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Abstract
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Human drug experimentation begins during late childhood and early adolescence, a critical time in
physical and CNS development, when the immature CNS is vulnerable to the long-term effects of
psychoactive drugs. Few preclinical animal studies have investigated responses to such drugs in a
developmental stage equivalent to late childhood of humans. We used a rodent model to examine
behavioral responses of female Sprague–Dawley late preweanling and adult rats during acute and
repeated exposures to a low dose of cocaine. Results show that after cocaine injection, preweanling
rats (18–21 days old) have locomotor responses that differ from adults, but after postnatal day 22,
the responses are indistinguishable from adults even though rats are still not weaned. Before day 22,
locomotor effects of cocaine differ from those in adults in three ways: preweanlings are active for a
longer time after cocaine injection at day 18; preweanling activity peaks more rapidly after
subcutaneous administration; and after only three injections of cocaine, a tolerance-like pattern is
seen in preweanlings whereas an emerging pattern of sensitization to cocaine is seen in adults. The
behavioral patterns of this age group offer a preclinical model of the early effects of drugs of abuse.
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NIH-PA Author Manuscript

Experimentation with psychoactive substances such as alcohol, nicotine, and psychostimulants
often begins surprisingly early during late childhood and early adolescence [10,33,61,71].
According to the 2005 Monitoring the Future survey [33], approximately 21% of 8th graders,
an age considered to be late childhood–early adolescence [61], had already sampled such
substances, with up to 7% reporting regular use of stimulants [33]. Young girls have higher
rates of drug use, including cocaine, than boys [16,34]. The onset of drug abuse can occur when
casual experimentation is replaced by more regular drug use [56]; those who begin
experimenting early and progress to regular drug use are more likely to develop addictions
than individuals who initiate drug use as an adult [22,28,76,78]. Furthermore, early onset of
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drug use is highly correlated with and predictive of psychiatric disorders during adulthood
[9].
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Specific characteristics of drug taking in human youth are different than in adults. Initial
patterns of use are different; for example, in children and early adolescents the first exposure
to alcohol typically involves a few episodes of sampling small amounts of it [29,75]. The
progression from use to abuse in youth is much faster than in adults, and consumption by
adolescents is predominantly characterized by bingeing episodes perhaps reflecting the fact
that adolescents have decreased sensitivity to various substances of abuse than adults [61].
We examined behavioral responses to cocaine in the preweanling rat, a developmental stage
chosen as a model of late childhood, which specifically precedes the onset of complex
developmental changes during adolescence driven by pubertal hormones. We used this period
as a preclinical rodent model for females who are at a particularly vulnerable age when earliest
drug sampling begins. Considering the trends in human drug use patterns, it is important to use
preclinical models to understand how drugs affect children in this target age group relative to
older adolescents and adults. Furthermore, late childhood is when the use of psychoactive
drugs, which can exert long-term consequences on the developing organism [4,15,61],
frequently begins.
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In the rat, hallmarks of neural development during the late preweanling period (the third and
fourth postnatal weeks) correspond to those expressed during the period of late childhood and
early adolescence in the human [61], a period clearly prior to puberty. Based on Spear’s
definition of adolescence in humans which spans ages 12–18 [61], we consider late childhood
as the ages immediately preceding this age range, approximately 9–12 years. During the
preweanling period, young rats are increasingly able to maintain physiological processes such
as thermoregulation and elimination and even forage for food and water [5,54]. They have full
use of all major senses, a remarkable adult-like capacity for locomotor activity, and high levels
of response to specific stimuli in their environment [58,59]. This is a period just before weaning
(days 18–22), when they still require some nursing and protection by their mother but are first
allowed out of an otherwise mother-controlled nest area [5,26,27,45,54].
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Most studies of the behavioral effects of stimulants in young rodents used i.p. injections [18,
40,72,82,83]. In additional studies, multiple doses of stimulants were administered to
preweanling or adolescent animals, but those studies examined the effects of the long-term
expression of sensitization either later in adolescence [58,68,72] or in adulthood [72]. To date,
only one study has examined infant, late preweanling and adolescent responses to s.c. injections
of cocaine [62] and characterized the immediate effects of the drug. All of those studies
documented locomotor behavior during the first 30–60 min after cocaine injection, which is
the rising phase of the blood levels of cocaine.
Although differences in behavioral choices among human youth concerning favored routes of
administration are known, less is known about consequent blood levels of substances in the
young. For example, intranasal snorting of cocaine is the commonly preferred method of
administration over intravenous (i.v.) injection for young adolescents compared with older
teens and adults [16]. In adult humans, the intranasal route produces cocaine absorption rates
similar to those seen following subcutaneous (s.c.) administration in adult rats while cocaine
absorption patterns following i.v. administration more closely resembles absorption rates
following smoking in humans and intraperitoneal (i.p.) administration in rats [30–32].
Plasma levels of cocaine after s.c. or i.p. injections and drug-induced changes in locomotor
activity are well-characterized in adult rats. In adult rats, the profile of blood levels of cocaine
after i.p. injection is fairly similar to that reported for i.v. administration in humans. The plasma
level profile in adult rats after s.c. injections is most similar to that reported for humans via the
Neurotoxicol Teratol. Author manuscript; available in PMC 2009 May 1.
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intranasal route [24,30–32,74], and of course differs substantially from the i.p. route profile.
In adult rats, blood levels peak about 30 min after i.p. injection and return to baseline within
60–90 min [24], whereas the s.c. route yields peak levels after 60 min and return to baseline
in 3–5 h [74,77]. Because the total experience of cocaine extends well beyond the initial rising
phase which is most rewarding, we examined the behavioral responses over a time sufficient
to characterize the rising and falling phases of the blood levels of cocaine after either s.c. or
i.p. administration.
In marked contrast to our knowledge about plasma levels in adults after cocaine administration,
very little is known about blood levels of this drug or its pharmacokinetics in either human or
rodent young, regardless of route of administration. To our knowledge, only one study has
examined the blood plasma and brain concentrations of cocaine and its metabolites in
developing versus adult rodents. This study shows that p35 periadolescent mice have lower
levels of cocaine and higher levels of benzoylecognine than adults following acute i.p.
administration of cocaine suggesting that younger animals may metabolize the drug faster than
adults [44]. There are no studies on cocaine metabolism in infant or preweanling rodents.

NIH-PA Author Manuscript

We examined the responsiveness to a relatively modest dose (10 mg/kg) because this dose is
sufficient to stimulate locomotor activity in both preweanlings and adults [15,41,43,74] but
avoids stereotypy and physiological pathologies [70,74]. This dose is reported to be the lowest
effective dose with hedonic properties in both adult and postnatal day 35 (p35) adolescent rats
[12]. Plasma levels of cocaine and its metabolites in adult virgin male and female rats as well
as in postpartum females after a 10 mg/kg dose of cocaine are within the range achieved in
human use [8,30,31,63,74,77]. They are also similar to levels in children after cutaneous
administration of an anesthetic containing 11.76% cocaine [25]. A recent study in young rats
reported that cocaine levels after perioral administration were within the range of adult rats
after s.c. administration [53,74].
The purpose of our behavioral study was to provide a detailed characterization of preweanling
versus adult animal responses to acute and a short course of repeated exposures of cocaine.
Characterization of age-related behavioral differences will additionally inform us as to which
ages should be targeted in subsequent studies to cocaine absorption and pharmacokinetics
during the infant and preweanling period.
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In particular, this study examined whether the initial responses of a late preweanling–early
adolescent rat to cocaine differ from the responses of an adult. We measured locomotor activity
for three hours after injection of a relatively low dose (10 mg/kg) of cocaine via one of the two
most commonly used routes (i.p. or s.c.) in late preweanling female rats compared with adult
females. This work is part of our series of studies of the effects of cocaine on female rats of
various endocrine states [43,74,77]. Although there are gender differences in cocaine response
in adults [23,42], none are found in preweanling rats [62]. We examined behavioral responses
during the first few exposures to cocaine because our working hypothesis is that such a
preclinical model using low doses in this manner mimics the pattern of initial sampling of drugs
of abuse by young humans prior to the onset of bingeing behavior [7,14,19]. By discerning
such differences in cocaine’s effect on behavior, we may better understand how cocaine affects
the brain and behavior of young versus adult drug users.

2. Methods
2.1. Subjects
Subjects were p18–p22 preweanling (35–50 g), p28–p29 early adolescent (60–75 g), and p60
adult (190–225 g) female Sprague–Dawley rats from our animal colony maintained in the
Laboratory Animal Facility (LAF) at Rutgers University (Newark, NJ), an American
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Association of Accreditation of Laboratory Animal Care (AAALAC)-accredited institution.
Our animals were originally obtained from Charles River Laboratories (Wilmington, MA) with
additional males and females purchased periodically from the same vendor to keep the colony
genetically consistent with the original breeding stock from Charles River. All litters were
culled to 12 pups (half each gender) during the first neonatal week and weaned on p28.
Although there are reports that drug responsivity is affected by early weaning (before p22)
[21,52], to our knowledge, there are no reports demonstrating that weaning after p22,
specifically during early adolescence, impacts the behavioral response to cocaine. We wanted
to avoid the variable of weaning as we examined subjects from p18–p28; in the natural setting
and in certain laboratory paradigms, weaning occurs from p21 to as late as p35. Therefore,
preweanlings and early adolescents were housed with their dam and siblings prior to testing.
Adults were housed in pairs with a same-sex sibling. Subjects were randomly divided into the
following groups: experimental groups received either 1 cocaine injection or 1 cocaine
injection per day for 3 days, and control groups received parallel saline injections.
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Subject groups were composed of randomly selected same-sex littermates, with a maximum
of two pups used from any given litter to reduce the probability that litter effects influenced
the experimental results [20,46,79]. Subjects were housed in standard shoebox cages with wood
chip bedding (Beta Chip, Northeastern Products, Warrensburg, NY) and maintained under a
12-hour (h) light–dark cycle (lights on at 0700 h) and a stable, environmental temperature of
22 °C with ad libitum access to food (Formulab Diet 5008, PMI, Nutrition International,
Brentwood, MO) and water. All procedures used in this study followed the standards approved
by the National Institutes of Health Guide for the Care and Use of Laboratory Animals and
the Rutgers University Animal Care and Facilities Committee.
2.2. Drug administration
Cocaine hydrochloride in highly (>90%) purified powdered form was provided by the National
Institute of Drug Abuse, Research Triangle Park, NC, USA. Animals received either i.p. or s.c.
injections of 10 mg/kg of cocaine freshly dissolved in sterile 0.9% buffered saline to obtain a
concentration of 4.5 mg/ml. Control animals received saline injections of equivalent volume.
Subcutaneous injections were placed in alternating dorsal and caudal flank regions, and
injection sites were massaged briefly to avoid skin ischemia [55]. To ensure that s.c. injection
sites remained in the subcutaneous compartment, a 25-gauge, 5/8 inch (in.) needle was used
for preweanlings and adolescents (Becton Dickson and Co., Franklin Lakes, NJ), and a 23gauge, 1 in needle was used for s.c. injections to adults and for i.p. injections at all ages. All
subjects were hand held during the injections so that the injection would not be associated with
the testing apparatus.
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2.3. Measures of general physiology and health
Subjects were physically examined by the investigators and the LAF staff; all animals were
healthy throughout the experiments and the weight gain of all subjects was within normal
parameters. Alerted by published accounts of skin lesions caused by s.c. injections in laboratory
rats [11,63,73], we checked the injection areas daily in animals that received repeated s.c. drug
administration; no skin lesions were found.
2.4. Apparatus and activity measures
Subjects were tested in clear Plexiglas open-field boxes (42 × 42 × 31 cm) (no bedding, food,
or water) inserted into an automated locomotor activity apparatus (VersaMax Animal Activity
Monitor, Model VMMAW, AccuScan Instruments Inc., Columbus, OH). Activity boxes were
not proportionally scaled to subject size since rodents in the natural setting emerge from the
maternal nest and must interact with world in its full-scaled form; we wanted our testing
Neurotoxicol Teratol. Author manuscript; available in PMC 2009 May 1.
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environments to most closely mimic the natural condition. The boxes were illuminated by the
overhead lighting in the testing room with an average luminance of 34 lm s/m2; the illumination
difference between the center and the perimeter of each box was <1% and not statistically
significant (p=0.82).
Measures of activity consisted of the total distance (cm) traveled in the entire apparatus and
time (s) spent in the center. We examined subject activity in the margins and center of the open
field. Although the apparatuses were not proportionally scaled to subject size, we used the
ZoneMap software provided by AccuScan to change the margin width to calculate and scale
the center area for subjects in each age group. The margin width was changed so that it was
proportional to the shoulder width of animals in each age group (shoulder width: preweanlings,
3 cm; adolescents, 4 cm; adults, 5 cm); the margin for preweanlings and adolescents was set
to 5.25 cm and for adults, 6.5 cm.
2.5. Procedure
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Subjects were removed from their home cage, weighed, and placed into a clean shoebox holding
cage lined with bedding but without food and water, for 5 min before the start of the test session.
Subjects were injected with cocaine or saline and immediately placed into the activity testing
boxes described above for a 3-h test session. Subjects that received daily injections as part of
our longer 5-day testing protocol (details below) were returned to their home cages immediately
after the end of the test session. Testing was conducted during the light phase of the daily cycle
primarily between 0900 h and 1200 h when preweanlings and adults are equally active (1st
quartile) [59]. After each experiment, subjects were euthanized using CO2 gas according to
the Rutgers University IRB-approved protocol.
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2.5.1. Single exposure of cocaine or saline—Animals were examined for locomotor
activity levels at different postnatal ages after subjects received a single exposure to cocaine
during a 3-hour test session, in three comparisons, all of which were separate subject groups.
The first comparison was between preweanlings (p18–p19) and adults (p60) that received a
single i.p. injection of cocaine (preweanling, n=12; adults, n=16) or saline (preweanlings,
n=12; adults, n=12). The second comparison was between preweanlings and adults that
received a single s.c. injection of drug (preweanlings, n=11; adults, n=12) or saline
(preweanlings, n=12; adults, n=12). The third comparison examined the effect of a single s.c.
injection of cocaine either during the preweanling period (p18, n=7; p19–22, n=4 per age
group), or early adolescence (p28–29, n=4 per age group), or adulthood (p60, n=12). Based on
the bimodal distribution of behavior, subjects were grouped into young (n=19) and adult-like
(n=24) groups. Immediately after the injection, subjects were individually placed into the clear
Plexiglas box inserts of the Accuscan monitoring system, which was a completely novel open
field for these subjects, and activity was recorded for 3 h. For some subjects (p19, p20, p21),
activity was recorded for 2.5 h due to the availability of the apparatuses but it was unlikely that
the absence of data in the last 30 min affected our data analysis.
Our examination of adult locomotor activity following acute administration of cocaine showed
that 3 females in the s.c. group and 7 in the i.p. group were in estrous [23, prior unpublished
observations]. However, adult hormonal status had no impact on the essential preweanlingadult differences observed in this study since preweanling activity responses were of
significantly greater magnitude than those of adults, which have a much smaller magnitude of
difference in locomotor activity levels across the estrous cycle.
2.5.2. Three consecutive exposures to cocaine—At the start of the 5-day injection
protocol, subjects were p18 preweanling (n=24) and p60 adult (n=24) females; half of each
age group received s.c. injections and half i.p. injections. On the first day of testing, when the
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environment was completely novel to the subjects, we evaluated baseline activity (day 1 of
treatment, preweanlings, p18; adults, p60). On that day, subjects received a single 10 mg/kg
injection of 0.9% buffered saline. On testing days 2–4 (preweanlings, p19–21; adults, p61–
63), each subject received a single 10 mg/kg injection of cocaine daily. On day 5 of testing,
subjects’ (preweanlings, p22; adults, p64) second baseline locomotor activity responses were
evaluated after a single injection of saline.
2.6. Data analysis
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Subject locomotor activity is reported as an overall mean across the entire test session or
summed at 30-min intervals to examine with more detail the time course of activity across the
test session. All data met the requirements for use of parametric statistical tests, i.e., normal
distribution and homogeneity of variance. Overall mean data from the single-injection
experiments were analyzed using a two-way analysis of variance (ANOVA; subject age × drug
condition) followed by Tukey’s post-hoc test. Analysis of the time course activity in 30-min
intervals across the entire 3-hour test session was carried out with a two-way ANOVA (subject
age × time interval) with time as the repeated measure. Some i.p. single-injection data for only
p18 preweanlings and p60 adults were summed so that the subject activity was examined in
the first versus the second half of the test period (1st half, 0–90 min; 2nd half, 90–180 min);
all of these subjects had complete data from the entire 3-h test session. This analysis provided
another means to highlight preweanling-adult differences to acute administration of cocaine.
These data were analyzed using an independent t-test.
Data from the repeated-injections experiment were first analyzed between the two age groups
using a two-way ANOVA (subject age × time) with a repeated measure of time and then
examined within each age group using a one-way repeated measures ANOVA. The General
Linear Model procedure (GLM) was used to implement the ANOVA comparisons for all
analyses. The significance level was set at p<0.05 for all tests. The data were analyzed using
SAS statistical software version 8.2 for personal computers (SAS Institute, Inc., Cary, NC).

3. Results
3.1. Baseline responses to saline
Preweanlings and adults had subtle but statistically significant differences in their baseline
locomotor responses to saline injection and placement in a novel environment. Preweanlings
were two to three times more active than adults during a 3-hour test (p<0.05) (Fig. 1a and c;
Fig. 3, here note saline components only). Second baseline responses after the series of
injections and chamber exposures were not different between adults and p22 preweanlings
(Fig. 3), and first and second adult baseline responses were identical (Fig. 3b and d).
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3.2. Behavioral responses to a single dose of cocaine: p18 vs. p60
Cocaine substantially increased the locomotor activity of all subjects over their age-matched
controls. Overall, preweanlings were 3 times more active after i.p. cocaine than at baseline
whereas adults were 7 times more active than at baseline [significant main effect of drug
condition, F(1, 48)=21.23, p<0.0001] although the activity in the entire three hours after
cocaine was not different between the two age groups (Fig. 1a). However, examination of the
time course of activity in greater detail revealed subtle differences in the rate of activity at
particular time points within the three hour test period between the two age groups [significant
subject age × time interaction, F(5, 130)=2.66, p<0.05] (Fig. 1b). Adults returned to baseline
activity levels by 120 min after cocaine while preweanlings maintained an elevated level of
activity across the entire test period, including being significantly more active than adults in
the last 90 min of the test [preweanlings, 3545 ± 1186 cm; adults, 831 ± 286 cm; t(12.3)=−1.48,
p<0.05].
Neurotoxicol Teratol. Author manuscript; available in PMC 2009 May 1.
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Preweanlings and adults had more notable differences in locomotor activity responses after
s.c. cocaine that were observed in both the analysis of the overall means and in the activity
time courses. When the total locomotor activity was summed across the three hour test period,
both preweanlings and adults were 5 times more active overall after s.c. cocaine compared to
their own age-matched saline controls [significant subject age × drug condition interaction, F
(1, 43)=4.41, p<0.05] (Fig. 1c). Further, preweanlings were approximately 3 times more active
than adults after cocaine when total locomotor activity was summed across the three hours
[Tukey’s post-hoc, p<0.05].
Examination of the locomotor effects of s.c. cocaine with greater temporal detail across the
test period revealed further differences. First, preweanlings were consistently more active than
adults across the entire test session (significant subject age × time interaction, F(5, 105)=3.49,
p<0.01] (Fig. 1d) with significant differences in activity levels at specific time points (Fig. 1d).
Secondly, activity levels in adults increased gradually after drug, reached their peak by 90 min,
and returned to baseline by 3 h (Fig. 1d). In contrast, preweanlings were immediately 6 times
more active than adults, a difference that was seen within the first 10 min (data not shown).
Further, preweanlings maintained an elevated activity level throughout the remainder of the
test session.
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3.2.1. Center time—After saline injection, preweanlings spent significantly more time than
adults in the center of the apparatus throughout the entire test session, even when the locomotor
activity of the two groups was similar. After cocaine injection, irrespective of route of
administration, both preweanlings and adults spent substantially more time in the center
compared with age-matched controls. Although preweanlings still spent more time in the center
compared with adults (data not shown), this difference was derivative of their cocaine-induced
increase in locomotor activity.
3.3. Behavioral responses to a single dose of s.c. cocaine: preweanling period into early
adolescence and adulthood
Preweanlings aged 18 to 21 days had similar levels of activity, but beginning on day 22,
preweanlings had a diminished locomotor activity response to cocaine (Fig. 2a and b); this
response was the same as that in p28–29 early adolescents and p60 adults. Based on this
empirically uncovered bimodal distribution, the data were operationally grouped into the
categories of Young and Adult-Like activity for statistical analysis (Fig. 2c and d).
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Subjects in the Young group (p18–p21) were more active overall than subjects in the AdultLike group (p22 or older) when the data were examined as overall averages [t(23)=3.24,
p<0.01] (Fig. 2c) and were consistently active across most of the 3 h test session [F(5, 30)
=3.90, p<0.01] (Fig. 2d). Young animals were initially more active, but their activity level
declined modestly by 120 min, whereas animals in the Adult-Like group were comparatively
less active at all time points and maintained a consistent activity level throughout (Fig. 2d).
3.4. Behavioral responses to three doses of cocaine during the preweanling period vs.
adulthood
With each subsequent dose of cocaine, preweanlings and adults in this study were progressively
more active during the first 30 min after injection (data not shown). Across the entire 3-h test
session, however, preweanlings and adults had very different activity profiles. Adults were
progressively more active after each daily dose of i.p. or s.c. cocaine, whereas preweanlings
were less active by their third cocaine exposure (Fig. 3; details below).
Preweanlings were more active than adults after the first and second i.p. exposures to cocaine
(p19 and p20 vs. p61 and p62) (10% and 105% respectively), but were slightly less active than
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adults during the third drug exposure [significant subject age × time interaction, F(2, 21)=3.82,
p<0.05] (Fig. 3a and b). Both preweanlings [F(4, 44)=11.17, p<0.0001; Tukey’s post-hoc,
p<0.05] (Fig. 3a) and adults [F(4, 44)=13.01, p<0.0001; Tukey’s post-hoc, p<0.05] (Fig. 3b)
were significantly more active during all three i.p. cocaine exposures compared with baseline.
Adults were progressively more active with each subsequent injection of cocaine, having the
greatest locomotor response after their third drug exposure on p63 (Fig. 3b).
Preweanlings were 3 times more active than adults during the first and second s.c. exposures
to cocaine [significant subject age × time interaction, F(2, 21)=6.72, p<0.01] (Fig. 3c and d)
but were slightly less active than adults during the third exposure (Fig. 3c and d). After each
s.c. cocaine exposure, preweanlings [F(4, 44)=12.13, p<0.0001; Tukey’s post-hoc, p<0.05]
(Fig. 3c) and adults [F(4, 44)=7.56, p<0.0001; Tukey’s post-hoc, p<0.05] (Fig. 3d) were
significantly more active compared with the first baseline measurement. Pre-weanlings were
most active after the first and second cocaine exposures and were least active after their third
s.c. drug exposure on p21 (Fig. 3c).

4. Discussion
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The data show that from postnatal days 18–21 the initial patterns of locomotor response after
cocaine injection in preweanlings are distinguishable from adult patterns. However, as early
as postnatal day 22, the initial responses are indistinguishable from adult patterns even though
subjects have not yet been weaned suggesting that the dramatic shift in responding between
p21 and p22 is a function of subject age and not weaning. Prior to day 22, locomotor effects
of cocaine are distinguishable from those of adults in three ways: (1) at day 18, preweanlings
are active for a longer time after cocaine injection; (2) preweanling activity peaks more rapidly
after s.c. administration; and (3) a tolerance-like pattern is seen in preweanlings after only three
injections of cocaine, whereas an emerging pattern of sensitization to cocaine is seen in adults
after three injections of cocaine. The differences between adult and preweanling responses to
i.p. injection of cocaine were smaller; by using a s.c. route of administration, which provides
drug over a longer time course, greater differences are revealed.
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Such differences in behavioral response are mostly likely due to either differences in the
peripheral or central drug metabolism or differences in the structural or neurotransmitter
components of catecholaminergic and/or serotonergic systems that underlie sensitization
processes. It is also possible that both contribute to the adult-preweanling differences we found
since it seems likely that both the pharmacokinetics of cocaine, and a sculpting and
reorganization in the neural substrate responsive to this drug, are in development and hence
different in the preweanling than the adult state. Our data indicate that the time point between
p21 and p22 may have particular significance in these maturation processes, and future
experiments examining changes in both pharmacokinetics and CNS systems could be targeted
systematically in the days, and possibly hours, earlier and later than this period.
Pharmacokinetic analysis would also verify that injections of similar doses actually yield
similar blood levels in these age groups as it is formally possible that differences in the
peripheral tissues that receive the injections are also involved.
Although the degree to which each which mechanism may underlie the age-related behavioral
differences is unknown, our detailed characterization of responses to cocaine revealed key
developmental differences not previously reported in the literature. Our data further suggest
that examination of cocaine metabolism should be targeted to animals in the preweanling period
especially during the third and fourth postnatal weeks, ages generally younger than that found
in the literature where there is a surprising gap in our current knowledge on the topic. Future
studies examining the pharmacokinetics of cocaine in preweanling, early adolescent, and adult
animals are being planned in our laboratory.
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The data from the first 30–90 min of the test session accord well with data from other studies
that examined preweanlings (p21) [62,72,82,83] and data from our lab and others that examined
virgin adults over longer test sessions (2.5 h and 5 h) [49,74]. Our data also accord well with
those of Spear and Brick [62] who showed that p21 rats were significantly more active than
both the older subjects (p35 adolescents) in that study and the older subjects in our study (p22–
p29) after s.c. cocaine injection. Together these data suggest that an adult-like response to
cocaine is achieved during the preweanling period before the onset of early adolescence and
is maintained throughout adolescence. We had anticipated that all of our preweanling subjects
(p18–p22) would respond similarly to cocaine, but that was not the case.
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When we restricted our data analysis to the first 30 min of the test session, the locomotor activity
data for both preweanlings and adults revealed that subjects in both age groups became
progressively more active with each subsequent exposure to the drug suggesting that both
preweanlings and adults were developing a sensitization response to cocaine. Our preweanling
data, when examined only in the first 30 min, is consistent with a report by Wood et al. [69]
showing that for the 30 min after cocaine injection (15 mg/kg), p14–p20 rodents are more
active during each subsequent exposure to cocaine. Sensitization is traditionally assessed by
administering a drug challenge after a period of drug absence. With short test session data
collection, preweanling rats, including neonatal rat pups, have a sensitization-like pattern to
cocaine after either an acute or chronic administration of the drug [6,40,60,69,70,72,82,83].
Although we did not use a traditional challenge-dose after drug vacation paradigm to assess
this behavioral response, as it uses developmental days during the period of drug vacation, the
progressive increase in locomotor activity during the first 30 min of the test session is consistent
with a sensitization-like outcome of others using the challenge paradigm [36,50,64,69,81].
We found a different pattern, however, in preweanling responses to successive drug exposures
when we examined locomotor activity across the entire 3-h test session; this pattern would
have been masked with examination of only the 30 min period immediately after the drug was
injected. As expected, adults were more active with each successive exposure to cocaine
throughout the entire three hours after drug administration, a finding consistent with prior work
[35,40,57,64]. In contrast, during the first two exposures, preweanling rats showed an increased
locomotor response (like sensitization) over the entire three hour test period but by the third
exposure activity over the three hours was decreasing compared to prior days (tolerance-like
response). This was similar to findings in periadolescent rats showing no increased locomotor
response in the sequence of 7 daily exposures (a higher dose than we used), and no evidence
of sensitized response with challenge after drug vacation [17]. Together, these data [17] and
our data suggest that drug-induced locomotor responses in the young have a pattern that differs
from the adult when both the rising and falling phases of the plasma levels are considered.

NIH-PA Author Manuscript

The data on successive exposures to the environment after the two saline exposures, one prior
to the sequence of drug injections and one the day after the last drug injection, show that adults
were equally and modestly active during both saline exposures indicating neither habituation
nor sensitization to the environment. In contrast, the preweanlings were more active during
their first exposure to the novel testing apparatus together with a novel saline injection on p18
than during the second saline exposure on p22. Our preweanling baseline activity after a saline
injection was consistent with results from another study showing that p21 preweanlings were
more than twice as active as p56 adults when placed in a novel environment after an i.p.
injection of saline [72]. We believe, however, that differences in activity levels in preweanlings
versus adults are due to the response to a novel environment and not to the novel injection
process since this was also found in our prior study on p18 versus p60 activity levels during
exposure to a novel environment with no injection process [59].
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There are several reasonable interpretations of the differences between adult and preweanling
responses to repeated exposures to the same environment after saline injection. Possibly the
preweanlings simply habituated to the environment. An alternative interpretation is that the
locomotor activity differences observed between p18 and p22 preweanlings reflect the ongoing
neural and physical maturational processes that are sculpting the young animal’s capacity for
locomotor activity during this window of time. Thus the younger, less-matured preweanling
may have responded with higher levels of activity while by day 22 they are more adult-like in
their locomotor pattern.
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The results in this study were also identical to our previous finding showing that preweanlings
spend more time in the center of an open field than adults without an injection component to
the paradigm [59]. One interpretation is that preweanlings are not processing risky and/or
anxiogenic stimuli at an adult-like level, a response that emerges during adolescence at the
onset of puberty [47,48]. When exposed to cocaine, subjects of all ages spent significantly
more time in the center of the open field, a known anxiety-provoking location, than saline
controls but this was a direct function of the locomotor-stimulating effects of the drug and so
cannot be attributed to the drug interfering with inhibitory processes that serve to prevent
exploration of a potentially harmful location. Since the open and exposed area represented by
the center of the open field nonetheless places rodents at increased risk, we conclude that one
of the direct and possibly harmful effects of the stimulating properties of cocaine is increased
time spent in potentially dangerous locations with the caveat that preweanlings are at an even
greater risk than adults.
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The behavioral characterization reflected in these data provides further insight into how young
rats respond to stimulant drugs with the potential for abuse during early postnatal development
when the CNS is particularly sensitive to the long-term effects of drugs. The data suggest that
early sampling of small amounts of cocaine, particularly during the very first exposures may
result in fundamentally different behavioral responses to the drug compared to adults. For
example, in preclinical studies, adults exhibit sensitization after repeated daily exposures to
cocaine and one interpretation relevant for the clinical situation is that the expression of
sensitization represents the shift from recreational drug use to addiction [51]. In contrast, we
posit that preweanlings exhibit tolerance to the drug, a finding relevant for the clinical situation
in that human youth are more likely to use greater quantities of drugs and hence engage in
bingeing considerably more than adults. This behavior might be elicited because the initial
sampling of modest doses quickly becomes ineffective at eliciting salient hedonic effects in
youth [29,61]. The present preadolescent, preclinical rodent model provides key information
about a relatively understudied yet critical period of postnatal development that should be
importantly targeted for future studies examining how cocaine is metabolized compared to
adults, and examination of the neural substrate likely to mediate these effects.
Although many differences between the preweanling and adult CNS have been documented,
those in the mesolimbic dopamine system are particularly relevant because this system is a
known focus for the action of stimulants [37,80]. Such differences between preweanlings and
adults exist from earliest infancy; for example, dopamine release in the striatum of p5–p10
pups is less than that in adults [2,38,39]. During the preweanling period major sculpting of the
CNS begins, and it continues throughout adolescence, including further specific changes in the
mesolimbic dopamine system [3,61,66,67]. For example, p14 and p21 preweanling rats have
fewer D1 and D2 receptors in the dorsal and ventral striatum than adults [65–67]. Adult levels
of these receptors are attained by mid-adolescence (p35) [3,61,3,65–67]. The longer time-frame
effects of stimulant drug exposure in infancy and the preweanling period versus adolescence
and adulthood may be due in part to the developmental state of the dopaminergic systems
during the preweanling period and early adolescence [1,13,70].
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The differences in responses before postnatal day 22 may be due to developmental differences
in the CNS and may be important in the long time-course effects of drugs that are administered
during the preweanling period in rats or late childhood in humans. Alternatively the behavioral
differences may be attributed to developmental differences in the pharmacokinetics of cocaine
metabolism. Possibly both forces are at work in this period. These two issues are topics for
currently planned preclinical studies in our laboratory. Such CNS and/or pharmacokinetic
differences, if present in humans, might support key differences in youth versus adult drugseeking patterns after initial exposure. The data also suggest that in humans the length of
efficacy afforded by various routes of administration may be a variable worth examining in
the context of youth drug use.
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Fig. 1.

Overall total distance traveled (mean ± SEM) and time courses of locomotor activity (mean)
exhibited by subjects across a 3-hour test session following either a single i.p. (a and b) or s.c.
(c and d) injection of cocaine or saline. a = significantly different from adults. b=preweanlings
significantly different from saline controls. c=adults significantly different from saline
controls. *=significant preweanling-adult difference in response to cocaine at selected time
points.
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Fig. 2.

(a) Locomotor activity (mean ± SEM) of subjects at different postnatal ages after a single s.c.
exposure to cocaine and (b) the activity profiles for each age group throughout a 3-hour test
session. These same data were grouped into Young and Adult-Like groups and reflect (c) the
overall group averages and (d) patterns of activity across the test session. a=significantly
different from the Adult-Like group.
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Fig. 3.

(a) Preweanling and (b) adult daily activity averages (mean ± SEM) following repeated
exposures of saline and a low-dose of cocaine after i.p. administration. (c) Preweanling and
(d) adult daily activity averages were also examined after repeated s.c. injections of saline and
cocaine. a=significantly different from adults on the same day. b=preweanling activity after
cocaine significantly different from activity after first saline injection on p18. c=preweanling
activity during first and/or second exposures to cocaine significantly greater than activity
during the third exposure. d=adult activity after cocaine significantly different from activity
after first saline injection on p60.

NIH-PA Author Manuscript
Neurotoxicol Teratol. Author manuscript; available in PMC 2009 May 1.

