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Abstract

The effect of 7-nitroindazole (7-NI), a selective neuronal nitric oxide synthase (nNOS) inhibitor, on contextual fear conditioning in
rats was examined. Systemic administration of 7-NI did not affect the acquisition of contextual fear (measured as freezing), but it did
reduce locomotor activity and cause a corresponding increase in the expression of contextual freezing. It is concluded that nNOS activity
is not required for either the acquisition or expression of contextual fear conditioning. © 1998 Elsevier Science B.V. All rights reserved.
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Nitric oxide (NO) has been suggested to play an impor-
tant role in both synaptic plasticity and learning and
memory, e.g. [16]. For instance, inhibitors of nitric oxide
synthase (NOS), the enzyme responsible for generating
NO, impair the acquisition of Pavlovian eyeblink condi-
tioning in rabbits [8], passive avoidance conditioning in
rats [4], and spatid learning in rats [6,8]; c.f. [1]. Under
certain conditions, NOS inhibitors also prevent the induc-
tion of hippocampal long-term potentiation (LTP)
[7,14,31,32]; c.f. [2,3] and cerebellar long-term depression
(LTD) [9], two forms of synaptic plasticity thought to play
arolein learning and memory [5,21].

Recent pharmacological studies have implicated the
neuronal NOS (nNNOS) isoform in synaptic plasticity and
learning in rats. Specificaly, 7-nitroindazole (7-NI), a
selective inhibitor of NNOS that does not produce many of
the adverse side effects associated with other NOS in-
hibitors [27], has been reported to prevent both hippocam-
pal LTP induction in vivo [10] and spatial learning in the
Morris water maze [17]. This supports the view that nNOS
is required for both hippocampa LTP and forms of learn-
ing and memory that require the hippocampus. Of course,
systemic administration of 7-NI also produce inhibition of
nNOS in structures other than the hippocampus, such as
the cerebellum [20], and would be expected to impair
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forms of learning that depends on nNOS activity in these
structures.

One form of learning that may require the hippocampus
is contextua fear conditioning in rats. In the contextual
fear conditioning task, rats are placed in a novel chamber
and given a few unsignaled footshocks. When returned to
the chamber, the rats exhibit a conditional fear response
characterized by freezing (somatomotor immohility except
for that necessitated by breathing). Contextual fear condi-
tioning that is established with unsignaled footshocks is
impaired by either pre-training electrolytic [19,25], c.f. [28]
or post-training neurotoxic lesions of the dorsal hippocam-
pus [26]. Moreover, contextual fear conditioning may re-
quire hippocampal LTP [13,21]. Contextual fear condition-
ing is blocked by N-methyl-p-aspartate (NMDA) receptor
antagonists [18], is augmented by manipulations that en-
hance LTP induction [22,23], and covaries with sex differ-
ences in hippocampa LTP [24]. To examine the role
NNOS plays in contextual fear conditioning, | examined
whether systemic 7-NI administration affects the acquisi-
tion and expression of contextual freezing in rats. Systemic
7-NI (30 mg/kg) was administered either before condi-
tioning, before testing, or before both conditioning and
testing to control for possible state-dependent effects of
systemic 7-NI on the acquisition and expression of condi-
tional fear. This single dose of 7-NI was chosen because it
inhibits both hippocampal LTP induction in vivo [10] and
spatial learning [17], and produces an 85% inhibition of
nNNOS activity [20]; higher doses of 7-NI were not used
because they decrease pain sensitivity [27].
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The subjects were 24 adult male Long—Evans rats
(300-500 @) born and reared in the Department of Psy-
chology vivarium at the University of California, Los
Angeles. After weaning, the rats were group housed in
same sex cohorts. At the beginning of the experiment, the
rats were individually housed in standard stainless-steel
hanging cages on a 14:10-h light-dark cycle (lights on at
7:00 am) and had free access to food and tap water. After
individual housing, the rats were handled daily (10-20-s
per rat) for five days to acclimate them to the experi-
menter.

Four identical observation chambers (28 X 21 X 22 cm;
Lafayette Instrument, North Lafayette, IN) were used for
both conditioning and contextual fear testing. The cham-
bers were constructed from aluminum (sidewalls) and
Plexiglas (rear wall, ceiling, and hinged front door). The
chambers were situated in chests located in a brightly lit
and isolated room. A videocamera placed in front of the
observation chambers alowed each subjects behavior to
be observed and recorded by an experimenter in an adja
cent room. The floor of each chamber consisted of 18
stainless steel rods (4-mm diameter) spaced 1.5 cm apart
(center-to-center). The rods were wired to a shock genera-
tor and scrambler (Lafayette Instrument, North Lafayette,
IN) for the delivery of footshock USs. The chambers were
cleaned with a 5% ammonium hydroxide solution, and
stainless steel pans containing a thin film of the same
solution were placed underneath the grid floors before rats
were placed inside. Background noise (70 dB, A-scale)
was supplied by ventilation fans in each chest and adjacent
shock scramblers.

7-nitroindazole (7-NI, 30 mg/ml; Sigma Chemical, St.
Louis, MO) was prepared in 100% dimethyl sulfoxide
(DMSO; Sigma Chemical, St. Louis, MO). On the condi-
tioning day, the rats were randomly assigned to each cell
of the 2 X 2 design, which had factors of training treatment
(2 levels; 7-NI and DM SO) and testing treatment (2 levels,
7-NI and DMSO). This yielded four groups (N =6 per
group): DMSO/DMSO, 7-NI /DMSO, DMSO/7-NI, 7-
NI /7-NI. Thirty minutes prior to conditioning, rats re-
ceived an intraperitoneal injection of either 7-NI (30
mg,/kg) or DMSO. The drug dose and administration
parameters were used because they block hippocampal
LTP in vivo [10] and spatial learning [17], and produce an
85% inhibition of NNOS activity [20]. For fear condition-
ing, the rats were placed in the conditioning chambers in
sgquads of four rats; the chamber position was counterbal-
anced for each squad and group. The rats received three
unsignaled footshocks (2-s, 0.5-mA; 64-s intershock inter-
va) 3 minutes after being placed in the chambers. Sixty-
four seconds following the final shock, the rats were
returned to their home cages. Locomotor activity was
measured during the 3-min pre-shock period by counting
chamber crossovers. A crossover was defined as move-
ment of the rat from one side of the chamber to the other
(all four paws were required to cross the chamber’'s mid-

line); only forward locomotion was scored as a crossover
(i.e. a crossover was not scored if the rat backed into one
side of the chamber from the other).

Twenty-four hours after training fear conditioning to the
context was assessed by returning the rats to the condition-
ing chambers and scoring freezing during an 512-s extinc-
tion test. Freezing is an associative fear response evoked
by stimuli associated with aversive consequences [12].
Briefly, an observer who was blind to the experimental
conditions scored each rat for freezing every 8 s for atota
of 64 observations per rat. Thirty minutes prior to the
extinction test half of the rats were injected with either
7-NI or DMSO.

The freezing data were transformed to a percentage of
total observations, a probability estimate that is amenable
to analysis with parametric statistics. These probability
estimates of freezing were analyzed using analysis of
variance (ANOVA). Planned comparisons in the form of
Fisher LSD tests were performed following a significant
omnibus F-ratio. All data are represented as means + the
standard errors of the means (SEMs).

Prior to the delivery of footshock on the conditioning
day, rats treated with 7-NI exhibited a marked reduction in
locomotor activity. As shown in Fig. 1A, this was manifest
in a significant decrease in the number of chamber
crossovers during the 3-min pre-shock period. A one-way
ANOVA with a factor of training treatment (2 levels,
DMSO or 7-NI) revealed a significant main effect of
treatment (F(1, 22) = 10.7, p <.01). Similar decreases in
locomotor activity have been reported with 7-NI adminis-
tration in mice [11] and following treatment with other
nitric oxide synthase inhibitors in rats [30]. Thus, the
reduction in locomotor activity produced by 7-NI treat-
ment suggests that the administered dose was effective in
producing nNOS inhibition.

Freezing observations on the extinction test were aver-
aged over the 512-s test and are shown in Fig. 1B.
Examination of Fig. 1B reveds that 7-NI treatment before
conditioning did not affect conditional freezing during the
subsequent extinction test. That is, rats receiving 7-NI
before conditioning and DMSO before extinction testing
(7-N1 /DMS0O) showed levels of freezing that were not
significantly different from DMSO /DM SO controls. How-
ever, 7-NI treatment before extinction testing significantly
increased freezing during the test, regardiess of whether
training was conducted following 7-NI or DM SO adminis-
tration. That is, rats in the DMSO/7-NI and 7-NI /7-NI
groups showed equivalent and high levels of freezing
compared to rats in the DMSO,/DMSO and 7-NI /DM SO
groups. These observations were confirmed in a two-way
ANOVA with factors of training treatment (7-NI, DM SO)
and testing treatment (7-NI, DMSO). The ANOVA indi-
cated a significant main effect of testing treatment (F(1,
20) = 5.8, p <.03), and a non-significant main effect of
training treatment, (F(1, 20) < 1, p=.89). The training X
testing interaction was not significant (F(1, 200 <1, p=
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Fig. 1. (A) Mean chamber crossovers (+ SEM) during the 3-min
pre-shock period on the conditioning day for rats receiving DMSO and
7-NI. (B) Mean percentage of freezing (+ SEM) collapsed across the
512-s context extinction test for rats receiving DMSO before training and
testing (DMSO,/DMSO0), rats receiving 7-NI before training and DMSO
before testing (7-NI /DMS0), rats receiving DM SO before training and
7-NI before testing (DMSO/7-NI), and rats receiving 7-NI before both
training and testing (7-NI /7-NI).

.95). These results suggest that 7-NI augments the perfor-
mance of conditional freezing, but does not affect its
acquisition.

The present results indicate that 7-NI, a potent and
selective inhibitor of NNOS, does not affect the acquisition
of contextual fear conditioning, a form of learning that
presumably depends on both the hippocampus and hip-
pocampal LTP. Surprisingly, 7-NI enhanced performance
of the freezing response during the extinction test, al-
though this effect can be explained by the nonassociative
decrease in locomotor activity produced by 7-NI. Accord-
ingly, these data indicate that nNOS activity is not required
for either the acquisition or expression of contextua fear
conditioning.

Reports that posit a role for hippocampal LTP in the
acquisition of contextual fear conditioning, e.g. [13,21,23—
25], predict that inhibitors of hippocampal LTP, such as
7-NI, should impair the acquisition of contextual freezing.
Clearly, this prediction was not born out in the present
study. A number of factors might account for the inability
of 7-NI to inhibit contextual fear conditioning. Firgt, it is
possible that 7-NI inhibits LTP induction a some hip-

pocampal synapses, but leaves LTP at other synapses
intact. It has been reported that 7-NI inhibits LTP induc-
tion in hippocampal area CA1, but it is not known if 7-NI
inhibits LTP induction in the dentate gyrus, for example.
This may be an important consideration, because Banner-
man and colleagues [2] have found that LTP induction in
the dentate gyrus is not blocked by L-arginine methyl ester
(L-NAME), another NOS inhibitor. It is also the case that
context conditioning can be acquired in the absence of an
intact hippocampus [26,28].

Another possibility that should be considered is that
multiple forms of NOS may be involved in the induction
of hippocampa LTP. For example, it has recently been
reported that deletion of both neuronal and endothelial
forms of NOS is required to prevent hippocampal LTP
induction in vitro [29]. Thus, the selectivity of 7-NI for
NNOS may alow LTP induction through the aternate
endothelial NOS (eNOS) pathway. However, 7-NI has
been found to block LTP in hippocampal area CA1 in
Vivo, suggesting that the eNOS pathway is not sufficient
for LTP induction in this brain region. Further work is
clearly required to determine the role various forms of
NOS play in LTP induction.

Other factors to consider are that the vehicle for 7-NI
delivery and the strain of rats used in the present study
were different from that used in previous experiments
[10,17]. Nevertheless, the present data suggest that two
forms of learning that are believed to require hippocampal
LTP, that is spatial learning and contextual conditioning,
are differentially sensitive to nNOS inhibition. This pro-
vides further support for the view that these forms of
learning may, in fact, be mediated by different neurobio-
logical mechanisms, e.g. [15].
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