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Enhancement of auditory fear conditioning after
housing in a complex environment is attenuated
by prior treatment with amphetamine
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Prior exposure to drugs of abuse has been shown to occlude the structural plasticity associated with living in a
complex environment. Amphetamine treatment may also occlude some cognitive advantages normally associated
with living in a complex environment. To test this hypothesis we examined the influence of prior exposure to
amphetamine on fear conditioning in rats housed in either a standard or complex environment. Housing in a
complex environment facilitated fear learning to an auditory conditioned stimulus (CS), but not to the training
context, relative to animals housed singly or in a social group. Prior treatment with amphetamine eliminated this
effect. These results indicate that living in a complex environment facilitates conditional freezing to an auditory CS,
and that this effect is abolished by pretreatment with amphetamine.

Housing in a relatively complex environment (“environmental
enrichment”) is known to alter the structure of dendrites (i.e.,
induce structural plasticity) in a variety of brain regions, and to
also influence subsequent learning and memory. The first evi-
dence for structural changes in the brain as a result of living in a
complex environment was provided by Rosenzweig and col-
leagues in the 1960s, who reported that animals living in a com-
plex environment showed increased cortical weight compared
with animals in standard laboratory cages (Rosenzweig et al.
1962). Since that time, there have been many studies document-
ing a number of brain changes in rats living in a complex envi-
ronment, including increases in cerebral volume, dendritic spine
density and number, long-term potentiation (LTP), resistance to
neural insult, and synaptic connectivity (Rosenzweig and Ben-
nett 1969; Rosenzweig et al. 1969; Greenough et al. 1985, 1986;
Green and Greenough 1986; Kolb and Gibb 1991). Although
these changes have been found in the cerebral cortex and other
brain regions, the focus in many of these studies has been on the
hippocampus. In addition to modifying hippocampal morphol-
ogy, complex housing also enhances performance on a number
of hippocampal-dependent learning tasks. The most well-
documented augmentation of learning after complex housing is
in spatial tasks such as the Morris water maze and Hebb-Williams
maze (Pham et al. 1999; Kobayashi et al. 2002). However, there is
also evidence that environmental enrichment enhances Pavlov-
ian fear conditioning in mice (Rampon et al. 2000; Duffy et al.
2001; Tang et al. 2001).

Although these examples of experience-dependent plastic-
ity are clearly advantageous, this is not true of all forms of expe-
rience-dependent plasticity. Repeated treatment with psy-
chostimulant drugs, for example, also leads to an increase in
dendritic branching and spine density in a number of brain re-
gions, which is thought to be related to the development of be-
havioral sensitization (Robinson and Kolb 1997, 1999, 2004;
Robinson et al. 2001; Li et al. 2004). However, treatment with
amphetamine or cocaine has also been shown to occlude the
ability of subsequent exposure to a complex environment to alter

dendritic structure (Kolb et al. 2003). This ability of drugs of
abuse to occlude environment-dependent structural changes sug-
gests that it is possible that drug experience prior to exposure to
a complex environment will also modulate the subsequent effect
of a complex environment on learning and memory.

The present experiments were designed to determine
whether living in a complex environment for 3 mo modulates
associative learning in a Pavlovian fear-conditioning paradigm in
rats, and whether a prior history of amphetamine exposure
would modulate environmental effects on learning. In the first
experiment, male Sprague Dawley rats (Harlan) were housed for
3 mo in either individual plastic hanging cages (20 � 23 � 20
cm) in groups of three in rectangular plastic cages (20 � 43 � 20
cm), or in groups of 12 in stainless-steel monkey cages
(61 � 61 � 72 cm). Animals were then conditioned with four
pairings of an auditory conditional stimulus (CS) and a footshock
unconditioned stimulus (US), and freezing served as a measure of
conditioned fear. After this, we examined the effect of environ-
mental complexity on both contextual and cued fear condition-
ing. In the second experiment, rats were first treated repeatedly
with amphetamine or saline (21 consecutive days of 4.0 mg/kg
with intermittent doses of 0.5 mg/kg to measure the extent of
psychomotor sensitization) and then placed in a complex envi-
ronment or left in standard laboratory cages for 3 mo (n = 12 for
each of the four groups). They then underwent a Pavlovian fear-
conditioning protocol and were tested for both contextual and
cued fear learning. We report that prior exposure to amphet-
amine attenuated the enhanced fear conditioning otherwise as-
sociated with living in a complex environment.

To determine the effects of environmental complexity on
Pavlovian fear conditioning, we first examined immediate post-
shock freezing behavior on the conditioning day following four
tone (30 sec; 80 dB; 2 kHz)-footshock (2 sec; 1 mA) pairings (Fig.
1A). There were no group differences in either unconditional
freezing prior to shock presentation or during the 1-min intervals
immediately after shock. In contrast, housing condition modu-
lated long-term fear memory, as shown in Figure 1B. Housing in
a complex environment led to more robust freezing to the audi-
tory CS than seen in animals housed individually or socially
(F(2,224) = 8.4; P = 0.001). This difference was most prominent at
the later time points in the test, with the complex group showing
a prolonged freezing response (group–minute interaction,
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F(14,224) = 1.825; P < 0.05). No differences were observed between
the socially and individually housed animals, indicating the ef-
fect of a complex environment was not due merely to social
interaction (Fig. 1B). Only a trend toward significance was seen
between the groups in contextual freezing, although an interac-
tion was present, indicating that the animals living in a complex
environment showed a prolonged freezing response at the later
time points (group–minute interaction, F(14,224) = 1.84; P < 0.05)
(Fig. 1C).

In Experiment 2, prior amphetamine treatment, using a
regimen that produced robust behavioral sensitization (Fig. 2),
attenuated the effect of environmental complexity on cued fear
conditioning (Fig. 3A). Rats in the Complex/SAL group exhibited
a more robust freezing response than the Social/SAL, Complex/
AMPH, and Social/AMPH groups (housing–drug interaction,
F(1,308) = 4.8; P < 0.05) (Fig. 3A). No differences were seen be-
tween any of the groups in contextual freezing (Fig. 3B).

As the animals in the previous experiment were removed
from their respective environments and tested while all in social
housing, this experiment replicated the previous results without
this housing switch prior to testing. The drug administration
protocol resulted in robust psychomotor sensitization in the am-
phetamine group (n = 12) [mean � SEM peak beam breaks, first
test session, 75.8 � 8.7 vs. last test session, 139.2 � 22.5,
t(9) = 3.173, P = 0.01] (data not shown). Just as in Experiment 2,
prior amphetamine attenuated cued fear conditioning in animals
housed in a complex environment (F(1,112) = 6.2; P < 0.05) (Fig.
4A). No differences were seen in contextual fear conditioning
(Fig. 4B).

Housing in a relatively complex environment facilitated
Pavlovian fear conditioning, and the effect of environment on
conditioned fear was much stronger for auditory fear than con-
textual fear. This is inconsistent with previous reports that have
found equivalent effects of environmental enrichment on audi-
tory and contextual fear (Duffy et al. 2001; Tang et al. 2001). As
all of the previous studies used mice, it is possible that the dif-
ference is due to the species; however, it is more likely due to
differences in the protocol. In previous studies, a single CS–US
pairing was used, whereas we used multiple conditioning trials.
The isolated and socially housed animals may use this additional
time in the conditioning context for consolidation of the con-
textual fear memory, while the complex-housed animals exhibit
a ceiling effect.

Despite this potential effect of housing context on contex-
tual fear conditioning, our data indicate that the effect of a com-

plex environment is more prominent for
auditory fear conditioning. Although
contextual fear is traditionally thought
to be both hippocampal and amygdala
dependent and cued fear purely amyg-
dala dependent, recent studies have
shown hippocampal involvement in
cued fear as well. Although there is some
evidence that dorsal hippocampal le-
sions affect auditory fear (Maren et al.
1997), the evidence is much stronger for
the involvement of the ventral hippo-
campus. Electrolytic lesions of the ven-
tral hippocampus disrupt auditory fear
conditioning (Trivedi and Coover 2004),
and neurotoxic lesions of the ventral
hippocampus have been shown to dis-
rupt auditory fear conditioning while
leaving contextual fear intact (Maren
1999; Richmond et al. 1999; Maren and
Holt 2004). It is possible, therefore, that

environmental complexity modifies the ventral hippocampus in
a way that allows for the enhancement of cued fear while having
only a slight effect on contextual fear.

Our second experiment indicates that prior exposure to am-
phetamine attenuates the ability of later experience in a complex
environment to modulate fear learning. Prior exposure to stimu-
lant drugs has also been shown to limit the structural plasticity
associated with living in a complex environment (Kolb et al.
2003). It is possible, therefore, that prior exposure to amphet-
amine occluded the effect of experience in a complex environ-
ment to facilitate fear learning because it limited the experience-
dependent structural plasticity usually associated with living in a
complex environment. This idea is supported by a recent study
using nicotine (Gonzalez et al. 2005). Nicotine increases den-
dritic arborization in the motor cortex, and when given concur-
rently with training, improves performance on a food retrieval
task. Despite these acute improvements, learning of a subsequent
skilled reaching task was impaired as a result of previous nicotine
treatment, and prior treatment with nicotine also occluded the
structural changes in motor cortex typically associated with
learning a skilled reaching task.

Although stimulant drugs can impair plasticity under cer-
tain circumstances, other studies show that stimulant drugs can
augment experience-dependent plasticity. For example, a low
dose of methamphetamine administered prior to 2-h daily expe-

Figure 2. Psychomotor sensitization mean (�SEM) beam breaks per
5-min bin. Amphetamine-treated animals showed significantly higher lo-
comotor activity on day 21 (▫) as compared with day 1 (�) [mean � SEM
peak beam breaks, first test session, 57.6 � 4.2 vs. last test session,
83.4 � 7.4, t(24) = 2.919, P < 0.01]. No differences were seen between
saline-treated animals on day 21 (�) compared with day 1 (●).

Figure 1. Effect of environmental complexity on Pavlovian fear conditioning. Animals were housed
in either complex (�), social (●), or isolated (�) cages. (A) Training. Mean (�SEM) percent time
freezing during the 2-min pre-shock period and the 6 min during the four CS–US pairings show no
differences in pre-shock or immediate post-shock freezing. Arrowheads indicate shock delivery. (B)
Cued fear conditioning (conducted 48 h after conditioning). Environmental complexity led to more
robust cued fear conditioning. Mean (�SEM) percent time freezing during the 8-min testing session
(bar indicates 6-min continuous tone presentation). (C) Contextual fear conditioning (conducted 24 h
after conditioning). Environmental complexity versus isolation displayed only a slight difference in the
duration of contextual freezing response. Mean (�SEM) percent time freezing during the 8-min
testing session.
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rience with a complex environment leads to an increase in cor-
tical weight that is greater in animals that received the drug dur-
ing a different portion of the day while in their home cages
(Bennett et al. 1973). The conjunction of both experience in a
complex environment and low-dose stimulant drugs has been
shown to increase recovery following brain injury more than
either treatment alone (Feeney et al. 1982). Similarly, Walker-
Batson et al. (2001) reported that amphetamine in conjunction
with speech therapy leads to greater recovery from aphasia.

The ability of drugs of abuse to limit future experience-
dependent structural plasticity has been shown in the nucleus
accumbens as well as the parietal cortex (Kolb et al. 2003). The
amygdala and the ventral hippocampus, however, are the key
brain areas involved in cued fear conditioning (Maren and Holt
2004, Trivedi and Coover 2004). While there are synaptic con-
nections between the nucleus accumbens and both the amygdala
and the ventral hippocampus that could be responsible for our
behavioral interaction, it would be useful to elucidate whether
structural changes are occurring in these brain areas as well. En-
vironmental complexity has been shown to alter dendritic struc-
ture in the nucleus accumbens, caudate-putamen, and hippo-
campus (Green and Greenough 1986; Sirevaag et al. 1988; Com-
ery et al. 1996; Kolb et al. 2003). The effect of environmental
complexity on the hippocampus is particularly well docu-
mented, including alterations in dendritic patterning and in-
creases in dendritic branching and dendritic spines (Kelche and
Will 1982; Juraska et al. 1989). To our knowledge, although mor-
phological studies of the amygdala following housing in a com-
plex environment have not been reported, housing condition
does influence the ability of fear conditioning to increase gene
expression in the amygdala (Nikolaev et al. 2002). In this study,
animals that were housed in an enriched environment showed a
decrease in Fos-positive cells in the amygdaloid–striatal transi-
tion area after conditioning. Furthermore, experience-dependent
remodeling of the amygdala has been observed following chronic
stress (Vyas et al. 2002, 2003). Taken together, these studies sug-
gest that the dendritic morphology in the hippocampus and the
amygdala may also be altered by environmental enrichment, and
potentially modulated by drug exposure.

Numerous studies have documented neuropsychological
deficits in human amphetamine and cocaine addicts (Rogers and
Robbins 2001). Typically, these behavioral and cognitive deficits
have been attributed to either a neurotoxic or “functional” lesion
produced by drug exposure. However, when combined with
studies showing that exposure to drugs of abuse can occlude
subsequent structural plasticity, our results suggest an alternative

hypothesis, i.e., exposure to drugs of abuse may limit future ex-
perience-dependent plasticity.
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