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Abstract

We assessed the effect of nimodipine, an L-type calcium channel blocker, on the escape deficit induced by prior exposure to inescapable
shock in rats in four experiments. In Experiment 1, we injected rats at each of three time points (i.e., before shock exposure, after shock
exposure, and before shuttle escape testing) with one of four doses of nimodipine (0, 0.5, 2.5, 5.0 mg/kg). The 5.0-mg/kg dose was most
effective, acting to reduce shuttle escape latencies of inescapably shocked rats to a level comparable with nonshocked controls. No benefit
occurred in Experiment 2, however, when nimodipine was administered at only one of the three time points used in the first experiment.
Moreover, escape performance did not improve when rats received injections of nimodipine on the 2 days prior the experiment, and then one
additional injection at one of the three time points identified above in Experiment 3. Finally, administration of nimodipine at two of the three
time points did improve escape responding, but only when injected immediately prior both to shock exposure and the shuttle escape test.

© 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

Acute experience with unsignaled, inescapable electric
shock produces a profound deficit in adaptive behavior 24 h
later. This learned helplessness effect (Maier and Seligman,
1976; Overmier and Seligman, 1967) or distress syndrome
(Minor et al., 1991) has been demonstrated in many species
and is used widely to model symptoms of major depression
(Overmier and Hellhammer, 1988), severe anxiety (Ninan,
2001; Volpicelli et al., 1999), and the comorbidity between
these disorders (Minor et al., 1994a,b, 2001; Weiss and
Simson, 1985). Behavioral impairment in this paradigm is
related to the induction and prolonged maintenance of
intense fear during initial exposure to the uncontrollable
stressor (Drugan et al., 1994; Jackson and Minor, 1988;
Mineka et al., 1984; Minor, 1990; Minor et al., 1991; Weiss
et al., 1981). The exact sequelac by which the initial
emotional reaction translates into performance deficits 24
h later is not well understood. However, the problem appears
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to be, in part, a nonassociative consequence of prolonged
and excessive activation of the neural substrates of fear.

Excessive excitation of brain neurons can challenge
intracellular calcium homeostasis (Choi, 1988; Freund et
al., 1992) and such ionic disequilibrium is thought to
contribute to emotional disturbances (Blair et al., 2001;
Emrich et al., 1993; Gareri et al., 2000). Serum calcium
concentrations often are elevated in major depression
(Dubovsky and Franks, 1983) and pharmacological regu-
lation of calcium might prove to be a beneficial adjunct to
traditional drug treatment (Suzuki et al., 2001; Taragano et
al., 2001). In animal studies, increasing blood calcium
concentrations via chronic oral administration in water
impairs escape learning in a manner that is highly remin-
iscent of the learned helplessness effect in rats (Trulson et
al., 1986). Conversely, pharmacological blockade of L-type
calcium channels mitigates behavioral depression in rats, as
measured by immobilization in the forced swim task
(Czyrak et al., 1992; Tazi et al., 1992).

The present study examined the potential benefit of
regulating calcium currents with the dihydropyridine nimo-
dipine in the learned helplessness paradigm. Nimodipine is a
potent antagonist of calcium influx via L-type calcium
channels in both neurons and the brain vasculature. In
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addition to the general evidence linking calcium dysregula-
tion with emotional distress, the specific contribution of L-
type channel activation to learning/memory process in fear
conditioning (Blair et al., 2001), as well as its role in
regulating blood flow and metabolic homeostasis in the brain
microvascular bed (Catterall and Striessning, 1992; Goligor-
sky et al., 1995), suggest that nimodipine might be particu-
larly effective in alleviating distress and helplessness in
inescapably shocked rats. As discussed in detail later, nimo-
dipine treatment at several time points in the helplessness
procedure presumably could alter the sequelae that converge
24 h poststress to disrupt escape performance and other
measures of adaptive behavior in inescapably shocked rats.

We assessed nimodipine’s efficacy at alleviating help-
lessness in four parametric experiments, each of which
focused on a different aspect of the drug treatment regimen.
In each experiment, rats were exposed to a series of
inescapable electric shocks or simple restraint in tubes
and then tested for escape performance 24 h later in a
shuttle box (Maier et al., 1973). We assessed three compo-
nents of the drug treatment regimen to any beneficial action
of nimodipine. First, although studies of nimodipine’s
action in a forced swim test provide a potential range of
drug doses for comparison, we were unsure whether the
available observations transcend models of depression.
Thus, we assessed several doses of nimodipine for a
beneficial action. Second, a single injection of nimodipine,
or other types of L-type channel blockers, is ineffective at
alleviating immobility in a forced swim test for behavioral
depression (Biala, 1998; Czyrak et al., 1990; Czyrak, 1993;
Tazi et al., 1992). These data suggest that some drug
sensitization may be necessary before nimodipine exerts a
therapeutic effect. Thus, we assessed the number of drug
treatments required to improved escape performance in
inescapably shocked rats. Finally, three time points in the
helplessness procedure are known to be sensitive to experi-
mental interventions (immediately before stress pretreat-
ment, immediately after pretreatment, and immediately
before testing). Thus, we determined whether nimodipine
was particularly effective at any of these time points both
singly and in combination.

2. Experiment 1

We assessed the effects of four different doses of nimo-
dipine, with each dose administered three times during the
course of the experiment to a different group of rats. Rats
received an intraperitoneal injection of one of four doses of
nimodipine (0, 0.5, 2.5, 5.0 mg/kg) both immediately before
and immediately after the session in which they were
exposed either to inescapable tail shock (IS) or simple
restraint (R) in a complete factorial design. Rats in each
of the shocked (IS-0, IS-0.5, 1S-2.5, IS-5.0) and the
restrained groups (R-0, R-0.5, R-2.5, R-5.0) conditions
received a third injection of the same dose of nimodipine

24 h after stress treatment. All groups were tested for shuttle
escape performance 20 min later.

By injecting rats prior to stress exposure, immediately
poststress and shortly before escape testing, we treated
animals at all significant time points at which other types of
manipulations have been found to be effective. Moreover, the
choice of these time points was based on empirical evidence
of effect drug interventions in prior research, rather than on
any special insight into the processes that are impacted by
drug treatment at any given point in time. Thus, by injecting
nimodipine at all three time points, we maximized the
likelihood of observing a beneficial effect of nimodipine.
Thus, if the detrimental effects of inescapable shock on later
escape performance are, at least in part, produced by calcium
influx via L-type channels, then test escape performance in
inescapably shocked rats should improve in a dose-dependent
manner relative to restrained controls.

2.1. Method

2.1.1. Subjects and apparatus

Sixty-four male Sprague—Dawley albino rats (285-310
g) from a breeding colony in the Psychology Department at
the University of California at Los Angeles (UCLA) were
housed in individual cages with free access to food and water
in a room maintained on a 12:12-h light—dark cycle. Experi-
mentation occurred in the light portion of the day/night cycle.
All research works described herein received prior approval
from the Institutional Animal Care and Use Committee.

Pretreatment occurred in clear Plexiglas restraining tubes,
measuring 23 c¢cm in length and 6 cm in diameter. Adjustable
front walls prevented rats from moving forward in the tubes.
A rat’s tail extended through the rear door of each tube and
was taped to a plastic rod. Unscrambled shock was deliv-
ered from a constant current generator (Model 82400;
Lafayette Instruments, Lafayette, IN) to electrodes clamped
to a rat’s tail. Contact between the electrodes and the rat’s
tail was enhanced with electrode paste. Each tube was
housed in a sound-attenuating chamber containing an ex-
haust fan that masked extraneous noise. Illumination was
provided by a 7-W house light located in the center of the
rear wall of the attenuating chamber.

Escape testing took place in three identical (45 x 20 x 20
cm) shuttle boxes (BRS-LVE model 146-40). Each shuttle
box was divided into two identical compartments by a metal
barrier that had an 8 x 7 cm center opening flush with the
grid floor. The floor consisted of 2-mm-diameter stainless
steel rods spaced 1.1 cm apart center to center. Scrambled
shock was delivered to the grid floor from one of three
Grason-Stadler (Series 700; West Concord, MA) shock
generators. The floor was pivoted in the center and a
response was recorded when a microswitch was activated
by a floor depression in either compartment. Two 6-W
lamps located in the center of the interior end wall of each
compartment provided constant illumination. Each shuttle
box was housed in a sound-attenuated chamber containing
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an exhaust fan that masked extraneous noise. Experimental
events were programmed and data were recorded by micro-
computers.

2.1.2. Procedure: stress treatments and behavioral testing

Rats were assigned randomly to one of eight groups of
eight rats each. Groups were created by the factorial
combination of two stress treatment conditions (shock or
restraint) and four drug doses of nimodipine (0, 0.5, 2.5, or
5.0 mg/kg). Four groups were restrained in tubes and
exposed to 100 variable duration (mean=8.0 s; range=3—
15 s) inescapable tailshocks (1.0 mA), with an average
intershock interval of 60 s (range=20-150 s). The other
four groups were restrained in tubes for the same amount of
time (1.83 h) and received no shock.

Twenty-four hours later, all rats were tested for escape
performance in the shuttle boxes. The test consisted of five
trials during which gridshock (0.6 mA) was terminated by a
single shuttle response (FR-1 trials), followed by 25 trials
during which the rat had to cross from one side of the shuttle
box to the other and then return to terminate shock (FR-2
trials). Shock terminated automatically if the appropriate
response was not made within 40 s of shock onset. Both trial
types were presented on a variable time 60-s schedule
(range =20-230 s). A 3-min interval intervened between
FR-1 and FR-2 trial types in order to maximize performance
deficits in inescapably shocked rats (cf., Minor and
LoLordo, 1984).

2.1.3. Drug treatment

Nimodipine was dissolved in a vehicle consisting of 20%
ethyl alcohol, 60% propylene glycol, and 20% water at one
of five concentrations (0, 0.5, 2.5, and 5.0 mg/ml). All
injections occurred at a volume of 1 ml/kg. Each preshocked
(IS-0, 1S-0.5, IS-2.5, and IS-5.0) and restrained group (R-0,
R-0.5, R-2.5, R-5.0) received one injection of one of these
doses immediately prior to stress pretreatment, immediately
after stress pretreatment, and approximately 24 h later (20
min prior to escape testing).

2.2. Results and discussion

2.2.1. FR-1 trials

Although escape latencies on the initial FR-1 trials are
usually not affected by pretreatment stress or other experi-
mental variables, the inescapably shocked group treated with
the low dose of nimodipine (Group IS-0.5) showed a small
but statistically reliable elevation in FR-1 latencies relative to
shocked and restrained vehicle controls (Groups IS-0 and R-
0), as well as all other nimodipine-treated groups [ F(1,62)=
4.76, P<.05] and Newman—Keuls contrasts (a=.05). Per-
formance in all other groups did not differ statistically.

2.2.2. FR-2 trials
Mean FR-2 escape latencies for each inescapably
shocked and restrained group are shown in Fig. 1. The
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Fig. 1. Mean (+S.E.) FR-2 shuttle escape latencies for the inescapably
shocked and restrained groups in Experiment 1. Rats received intra-
peritoneal injections of nimodipine or vehicle before exposure to inesca-
pable shock, after exposure to inescapable shock, and before shuttle escape
testing.

difference in response latencies between Groups IS-0 and
R-0 establishes the boundaries of the helplessness effect.
The detrimental effect of inescapable shock generally was
reduced by nimodipine treatment in a dose-dependent
manner. Although the 0.5-mg/kg nimodipine dose pro-
duced a slight increase in behavioral impairment in Group
IS-0.5 relative to Group IS-0, performance generally
improved from this level in the moderate (Group IS-2.5)
and high (Group IS-5.0) doses of the drug. Indeed,
performance in Group IS-5.0 appeared similar to that in
the restrained control groups (R-0, R-0.5, R-2.5, and R-
5.0), which were not differentially affected by drug treat-
ment.

A mixed-design ANOVA (Stress x Drug Dose) con-
ducted on FR-2 escape latencies yielded significant main
effects of pretreatment Stress Condition [ F(1,312)=240.26,
P<.001] and Drug Dose [ F(3,312)=9.16, P<.001]. The
interaction between factors was not statistically significant.
Newman—Keuls post hoc contrasts (a=.05) found no dif-
ference among Groups R-0, R-0.5, R-2.5 and R-5.0, nor
between Group IS-5.0 and any of these groups. Groups IS-0,
1S-0.5, and IS-2.5 showed elevated latencies relative to all
other groups. Unexpectedly, Group IS-0.5 differed from
both Groups IS-0 and IS-2.5, although the latter two did
not differ from each other.

The present data provide evidence that nimodipine can
alleviate behavioral impairment in helpless rats, presumably
by blocking Ca®"* influx via L-type channels. Escape
latencies improved in inescapably shocked rats injected at
three time points with moderate (2.5 mg/kg) nimodipine,
with the high dose (5.0 mg/kg) completely eliminating any
evidence of a deficit. Nevertheless, it must be conceded that
the low dose of nimodipine increased the escape deficit in
Group IS-0.5, an effect evident on both FR-1 and FR-2
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trials. This outcome complicates any simple interpretation of
the data.

These opposing effects of the high and low doses of
nimodipine can be reconciled, however, if it is assumed that
nimodipine has multiple (but opposing) mechanisms of
action, which are differentially expressed in a dose-depend-
ent manner. Indeed, nimodipine not only functions as a
vasodilator and general antagonist of L-type channels, but
also acts as a modest inhibitor of extracellular adenosine
reuptake transport at low doses of the drug (Deckert and
Gleiter, 1990).

We have argued that the transition from an initial state
of anxiety and agitation, which is shown by inescapably
shocked rats during the initial moments of escape testing,
to a state of conservation withdrawal (or helplessness) is
mediated by an increase in adenosine-induced inhibition of
neuronal activity (Minor et al., 1994a,b; Woodson et al.,
1998). The transition is blocked by pretest injection aden-
osine receptor antagonists, mimicked by pretest treatment
of nonstressed rats with an adenosine receptor agonist
(Minor et al., 1994b), or a compound that blocks the
degradation of extracellular adenosine (Woodson et al.,
1998). Most relevant to the present argument is the finding
that the effect of inescapable shock on test performance is
mimicked by pretest treatment of restrained rats with
substances that block adenosine reuptake transport (Wood-
son et al., 1998).

Thus, nimodipine’s properties as a nucleoside transport
blocker should functionally increase the effects of extrac-
ellular adenosine. Importantly, an adenosine-enhancing
effect of nimodipine would be expected only when a
substantial concentration of adenosine is released into
the synaptic cleft. If the low dose of nimodipine had little
or no ability to ameliorate the effect of inescapable
shock—viz., the ability to increase extracellular adenosine
at the time of testing—then the drug’s properties as an
adenosine uptake inhibitor should have enhanced the
escape deficit in Group IS-2.5 relative to Group IS-0,
without substantially affecting performance in Group R-
2.5. Nimodipine’s property as a nucleoside transport
blocker would become moot if the moderate and high
drug doses progressively mitigated the ability of inescap-
able shock to provoke the release of extracellular aden-
osine at the time of testing. Test escape performance in
Groups [S-2.5 and IS-5.0 would have improved relative to
Groups IS-0 and IS-0.5.

3. Experiment 2

Experiment 1 established that an injection of 5.0 mg/kg
nimodipine reduced the escape deficit induced by inescap-
able shock when administered immediately before pretreat-
ment, immediately after pretreatment, and 20 min before the
shuttle escape test. Experiment 2 determined whether a
single injection of nimodipine at one of these three time

points was effective. Three groups of rats received an
injection of nimodipine (5.0 mg/kg ip) or vehicle either
before exposure to inescapable shock, after exposure to
inescapable shock, or 20 min before shuttle escape testing.
Three additional groups, which were restrained in tubes
during pretreatment, received similar injection conditions.
To control for injection cues and maintain consistency with
the procedure in Experiment 1, rats were injected with
vehicle at the two time points where they were not injected
with nimodipine. Thus, two groups—one pretreated with
shock (IS) and one pretreated with restraint (R)—received
vehicle (V) at all three time points (IS-VVV and R-VVV),
two groups received nimodipine (N) prior to pretreatment
(IS-NVV and R-NVV), two groups received nimodipine
following pretreatment (IS-VNV and R-VNV), and two
groups received nimodipine prior to shuttle escape test
(IS-VVN and R-VVN).

3.1. Method

3.1.1. Subjects and apparatus

Sixty-four experimentally naive, male albino rats, weigh-
ing between 285 and 310 g, were obtained from the UCLA
breeding colony and housed as in Experiment 1. The
apparatus was the same as that described in Experiment 1.

3.1.2. Procedure

Rats were assigned randomly to one of eight groups of
eight rats each. We exposed four of these groups to 100
variable duration inescapable shocks as described in Experi-
ment 1. The other four groups were restrained for the same
period of time and received no shock. Twenty-four hours
later, FR-1 and FR-2 shuttle escape performance of all
animals was assessed in the shuttle boxes using exactly
the same procedures described in Experiment 1.

3.1.3. Drug treatment

All animals received three intraperitoneal injections. Rats
in one shocked (IS) and one restrained (R) group received
three injections of vehicle (1 ml/kg), one immediately before
pretreatment, one immediately after pretreatment, and one 20
min prior to the shuttle escape test (IS-VVV and R-VVV).
These groups served to set the boundaries of the standard
learned helplessness effect. The remaining groups received
two injections of vehicle and one injection of 5.0 mg/kg
nimodipine (dissolved in vehicle to a concentration of 5.0
mg/ml). Two groups (one shocked and one restrained) were
injected with nimodipine immediately prior to pretreatment
and with vehicle immediately after pretreatment and 20 min
prior to the test (IS-NVV and R-NVV). Two other groups
(IS-VNV and R-VNV) were injected with nimodipine imme-
diately after pretreatment, and with vehicle immediately
prior to pretreatment and 20 min prior to the test. Two
groups (IS-VVN and R-VVN) were injected with nimodi-
pine 20 min prior to escape testing, and with vehicle
immediately prior to and immediately after pretreatment.
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Fig. 2. Mean (+S.E.) FR-2 shuttle escape latencies for the inescapably
shocked and restrained groups in Experiment 2. Rats were given vehicle
(V) or one acute injection of nimodipine (N: 5.0 mg/kg) either before
exposure to inescapable shock, following exposure to inescapable shock, or
before shuttle escape testing. Vehicle was administered at the other two time
points.

3.2. Results and discussion

Escape latencies did not differ among groups during FR-
1 trials (F'<1). Mean FR-2 shuttle escape latencies in each
of group are shown in Fig. 2. Time of drug treatment had no
effect on the FR-2 escape latencies in either the IS or R
group. Indeed, performance was determined solely by
pretreatment stress condition, with the escape latencies of
all three groups exposed to inescapable shock being sub-
stantially longer than those groups exposed to restraint.

A two-factor ANOVA (Stress Condition x Injection
Time) of mean FR-2 latencies yielded a significant main
effects of Stress Condition [ F(1,234)=304.89, P<.001],
but neither a significant main effect of injection time nor an
interaction between factors (Fs<1).

These data clearly establish that a single 5.0 mg/kg
injection of nimodipine is inadequate to mitigate the effects
of inescapable shock on later escape performance, regard-
less of the time of the injection. FR-2 escape latencies in the
nimodipine-treated inescapably shocked groups did not
differ from the vehicle-treated shocked group.

4. Experiment 3

One potential explanation for the failure to see any
benefit to a single injection of nimodipine in the previous
experiment is that some sensitization to the drug occurs
when it is administered repeatedly (e.g., as in Experiment
1). Indeed, sensitization does appear to be one of the
characteristics of repeated treatment with nimodipine
(Ossowska et al., 1994). In Experiment 3, we replicated
exactly the procedure used in Experiment 2 except that, on
each of 2 days immediately preceding pretreatment, rats
were given an injection of nimodipine (5.0 mg/kg). Thus, if
the failure to generate an effect of a single injection of

nimodipine in Experiment 2 was due to a failure to induce
comparable sensitization to that occurring with the three
injections in Experiment 1, then giving two additional
injections prior to pretreatment in Experiment 3 should
overcome this problem.

In Experiment 3, therefore, six groups (three shock and
three restraint-pretreated) were injected with nimodipine at
one of three time points, either immediately before pretreat-
ment (Groups IS-NVV and R-NVV), immediately after
pretreatment (Groups IS-VNV and R-VNV), or 20 min prior
to the shuttle escape test (Groups IS-VVN and R-VVN) as
in Experiment 2. In addition, all animals in these groups
were given an injection of nimodipine on each of 2 days
prior to stress pretreatment. As in Experiment 2, injections
of vehicle were given at the time points when nimodipine
was not administered.

Although differences in sensitization provides a reas-
onable explanation for the differential effects of nimodipine
observed in Experiments 1 and 2, we were troubled by the
alternative possibility that the effect of nimodipine observed
in Experiment 1 was due to chance and that the drug in
reality had no effect on escape performance, as observed in
Experiment 2. Given this possibility, we decided to make
one further change to the procedures of Experiment 2.
Instead of using two pretreatment vehicle control groups,
injected twice with nimodipine and then with vehicle at all
three time points, we decided to incorporate two groups
given treatment similar to Groups IS-5.0 and R-5.0 in
Experiment 1. These groups were given injections of vehicle
on the 2 days prior to pretreatment and were then injected
with nimodipine at all three time points, i.e., immediately
before and immediately after pretreatment as well as 20 min
prior to the test (Groups IS-NNN and R-NNN).

4.1. Method

4.1.1. Subjects and apparatus

Sixty-four male albino rats, weighing 285 g—310 g, were
obtained from the UCLA breeding colony and housed as
described in Experiment 1. The apparatus used was the
same as in Experiment 1.

4.1.2. Procedure

Rats were assigned randomly to one of eight groups of
eight rats each. Four groups were exposed to 100 variable
duration inescapable shock as described in Experiment 1.
The other four groups were simply restrained for the same
period of time and received no shock. Twenty-four hours
later, all groups were tested for escape performance in the
shuttle boxes as described in Experiment 1.

4.1.3. Drug treatment

Six groups (three inescapably shocked and three
restrained groups) received an injection of nimodipine (5.0
mg/kg ip) on each of the 2 days prior to stress pretreatment.
All groups then received three injections—two injections of
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vehicle and one injection of nimodipine—such that nimo-
dipine was administered either (a) before pretreatment (i.e.,
IS-NVV and R-NVV), (b) following pretreatment (i.e., IS-
VNV and R-VNV), or (c) 20 min before shuttle escape test
(i.e., IS-VVN and R-VVN). The remaining two groups
received vehicle for the 2 days prior to stress pretreatment
and then an injection of nimodipine at each of the three time
points (i.e., IS-NNN and R-NNN). The vehicle was the
same as in Experiment 1.

4.2. Results and discussion

Escape latencies did not differ among groups during FR-
1 trials [ £(1,62)=2.55, P>.05]. Mean FR-2 escape latencies
for each of the groups used in Experiment 3 are presented in
Fig. 3. Nimodipine administered at only one of the three
time points had no effect on FR-2 shuttle escape latency,
even when priming injections were given on each of the 2
days prior to the start of pretreatment. Nevertheless, as we
observed in Experiment 1, when nimodipine was adminis-
tered at all three time points, shuttle escape latency in
inescapably shocked rats (Group IS-NNN) did not differ
from the restraint-pretreated control (Group R-NNN). As
such, the three injections of nimodipine were effective in
mitigating the effects of inescapable shock but only when
they were given before or immediately after a shock session.

A mixed-design ANOVA (Stress Condition X Injection
Time) of mean FR-2 escape latencies yielded both a main
effect of Stress Condition [ F£(1,312)=158.3, P<.001] and
of Injection Time [F(3,312)=21.9, P<.001], as well as a
significant interaction between these factors [F(3,312)=
27.41, P<.001]. Newman—Keuls pairwise comparisons
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Fig. 3. Mean (£ S.E.) FR-2 shuttle escape latencies for inescapably shocked
and restrained groups in Experiment 3. Rats were given three injections of
nimodipine (5.0 mg/kg) such that two of the injections were administered 2
days prior to the start of the experiment and the third injection was given
either before exposure to inescapable shock, following exposure to inesca-
pable shock, or prior to shuttle escape testing.

(a=.05) conducted on the mean FR-2 latencies indicated
that the escape latencies in Groups IS-NVV, IS-VNV, and
IS-VVN were significantly longer than all other groups. The
restrained groups (R-NVV, R-VNV, R-VVN, and R-NNN)
did not differ. Group IS-NNN did not differ from any of the
restrained groups but differed reliably from each of the
remaining inescapable shock groups.

Experiment 3 replicated the results of both Experiments 1
and 2 using a procedure in which all the rats received three
injections of nimodipine. Thus, three injections of nimodi-
pine were effective in mitigating the effects of inescapable
shock but only when they were given before or immediately
after a shock session. When two injections were given prior
to pretreatment and only one injection was given at one of
the three time points in each of the remaining groups, a
deficit in escape performance was observed for inescapably
shocked rats. Thus, contrary to the sensitization account
devised to explain the results of Experiment 2, administer-
ing two priming injections of nimodipine failed to reveal an
effect of the third injection.

5. Experiment 4

The previous experiments found that nimodipine does
not reduce the escape deficits induced by inescapable shock
when injected only once during the experimental sessions.
The drug is effective, however, when injected at three time
points during these sessions. Thus, although it is clear that
an injection of nimodipine at all three times points is
sufficient to prevent the debilitating effects of inescapable
shock, it is unclear whether three injections are necessary
for this effect.

This question was addressed in Experiment 4 using five
groups of rats. Because we were primarily interested in
assessing the influence of nimodipine on rats exposed to
inescapable shock, all five groups were given shock pre-
treatment followed 24 h later by the shuttle escape test.
Three of the groups were given one injection of nimodipine
(5.0 mg/kg ip) on the day prior to the pretreatment shock
session followed by two further injections of nimodipine:
Group NNV was injected both immediately before and
immediately after exposure to inescapable shock; Group
NVN was injected immediately before exposure to inescap-
able shock and 20 min before the shuttle escape test; and
Group VNN was injected immediately after exposure to
inescapable shock and 20 min before the shuttle escape test.
An injection of vehicle was given at time points when
nimodipine was not scheduled. Finally, the two remaining
groups, Groups NNN and VVV, were included to provide
boundary conditions against which to assess the effects of
the other treatments. Both groups received an injection of
vehicle on the day prior to the pretreatment shock session
and then three further injections: Group NNN was given an
injection of nimodipine at each of the three time points,
whereas Group VVV received injections of vehicle only.
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5.1. Method

5.1.1. Subjects and apparatus

Forty male albino rats, weighing between 285 and 310 g,
were obtained from the UCLA breeding colony and housed
as described in Experiment 1. The apparatus used was the
same as that described in Experiment 1.

5.1.2. Procedure

Rats were assigned randomly to one of five groups
(n=28). All five groups were exposed to 100 variable
duration inescapable shocks as described in Experiment 1
and then, 24 h later, were given a shuttle escape test, again
as described in Experiment 1.

5.1.3. Drug treatment

Three groups received an injection of nimodipine (5.0
mg/kg) 1 day prior to the start of the pretreatment phase and
two further injections during the course of the experiment
either: (a) immediately before pretreatment and immediately
after pretreatment (NNV); (b) immediately before pretreat-
ment and 20 min before the shuttle escape test (NVN); or (c)
immediately after pretreatment and 20 min before shuttle
escape test (VNN). The remaining two groups received a
vehicle injection 1 day before the pretreatment session and
then either an injection of nimodipine at each of the three
time points (NNN) or vehicle at all three time points (VVV).
The vehicle was the same as in Experiment 1.

5.2. Results and discussion

Escape latencies did not differ among groups on the FR-1
trials (F<1). Mean escape latencies on the FR-2 trials in
each of the five groups are shown in Fig. 4. A clear benefit
to FR-2 escape latencies was evident in Group NNN relative
to Group VVV. Furthermore, a similar reduction in latency
was observed in Group NVN, which received injections of
nimodipine before the pretreatment and before testing. No
reduction in latencies occurred in Group NNV or VNN.

A mixed-design ANOVA (Group x Trial Block) con-
ducted on FR-2 escape latencies yielded a significant main
effect of Group [F(5,234)=49.25, P<.001]. Newman—
Keuls pairwise comparisons (o.=0.05) of mean FR-2 escape
latencies indicated that Groups NNN and NVN did not
differ. Escape latencies in both of these groups were
significantly reduced compared with Groups VVV, VNN,
and NNV, which did not differ from one another.

These data indicate that the pattern of injections matters.
Although injecting inescapably shocked rat prior to stress,
immediately poststress, and before testing is sufficient to
prevent the helplessness effect, it is not necessary to give an
injection of nimodipine at all three of these time points. A
comparison of Groups NVN, NNV, and VNN on escape
responding clearly indicates that an injection of nimodipine
post pretreatment did not contribute to the reduction in
escape latency observed in Group NNN. Further, although
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Fig. 4. Mean (£ S.E.) FR-2 shuttle escape latencies for inescapable shocked
groups in Experiment 4. One group received a nimodipine injection 24 h
prior to pretreatment and then injections of vehicle immediately prior to
pretreatment, immediately after pretreatment, and 24 h later, prior to shuttle
escape testing. The other groups received three injections of nimodipine
(5.0 mg/kg) such that one injection was given 24 h prior to start of ex-
periment. The remaining two injections were given either before exposure
to inescapable shock and following exposure to inescapable shock or before
exposure to inescapable shock and before shuttle escape test, or following
exposure to inescapable shock and before shuttle escape testing.

it is possible that the injection given after pretreatment acted
to increase (rather than reduce) subsequent escape latencies,
the very similar levels of performance observed in Groups
NNN and NVN argue against this possibility. If an injection
post pretreatment acted to increase escape latency, then the
latencies of Group NNN should have been longer than those
of Group NVN, but this was not observed. Instead, it seems
reasonable to conclude that the injection of nimodipine
given after pretreatment had no effect on subsequent escape
performance. Thus, it appears that injections of nimodipine
prior to stress pretreatment and prior to testing are necessary
conditions for a beneficial effect of the drug.

6. General discussion

The present series of experiments assessed the ability of
various treatment regimens with nimodipine, a dihydropyr-
idine L-type calcium channel blocker, to ameliorate shuttle
escape deficits resulting from earlier exposure to inescap-
able shock. Experiment 1 demonstrated that a high nimodi-
pine dose (5 mg/kg), but not low (0.5 mg/kg) or
intermediate doses (2.5 mg/kg), is effective in substantially
improving test escape performance in inescapable shocked
rats when drug injections occur prior to stress induction,
immediately poststress, and prior to escape testing 24 h
later. Nonetheless, a single injection of the high nimodipine
dose failed to improve test performance in Experiment 2,
regardless of whether we injected the drug prior to stress,
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immediately poststress, or prior to testing. We also obtained
a similar failure to improve test performance in Experiment
3, in which groups of rats received two nimodipine injec-
tions prior to the beginning of the experiment and then one
additional injection at one of the three time points under
study. Although injecting nimodipine at all three time points
is sufficient to mitigate the effects of inescapable shock on
later shuttle escape performance, the results of Experiment 4
suggest that all three injections are not necessary for such a
benefit. We observed a similar degree of improvement in
escape performance in Experiment 4 when we injected rats
prior to pretreatment and prior to testing, but omitted the
injection immediately poststress. No other combination of
two injection times was effective. Overall, this pattern of
results suggests that some process involving L-type Ca®"
channel activation is a necessary, but not a sufficient,
condition for the behavioral impairment observed following
inescapable shock.

These data are consistent with other observations that
link distress and helplessness to changes in calcium homeo-
stasis and L-type channel activation. Increasing blood Ca®
concentrations via chronic oral administration in water
produces deficits in escape learning, which lead the authors
to speculate that high Ca®>" in brain contributes to the
helplessness effect (Trulson et al., 1986). Conversely, pre-
venting vasoconstriction via pharmacological blockade of
L-type Ca® " channels mitigates behavioral depression, as
measured by immobilization in the forced swim test (Czyrak
et al., 1992; Tazi et al., 1992).

One process that might be affected by nimodipine
treatment in these stress experiments is the consolidation
of fear conditioning. Certain elements of the pretreatment
context are strongly associated with inescapable shock
during the original stress session (Minor, 1990; Minor
and LoLordo, 1984). Similar cues in the testing apparatus
(e.g., stress odorants) greatly exaggerate the initial fear
reaction to the situation 24 h later (Maier, 1990; Minor,
1990) and are necessary for the development of escape
deficits. Removal of these strongly conditioned pretreat-
ment cues from the testing apparatus eliminates deficits in
escape performance in inescapably shocked rats. In this
regard, nimodipine treatment may have disrupted the
consolidation or transfer of fear conditioning in the present
experiments. Activation of L-type Ca®> " channels is neces-
sary for NMDA-independent long-term potentiation (LTP)
(Grover and Teyler, 1990), a type of experience-dependent
synaptic plasticity and a putative mechanism for learning
and memory. LTP is induced in several pathways conver-
ging on and within the lateral nucleus of the amygdala
during fear conditioning (e.g., Clugnet and LeDoux, 1990).
These sites include thalamic nuclei that carry information
concerning conditional stimuli to the lateral amygdala. The
induction of LTP at these sites requires L-type channel
activation (Weisskopf et al., 1999). The resulting influx of
calcium presumably initiates a sequence of events that
consolidate the memory trace in synaptic processes that

afford later expression of the conditioned fear association
(Blair et al., 2001). As such, blockade of these channels
with nimodipine administration in the present experiments
might have disrupted the consolidation of fear conditioning
in inescapably shocked rats, thereby eliminating a neces-
sary condition for behavioral impairment at the time of
shuttle escape testing.

Nimodipine treatment also might alleviate symptoms of
helplessness via a nonassociative process. For instance,
vascular tone is controlled by inward movement of blood-
borne Ca® " ions through the voltage-gated L-type channels
(Catterall and Striessning, 1992), which line the smooth
muscle of the brain microvascular bed (Goligorsky et al.,
1995). Under continuing high levels of activation, Ca®* is
taken up into the vasculature, causing the blood vessels to
constrict, thus decreasing blood flow and the delivery of
glucose and oxygen (Hogan and Hakim, 1992; Robertson
and Robertson, 1996). This process can disrupt the essential
coupling of regional blood flow to neuronal activation
(Catterall and Striessning, 1992; Goligorsky et al., 1995;
Lanier, 1999; Zager and Ames, 1988). Failure to achieve
adequate dilation of these vesicles following excitatory
transmission deprives the target neuron of metabolic sub-
strates at a time of high-energy expenditure (Hogan and
Hakim, 1992; Robertson and Robertson, 1996). Such con-
ditions can challenge regional energy homeostasis and
dramatically alter normal synaptic communication among
neurons.

This type of process, with neural metabolic failure as a
crucial endpoint, is now implicated in the emergence of
behavioral depression in helpless rats by a variety of data
(Minor and Hunter, 2002; Minor et al., 1994a,b, 2001,
Woodson et al., 1998). Metabolic failure in brain is met
with a substantial increase in adenosine signaling. The
nucleotide is released from fatigued neurons and binds to
specific extracellular purine receptors. The major effect of
adenosine receptor activation is extraordinarily potent form
of neural inhibition (Deckert and Gleiter, 1990; Meghji,
1991). The functional consequence of this cascade in the
helplessness procedure is that brain neurons, most likely the
ones that are mediating escape behavior (see Minor et al.,
2001), are potently inhibited and no longer contribute to
active attempts to cope with environmental demands.
Escape deficits ensue. From this view, treatment with
nimodipine may have alleviated symptoms of helplessness
by reducing calcium-induced vasoconstriction in critical
brain regions. An enhanced supply of metabolic substrates
during periods of high neuronal activation during escape
testing might have reduced the challenge to metabolic
homeostasis and the resulting cascade of events that lead
to adenosine-mediated escape deficits.

The present data do not discriminate between associative
and nonassociative accounts of nimodipine’s beneficial
action. Indeed, the alternatives discussed above are not
necessarily mutually exclusive. Considerably more research
is needed to discriminate between the above alternatives and
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other potential explanations. Nonetheless, these experiments
indicate that the helplessness procedure should prove as a
useful tool in identifying nimodipine’s beneficial action.
Moreover, these data are consistent with the suggestion that
nimodipine may prove to be a useful adjunct in the
pharmacological treatment of anxiety and depression (Biala,
1998; Emrich et al., 1993; Gareri et al., 2000; Ninan, 2001;
Suzuki et al., 2001; Taragano et al., 2001).
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