KO mice prevented the increased freezing 
behavior observed in the vehicle-treated iNOS KO mice 96 hours 
after conditioning, indicating a facilitation of fear extinction. 
This result suggests that increasing anandamide levels could 
counteract increased NO signaling and deregulated ECB system 
in these animals. Since no pharmacological inhibition of MAGL 
was performed in the present study, it is not possible to exclude 
the involvement of 2-arachidonoylglycerol in these effects.

In conclusion, the data presented here reinforce the proposal 
that NO and EBCs (at least anandamide) are involved in the 
modulation of stress-related disorders and point to a possible 
deregulation of the ECB system in situations where NO signal-
ing is increased. All together, these results suggest a potential 
therapeutic role for NOS inhibitors and modulators of the ECB 
system in stress-related disorders.
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