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BARRON, S. AND J. IRVINE. Behavioral effects of neonatal cocaine exposure using a rodent model. PHARMACOL
BIOCHEM BEHAYV 50(1) 107-114, 1995. —This study examined the effects of neonatal cocaine exposure on behavior using
a rodent model. Rat pups were implanted with intragastric cannulas on postnatal day (PND) 4 and artificially reared (AR)
from PND 4-10. The AR groups included two cocaine doses (20 mg/kg per day and 60 mg/kg per day) and an AR control. A
sham surgery control group was also included that was reared naturally by its dam. Offspring from these neonatal treatment
groups were examined for suckling performance (PND 13), passive avoidance learning (PND 23-24), activity (PND 18-21),
or spontaneous alternation (PND 21). Neonatal cocaine exposure had no effect on suckling measures or passive avoidance
learning. Activity was increased in the 60 mg/kg per day cocaine group relative to controls. In addition, spontaneous
alternation was delayed in the 20 mg/kg per day cocaine-exposed females relative to all other groups. These data suggest that
neonatal cocaine exposure may alter performance on some relatively simple tasks. More work is clearly warranted to look at
the effects of neonatal cocaine exposure on more complex behaviors.
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THERE has been considerable concern and controversy re-
garding the severity of the effects associated with prenatal
cocaine exposure (12). Cocaine-exposed infants have been re-
ported to exhibit delayed growth as indicated by decreased
head circumference (38) and reduced birth weights (27). Be-
havioral studies suggest that cocaine-exposed infants may per-
form more poorly on the Brazelton test(16). In particular,
overreactivity to environmental stimuli and altered stress re-
sponses appear to be the more frequent behavioral characteris-
tics displayed by infants with prenatal cocaine histories
(2,9,16,29). A limited number of studies have also suggested
that infants exposed to cocaine in utero displayed sucking
deficits including poor and prolonged feeding, random suck-
ing, and disorganized rooting and sucking when attempting to
feed (28,31). It is important to note, however, that there are
many inconsistencies within the clinical literature (see entire
Neurotoxicol. Teratol. 15(5) for discussion; also 34).

Some of these discrepancies within the clinical literature
could be due to such variables as maternal undernutrition,
polydrug use, limited prenatal care, etc., which are difficult to
control for in clinical populations. As a result of the inherent
difficulties in studying clinical populations, a variety of ani-
mal models have been used to examine cocaine’s teratogenic

effects. The majority of animal studies that have focused on
the behavioral teratogenic effects of prenatal cocaine exposure
have been rodent models. From these rodent studies, prenatal
cocaine exposure has been associated with a variety of behav-
ioral alterations including learning deficits (18,20,21,42,44,45)
and changes in activity (19,23,25) in rats. Prenatal cocaine
exposure may also be associated with overreactivity, particu-
larly in situations of stress (8). However, the rodent literature
is also somewhat discrepant, and there are a number of studies
that report little or no effect of prenatal cocaine exposure
(17,36,37,43).

The current set of experiments administered cocaine neona-
tally to rat pups to model third-trimester human fetal exposure.
In humans, the third trimester of pregnancy is associated with
rapid CNS neuronal growth and proliferation, referred to as the
“brain growth spurt.” It has been suggested that this may be a
sensitive period for the behavioral teratogenic effects of drugs.
For rats, this period of brain growth occurs during the first
weeks after birth (13); thus, to mimic this third-trimester expo-
sure, drugs must be administered to the neonatal rat pup.

The available literature looking at cocaine exposure during
this neonatal period in rats is limited. A number of alterations
in the CNS have been reported, including reduced hippocam-
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pal volume (46), abnormalities in the visual system (41), re-
duced DNA synthesis (3) and increased metabolic activity in a
variety of cortical regions in female rats tested as adults (14).
However, West et al. found no cocaine-related effects on
brain weight, although 80 mg/kg per day cocaine hydrochlo-
ride resulted in reduced survival and body weight (10). A lim-
ited number of behavioral studies suggest that neonatal co-
caine exposure may also have behavioral teratogenic effects.
In particular, deficits in balance and coordination (5) and an
altered response to amphetamine challenge in adult female
rats (22) have been reported, although there was little evidence
of altered response to cocaine when rats were tested as pre-
weanlings, weanlings, or adults (6,30). In addition, one study
has assessed learning following neonatal cocaine exposure,
and these researchers found deficits in passive avoidance
learning in 13-day-old rat pups (33).

In the present study, the effects of neonatal cocaine expo-
sure were examined on a variety of behaviors in young rats
including suckling behavior, learning, and activity following
neonatal cocaine exposure. The methodology used to adminis-
ter cocaine to neonatal rat pups was an artificial rearing
method whereby an intragastric cannula was surgically im-
planted and pups were artificially reared from postnatal day
(PND) 4-10. Pups were fed using an infusion pump and timer,
and the drug was added directly to the milk formula. One
strong advantage of this technique is that control was main-
tained over the quantity of drug and the amount of food that
each pup received.

METHOD
Mating Procedure

Parent animals were Sprague-Dawley rats obtained from
Charles Rivers (Portage, MI). Females were individually
placed with males each night, and the morning when a seminal
plug was found was denoted as gestation day 0 (GD 0). At
this time, pregnant females were individually housed in plastic
breeding cages in a temperature- and humidity-controlled
nursery with a 12 h : 12 h light-dark cycle. Twenty-four hours
after parturition, litters were culled to 10, maintaining five
males and five females whenever possible.

Artificial Rearing

On PND day 4, one male and one female pup from each
litter was randomly assigned to one of four possible treatment
groups: artificially reared (AR) that received 20 mg/kg per
day cocaine hydrochloride, AR that received 60 mg/kg per
day cocaine hydrochloride, an AR control group that received
the stock milk solution, or a sham surgery control group that
was reared by its natural dam.

Artificial rearing entailed the implantation of an intragas-
tric cannula through which the pups were fed throughout the
drug administration period. This surgical procedure has been
described in previous papers and will only be briefly detailed
here (see Samson and Diaz [39] for further details). Briefly,
on PND 4, each AR pup was anesthetized with a halothane/
compressed air mixture and implanted with an intragastric
cannula that was made from polyethylene tubing (Clay Adams
PE-10, Division of Bectin Dickinson, Parsippany, NJ). The
sham control group underwent a similar surgical procedure,
except that the gastrostomy tube was not implanted. Upon
recovery, the AR pups were placed in the AR apparatus (de-
scribed subsequently), and the sham surgery controls were
returned to their dams.
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The housing apparatus for the AR pups consisted of a
plastic tank divided into separate compartments (approxi-
mately 12 X 10 ¢cm for each pup). The walls of the compart-
ment were made from netting and a roll of artificial fur that
was attached along the lower portion of one of the walls for
the pup to burrow underneath. The fur encased plastic tubing
with hot water (60°C) pumped through it. This tubing/fur
acted as a heat source for the pups, and the pups spent virtu-
ally all of their time rooting or sleeping under this fur. This
apparatus was based on a model that decreased the isolation
associated with artificial rearing, as described by S. Kelly et
al. (personal communication).

The AR pups were fed a milk solution (49) for 20 min every
2 h with the aid of a timer and a multisyringe infusion pump
(Harvard Apparatus no. 2265, S. Natick, MA), resulting in 12
daily feeds. For the cocaine-exposed pups, cocaine was added
to the stock milk solution for four of the 12 daily feeds to
mimic a “binge” model of cocaine abuse. During the remain-
ing eight feeds, all AR pups received the stock milk formula.
Because cocaine is photosensitive, the syringes were kept cov-
ered with aluminum foil. The amount of milk administered
each day was equivalent to 33% of the average daily body
weight of the AR pups. On each morning, pups were weighed
and bathed in warm water, and their bladders were voided.
The AR pups were maintained under these conditions from
PND 4-9. On PND 10, all pups received the stock formula to
allow the animals to recover from any acute effects of cocaine
or cocaine withdrawal, and on PND 11, the pups were re-
turned to their dams. It should be noted that withdrawal has
never been observed by the experimenters.

The sham control pups were also weighed daily from PND
4-10. These pups were maintained with their natural dam with
an additional eight surrogate pups that had been added to the
litter, resulting in 10 pups per litter. These surrogate pups
served to maintain the lactational performance of the dam
until the AR pups were returned to their home cage.

On PND 11, the intragastric cannulas of the AR pups were
cut close to the skin by the abdominal wall, and both the AR
and sham pups were ear-punched for later identification. The
surrogate pups were removed from the litter, and the AR and
sham controls were bathed in a slurry of feces and water from
the mother’s home cage before return to their home cage.
Litter sizes were maintained at eight pups per litter. There was
virtually no pup mortality using this procedure.

Suckling Behavior

Subjects were individually tested for suckling behavior on
PND 13. This age was chosen to ensure that all AR subjects
had at least 48 h of contact time with their dam after artificial
rearing and before the start of this experiment. Approximately
1 h before testing, the dam was removed from the experimen-
tal subject’s cage. Each pup was tail-marked and kept with
conspecifics in a cage kept warm by a heating pad until testing.
The dams used for the suckling test were surrogate untreated
lactating dams with similar aged pups. These dams were anes-
thetized with pentobarbital (80 mg/kg), which blocked milk
letdown. The anesthetized dam was placed in a supine position
in the center of a heated test cage (19 x 10 x 8 in.). Each
pup was weighed immediately before testing and placed in the
lower right corner of the test cage for a 1-h videotaped test
session. After testing, the pup was weighed again to ensure
that milk letdown had indeed been blocked, and the pup was
inspected for eye opening.

The videotapes were scored by two experimenters blinded
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as to treatment condition with a real-time event recorder. The
dependent variables included latency to attach to the nipple,
nipple shifting, and total time spent suckling. There were nine
to 11 subjects per sex in each cell of this experiment. In this
and all subsequent experiments, there was a maximum of one
subject per sex and neonatal treatment from any given litter in
each cell of the experimental design to control for possible
litter effects (1).

Activity

Subjects were tested daily from PND 18-21. Subjects were
individually removed from their home cage and placed in one
of four automated activity monitors (Omnitech Instruments,
Columbus, OH) for a 30-min test session. The activity moni-
tors measured 39 X 39 cm and were lined with infrared pho-
tobeams. Each activity monitor was contained within a sound-
attenuated box with red light illumination (5§ W). Activity data
were recorded in 5-min blocks, and the dependent measures
included horizontal activity (as measured by photobeams
crossed), total distance traveled, amount of time spent in ster-
eotypic movements, and number of stereotypic movements.
At the conclusion of each test session, the pup was removed
from the chamber, tail-marked for later identification, and
returned to its home cage. Subjects were tested daily at the
same time. Body weights were recorded immediately after test-
ing on PND 21. Approximately 11 to 15 per sex and neonatal
treatment were included in this experiment.

Spontaneous Alternation

Subjects were tested for spontaneous alternation in a T
maze at 21 days of age. The T maze was made of black Plexi-
glas and consisted of a 60-cm runway that lead to two arms,
each 37 cm in length. The alley began with a start box (20 cm
in length), and each arm ended with a goal box (19 ¢cm in
length). The start box and the goal boxes were separated from
the rest of the maze by guillotine doors that prevented reentry.
Subjects were taken from their home cage, individually placed
in a holding cage, and brought into the sound-attenuated test
room, which was lit only by red light. Once in the test room,
each subject was kept in the holding cage for a 30-s habitua-
tion period. At this time, subjects were transferred to the start
box facing the guillotine door. After 5 s, the guillotine door
was raised and a timer started. The subject was allowed to
explore the T maze until it entered either goal box with all
four feet. At this time, the guillotine door was lowered, the
latency and side preference were recorded, and the animal was
returned to the holding cage for 15 s. The animal was then
returned to the start box for a second trial. This procedure
was repeated until the subject chose the opposite goal box
from that selected on the first trial. All subjects were weighed
at the conclusion of the experiment.

Passive Avoidance Testing

Subjects were tested at 23 days of age for passive avoidance
learning and 24 h later for retention. The test apparatus con-
sisted of a stainless-steel rectangular chamber (11 x 41 x 15
cm) divided into two equal compartments by a guillotine door.
One of the compartments was painted black and the other
white. Both compartments had grid floors made of stainless-
steel bars (0.3 cm in diameter) that were spaced 1.5 cm apart.
A light (28 V, 1.0 mean spherical candle power) was located at
the far end of the white compartment. A Coulbourn Instru-
ments (Allentown, PA) solid-state shock generator was em-
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ployed to deliver a 0.5-mA pulse of distributed shock to the
grid floor for 0.5 s. Testing was conducted under red light
with white masking noise in the background.

Pups from each of the neonatal treatment groups were
individually removed from their home cage and brought into
the test room. Each pup was placed in the white compartment
of the apparatus facing the unlit light. The guillotine door was
raised, which activated a timer and turned on the 28-V light
that signaled the start of the trial. When the subject crossed
into the dark compartment with all four feet, the guillotine
door was closed and a photocell beam was broken that acti-
vated the shock generator, turned off the light, and the latency
to enter the black compartment was recorded. The subject was
returned to its holding cage, and, after a 60-s intertrial inter-
val, the subject was returned to the white compartment for an
additional trial. This procedure was repeated until the animal
reached the learning criterion, which was defined as remaining
in the white compartment without crossing into the black for
two consecutive 60-s trials. To test for retention of this learn-
ing task, the identical paradigm was repeated 24 h later.

General Statistical Procedures

In all of the experiments reported in this article, the data
were analyzed by analysis of variance (ANOVA) with repeated
measures when necessary unless otherwise indicated. Subse-
quent significant interactions were broken down by simple
main effects analyses followed by post hoc Duncan tests. In
all cases, the accepted significance level was p < 0.05 unless
otherwise indicated. If sex did not contribute to a significant
main effect or as part of an interaction, the data were col-
lapsed across sex.

RESULTS
Suckling

There were no significant differences across the neonatal
treatment groups in the percentage of subjects that did not
attach to the nipple (15, 0, 20, and 10% for the 60 mg/kg, 20
mg/kg, stock, and sham groups, respectively). An ANOVA
was conducted on the latency to attach to the nipple including
only those subjects that displayed nipple attachment. There
were no significant differences across neonatal treatment
groups in either attachment latencies (Fig. 1a) or total time
spent suckling (Fig. 1b) (p > 0.20 for each). There were sig-
nificant differences across neonatal treatment groups in eye
opening on the day of testing. A significantly greater number
of pups in the AR groups had at least one eye partially open
at the time of testing relative to the sham control groups (45,
55, 50, and 10% for the 60 mg/kg, 20 mg/kg, stock, and sham
groups, respectively). A x° analysis verified these differences:
K4 = 10.38; p < 0.05.

Activity

An ANOVA was conducted on horizontal activity and total
distance traveled using both day and block as repeated mea-
sures. The analyses revealed main effects of neonatal treat-
ment; however, this did not interact with day or block. Thus,
for clarity, additional analyses were conducted in which an
average activity measure for each day, collapsed across block,
was calculated. These average daily activity measures were
analyzed with ANOVA. These data are presented in Fig. 2 and
3. Similar results were obtained for both horizontal activity
and distance traveled across the four test days. The ANOVA
for horizontal activity revealed a significant main effect of
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FIG. 1. (a). Average attachment latencies (SEM) collapsed across sex
as a function of neonatal treatment. The number per group is pre-
sented above each bar. (b). Average time spent suckling (SEM) during
the test session, collapsed across sex, as a function of neonatal treat-
ment.

neonatal treatment: F(3, 101) = 2.83, p < 0.05. There was
also a significant main effect of day because activity changed
over the four test days; however, this did not interact with
neonatal treatment. Planned comparisons revealed that the 60
mg/kg cocaine group displayed significantly greater horizon-
tal activity than the two control groups: F(1, 101) = 6.18.
The control groups did not differ from each other or the 20
mg/kg cocaine group.

The results for total distance traveled were comparable.
The overall ANOVA on total distance traveled revealed a sig-
nificant main effect of neonatal treatment, F(3, 101) = 3.83,
with the 60 mg/kg group showing greater distance traveled
over the four test days relative to controls, which did not
differ from each other: F(1, 101) = 9.38. Again, the 20 mg/
kg cocaine group did not differ from controls. There were no
significant differences among neonatal treatment groups for
either the number of stereotypic movements or total stereo-
typy time (p > 0.10 for each).

Spontaneous Alternation

The average number of trials observed before alternation
are presented in Fig. 4. An ANOVA on these data revealed a
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significant neonatal treatment X sex interaction: F(3, 84) =
3.22; p < 0.05. Planned comparisons revealed that 20 mg/
kg females required more trials to alternate than the control
females, F(1, 85) = 8.73; p < 0.01), which did not differ
from each other or from the 60 mg/kg females. Male perfor-
mance was unaffected by neonatal treatment. There were no
differences across neonatal treatment groups either in the
speed to run down the runway on the first trial or in side
preference.

Passive Avoidance

Figure S presents the number of trials to reach criterion on
both the acquisition and retention day. There were no neona-
tal treatment effects on the number of trials for acquisition or
retention of the passive avoidance learning task (p > 0.10).
Similarly, the speed to cross into the dark compartment (the
reciprocal of the latency score) on the first two trials during
both the acquisition and retention test was unaffected by neo-
natal treatment (data not shown).

General Body Weight Data

The body weight data from these experiments are presented
in Table 1. In all four experiments, there was a main effect of
neonatal treatment that was due to the AR groups weighing
less than the sham control. There were no differences between
the AR groups. In addition, in all studies except the suckling
experiment, there was a main effect of sex that was due to
males weighing more than females.

DISCUSSION

This set of experiments used a behavioral screening ap-
proach to assess the effects of neonatal cocaine exposure in
rats. The results from these experiments suggest that neonatal
cocaine exposure alters performance on some relatively simple
measures. Spontaneous alternation was delayed in 20 mg/kg
female rats and a mild hyperactivity in an open field was
displayed by both male and female rats exposed to 60 mg/kg
cocaine. In contrast, there were no effects of neonatal cocaine
exposure on either suckling behavior or passive avoidance
learning. The AR subjects weighed less than the sham con-
trols; however, body weight differences alone cannot explain
the behavioral differences because there were no body weight
differences among any of the AR groups.

The available literature on the effects of neonatal cocaine
exposure on behavior are extremely limited. Contrasting the
findings from the current study and those from the prenatal
models must be done somewhat cautiously because there are
marked differences in these models including exposure period
and route of administration. To the best of our knowledge,
suckling behavior in rodents has not been examined with ro-
dent models looking at prenatal cocaine exposure. The current
experiment suggested that there was no evidence of cocaine-
related suckling deficits associated with neonatal cocaine ex-
posure. However, these results are in contrast with more re-
cent data collected by our laboratory that showed that
cocaine-exposed offspring did display suckling deficits when
more severely challenged. Cocaine-exposed pups that were
food deprived for 24 h displayed a variety of suckling deficits
when required to traverse a runway for access to a dam (Han-
sen, Segar, and Barron, manuscript in preparation). It is pos-
sible that the 1-h deprivation period used in the present study
did not sufficiently challenge the cocaine-exposed pups, and
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that a suitable challenge is required to see cocaine-related measures. This early eye opening associated with AR has been
suckling deficits. previously reported (24), and is most likely due to the in-

Eye opening was accelerated in all AR subjects, although creased handling experienced by the AR pups relative to the
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typically used to measure locomotor activity, whereas the
open-field paradigm measures a number of behaviors in addi-

A moderate hyperactivity in the open field was observed in
subjects exposed to the 60 mg/kg dose of cocaine. It should

tion to activity such as exploratory behavior and/or emotion-

be noted that this effect was somewhat subtle. Previous data
from this laboratory have reported that running wheel activity
was unaffected in rats exposed to either 20 or 40 mg/kg co-

ality (4,48). Thus, it is possible that the alterations in activity

as measured by the more traditional “open field” may be more

indicative of changes in exploratory behavior or reactivity.
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TABLE 1
BODY WEIGHTS (g) + SEM

Experiment 1  Experiment 2  Experiment 3  Experiment 4

60mg/kg 20.7 £ 0.46 462 + 1.6 406 + 1.1 63.1 + 1.9
20mg/kg 22.1 = 0.51 469 + 1.5 435 + 1.3  62.0 + 4.9
Stock  22.1 £ 0.44 466 + 1.4 428 + 1.4 635 = 2.7
Sham  3t.1 £ 0.70* 60.1 = 1.9* 54.1 = 1.2* 79.2 + 2.1*

*Differs from other same age neonatal treatment groups (p <
0.01).

This hypothesis is supported by data suggesting that prenatal/
neonatal cocaine exposure may alter reactivity and/or stress
responses. Alternatively, the effects of cocaine on activity may
be dose dependent, with activity changes more likely at higher
doses.

Spontaneous alternation typically emerges in rat pups be-
tween PND 18 and 22 (15). This behavior is thought to be the
unlearned tendency to alternate responses in a T or Y maze in
a situation in which neither arm provides extrinsic reward. It
is readily apparent in rats, although animals with response
inhibition deficits tend to perseverate and continue to return
to the first unrewarded arm entered (35). The only group that
showed a delay in spontaneous alternation was the 20 mg/
kg females. These findings suggest that there may be a sex
difference in the sensitivity to cocaines’ effects on spontaneous
alternation. There have been reports that prenatal cocaine ex-
posure can have differential effects across the sexes. This has
been demonstrated by sex differences in sensitivity to cocaine
effects as well as by alterations in sexually dimorphic behav-
iors (26,32,47). Further work is clearly warranted to examine
whether there is a sex difference in sensitivity to neonatal
cocaine’s effects, and to see whether sexual differentiation is
affected.

The results from the spontaneous alternation study were
also intriguing because they suggested a cocaine-related effect
on spontaneous alternation that was limited to females ex-
posed to the lower dose of cocaine. There have been a number
of studies from the prenatal cocaine literature suggesting that
certain behaviors may be more sensitive to cocaine’s effects at
lower doses (32). The mechanism underlying this hypothesis is
based, in part, on data showing that exposure to low vs. high
doses of cocaine exert different effects neurochemically. Con-
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sequently, these effects could potentially result in differential
behavioral outcomes. It is possible that spontaneous alterna-
tion in females may be a behavior that is more susceptible to
low-dose effects than high.

Our absence of cocaine-related effects on passive avoid-
ance learning are comparable to the prenatal literature (37)
with the exception of pups exposed prenatally to very high
doses of cocaine (11). These results are in contrast, however,
with the work of Alleva et al., who found that pups exposed
to cocaine neonatally showed deficits in passive avoidance
learning (33). The subjects from their study were tested at a
very young age and required more trials than are typically
reported for passive avoidance learning. The differences be-
tween the results from Experiment 1 and the data of Ricceri
may be related, in part, to an interaction between age and
neonatal cocaine exposure.

The model used in this set of experiments focused on a
developmental period that encompassed the brain growth
spurt. The findings suggest that the third trimester may indeed
be a sensitive period for the effects of cocaine on the develop-
ing CNS. In rats, the CNS regions that undergo the most
growth and development during this postnatal period include
the hippocampus, cerebellum, and olfactory bulbs (7). Al-
though West et al. found no weight differences in cerebellum,
cortex, or whole brain (10), it is possible that subtle alterations
within one or more of these late-developing regions may medi-
ate the behavioral effects observed in the present study.

These data suggest that neonatal cocaine exposure does
appear to have some behavioral teratogenic effects in rats.
However, at least for the simple tasks examined in this set of
experiments, these effects may be more subtle than observed
with other known behavioral teratogens such as alcohol. Fur-
ther work is clearly needed to better discern the extent of
cocaine’s effects on the developing offspring. In particular,
studies that further challenge offspring may provide some im-
portant information regarding the behavioral teratogenic po-
tential of this drug during the third trimester of pregnancy.
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