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Manipulations During the Second, but not the First, Week of

Life Increase Susceptibility to Cocaine Self-Administration in

Female Rats
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We compared the effects of manipulations during week | vs week 2 of life on the propensity to self-administer cocaine. Pups received
daily subcutaneous saline injections, were handled briefly, or remained undisturbed during their respective treatment periods. Animals
handled during the second week of life exhibited increased locomotor response to novelty when tested on postnatal day (PND) 48,
compared to all other groups. Rats were implanted with jugular catheters on PND 70 and then given the opportunity to self-administer
(0.125 mg/kg/infusion) cocaine for 5 consecutive days (| h sessions). The dose was then raised to 0.25 mg/kg/infusion for 5 days and to
0.5 mg/kg/infusion for the final 5 days of testing. Only animals manipulated during the second week of life acquired drug-taking behavior.
These effects were both stimulus- and gender-specific. Females handled during the second week of life acquired cocaine self-
administration (SA) at the lowest dose, and females injected during the second week of life acquired at the intermediate dose. Males
injected during the second week of life showed a similar, but more variable, drug-taking pattern. There were no group differences in
serum corticosterone response to novelty, atthough relative to undisturbed animals and those manipulated in the first week of life, female
animals manipulated during the second week of life had lower basal expression of hippocampal glucocorticoid receptor mRNA in
adulthood. We conclude that the second week of life in the rodent is a sensitive period during which manipulations result in a more

vulnerable phenotype for the acquisition of cocaine SA.

INTRODUCTION

Many people experiment with potentially addictive drugs,
but relatively few become addicts (O’Brien et al, 1986;
Wagner and Anthony, 2002), indicating that there is
considerable individual variation in susceptibility to addic-
tion. Susceptibility to drug use and addiction is influenced
by both environmental and genetic factors that appear to be
associated with particular behavioral and neurochemical
phenotypes (Enoch and Goldman, 1999; Gordon, 2002;
Nestler, 2000; Piazza and Le Moal, 1996). In humans, early
life stressors such as childhood abuse and neglect have been
associated with an early onset of drug use (Moss et al, 1999;
Tarter et al, 1999) and an increased risk of becoming an
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addict (Dinwiddie et al, 1992; Duncan, 1977; Guteirres et al,
1994). In addition, studies using nonhuman primates have
indicated a relationship between lack of maternal care early
in life and excessive alcohol consumption as adults (Higley
and Bennett, 1999; Higley et al, 1991). These and other
findings suggest that early life events alter the development
of specific neurobiological systems and thereby increase
susceptibility to drug use and addiction later in life (Kehoe
et al, 1998a,b, 1996; Levine, 1975; Meaney et al, 2002;
Vazquez et al, 2002).

In recent years, rodent models have been used to
investigate the relationship between early life stress and
vulnerability to drug use in adulthood. Most of these studies
suggest that early manipulations lead to increased drug-
taking behavior in adulthood. For example, rat pups
separated from their mothers during the first few weeks of
life drink more alcohol and self-administer more cocaine
than do control animals (Huot et al, 2001; Kosten et al,
2000; Matthews et al, 1999). Rats given chronic daily
injections (of isotonic saline) exclusively during the second
week of life consume more alcohol as adults compared to
handled controls (Vazquez et al, 2002). In contrast to the
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paradigms mentioned above, brief postnatal handling
during the first 12 days of life seems to be protective,
resulting in an attenuation of amphetamine-induced con-
ditioned place preference in adulthood (Campbell and
Spear, 1999), as well as less robust psychomotor sensitiza-
tion to cocaine (Li et al, 2003). Taken together, these reports
suggest that there is a vulnerable period during develop-
ment in which specific environmental events lead to
individual differences in drug-taking behavior.

The exact timing of a stressor, the regimen of exposure,
and the resulting maternal behavior elicited by early life
manipulations seem to play a critical role in determining
long-term outcomes (Denenberg and Bell, 1960; Denenberg
and Zarrow, 1971; Levine and Lewis, 1959; Nunez et al,
1996; Ogawa et al, 1994; Russell, 1971). For example,
manipulations during the first week of life have different
effects on maternal behavior and limbic-hypothalamic-
pituitary-adrenal (LHPA) axis development from manip-
ulations in the second week of life (Grota and Ader, 1969,
1974; Levine and Lewis, 1959; Meaney and Aitken, 1985;
Reisbick et al, 1975). Likewise, we would expect to see
differences in drug-taking behavior in animals who were
manipulated during week 1 compared to week 2 of life. To
examine this hypothesis, we compared the effects of daily
subcutaneous (s.c.) saline injections (Dent et al, 2000; Smith
et al, 1997; Vazquez et al, 2002) and handling during week 1
vs week 2 of life on the propensity to acquire cocaine self-
administration (SA) in adulthood. In addition, we examined
locomotor response to novelty, adrenocortical responsivity,
and basal stress-related gene expression in adult animals.

MATERIALS AND METHODS
Animals

Male and female adult Sprague-Dawley rats (Charles Rivers,
Wilmington, MA) were housed in accordance with the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals (http://oacu. od.nih.gov/regs/guide/
guidex.htm). Upon arrival, animals were housed three per
cage (polycarbonate cages—25 x 48 x 20hcm) with corn-
cob bedding on the floor. The room was kept at a constant
temperature (25 + 2°C), and the lights were on a 12:12h
light-dark cycle (lights on at 0700). All animals were
provided food and water ad libitum. Following a 7-day
acclimation period, three female rats were placed in a cage
with one male rat for a period of 10 days to allow them to
breed. Females were then housed three to a cage until
estimated gestational day 18, at which point they were
housed individually. On the day of birth, postnatal day
(PND) 1, each litter was culled to 10-12 pups and placed in
a clean cage with the dam. Whenever possible, equal
numbers of males and females were represented in each
litter. A total of 30 litters were used in these experiments
(n=6 litters/group).

Early Life Treatment

Each litter was assigned to one of five treatment groups: (1)
rats who received s.c. saline injections (0.9% NaCl; 0.01 ml/g
body weight) during the first week of life (PND 2-8; SAL 1),
(2) rats who were handled during the first week of life
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(HAN 1), (3) rats who received saline injections during the
second week of life (PND 8-14; SAL 2), (4) rats who were
handled during the second week of life (HAN 2), and (5)
rats who were left undisturbed throughout the first 2 weeks
of life (UND). Injection or handling (SAL and HAN groups)
occurred between the hours of 1100 and 1300. For these
groups, the dams were removed from the homecage and
placed in a clean holding cage for a period of 10 min, while
the homecage containing the pups was transported to a
room adjacent to the colony. Once in the adjacent room, the
cage was placed on an electric heating pad set at 30-33°C to
keep the pups warm. Pups in the HAN group were weighed
and measured, which took approximately 10 min, and then
returned to the colony room where the dam was placed back
into the homecage. Pups in the SAL group were treated
exactly as the HAN group, but in addition they received a
s.c. injection (30 G 1/2 needle; administered in scruff of
neck) of sterile saline immediately after the measurements
were obtained. Pups in the UND group remained undis-
turbed in the colony room until PND 14. On PND 14, the
cages of all of the litters were changed/cleaned for the first
time since birth. The litters were then left undisturbed until
PND 21, at which point the pups were weaned from their
mothers and housed in groups of six with littermates of the
same sex. Animals remained undisturbed (except for bi-
weekly husbandry) from the time of weaning until PND 35
when they were again separated and housed in same-sex
groups of three. The animals were then left undisturbed
(except for bi-weekly husbandry) until PND 45 (see below).

PROCEDURES
Locomotor Response to Novelty

Locomotor response to a novel environment was assessed in
all animals between PND 48 and 52. The animals were
briefly handled for 1-2min daily 3 days prior to testing.
Testing for exploratory behavior began at 0900, 2h after
light onset. The novel environment consisted of a
25 x 48 x 20 cm tinted polycarbonate cage (Allentown Ca-
ging Equipment, Inc., Allentown, PA) with pine-shave
bedding. Locomotor activity was monitored with two banks
of photocells (29cm apart in length and 9cm apart in
width) connected to a microprocessor. The number of
crossovers between the photocells was recorded and
summed over the 120-min testing period. Male and female
rats were tested separately, and cages were thoroughly
cleaned between testing sessions to eliminate odors. Vaginal
lavages were performed on the female animals immediately
following locomotor testing to approximate the phase of
their estrous cycle. To control for an effect of handling, male
animals were handled in a similar manner (lifting the tail)
for the same amount of time as the females. Despite
previous reports suggesting that circulating sex hormone
levels affect locomotor activity (Colvin and Sawyer, 1969;
Sell et al, 20005 Slob et al, 1981; Wang, 1923), we found no
differences in our female animals which were due to the
phase of their estrous cycle. Thus, all the females were
included in the dataset. Due to equipment failure, however,
some animals (males and females) were not included in the
final analysis. Therefore, the total number of animals
analyzed for locomotor response to novelty are as follows:



females—UND, n=32; HAN 1, n=39; HAN 2, n = 34; SAL
1, n=35; SAL 2, n=235; males—UND, n=37; HAN 1,
n=232; HAN 2, n=33; SAL 1, n=31; SAL 2, n=133.

Corticosterone Response to Novelty

Approximately 1 week following the assessment of loco-
motor response to novelty (PND 55-63), plasma was
obtained from all animals for analysis of corticosterone
(CORT). Blood samples were collected between the hours of
0900 and 1130. Using the tail-nick method (see below),
sampling occurred at 15, 30, 60, and 120 min following
exposure to a light-dark box (5min—novelty stress). A
basal time point (0min) was obtained on the morning
before the procedure. Briefly, a small incision was made
toward the tip of the rat’s tail while the rat was loosely held
by hand during blood sampling. Blood was collected from
the tail vein into microcentrifuge tubes containing EDTA
and then spun at 14 000 rpm for 3 min. Serum was collected
from the centrifuged sample and stored at —20°C until
further analysis. CORT levels were determined via radio-
immunoassay (ICN Biomedicals, Costa Mesa, CA). The
sensitivity of the CORT assay was 1.25 pg/dl.

SELF-ADMINISTRATION
Subjects and Surgery

Half of the animals per litter (three males, three females in a
litter of 12) were randomly selected and evaluated for SA
behavior. The remaining animals were killed on PND 70 in
order to obtain measures of LHPA activity in tissue prior to
drug exposure (see below). Rats selected to proceed to SA
were anesthetized with a ketamine (100 mg/kg), xylazine
(20 mg/kg), and acepromazine (20 mg/kg) solution in a 1-
ml/kg volume. A chronic indwelling catheter was placed
into the external jugular vein using procedures described
previously (Browman et al, 1998; Crombag et al, 1996;
Robinson et al, 2001; Weeks, 1972). Briefly, a silicone
catheter (0.012” x 0.025” x 0.0065”; A-M Systems, Inc.,
Carlsborg, WA) was inserted into the external jugular vein
and passed s.c. to an infusion port mounted between the
shoulder blades, similar in design to that described by Caine
et al (1993). During the 3-5 days recovery period following
surgery, rats received a daily infusion of the antibiotic
gentamycin (1 mg/kg, iv.) and a 0.1ml sterile heparin-
saline solution (30 USP U/ml) to prevent clogging of the
catheter. In addition, before the start of each SA session, the
catheter was flushed with 0.1 ml of the saline-heparin
solution.

On the day prior to SA testing, catheter patency was
assessed by injecting 0.1-0.2ml of thiopental sodium
(Pentothal™ —20 mg/ml sterile H,0) into the catheter. Rats
who did not lose muscle tone within 2-3s were excluded
from the experiment. Animals were again checked for
catheter patency following the 15-day test period. Only
those animals who passed both catheter patency tests were
included in the analyses. The total number of animals
included in the final analyses for SA behavior are as follows:
females—UND, n=28; HAN 1, n =10, HAN 2, n=_8; SAL 1,
n=10; SAL 2, n=_8; males—UND, n=10; HAN 1, n=328;
HAN 2, n=28;SAL 1, n=9; SAL 2, n=10. No more than two
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rats per sex per litter were included, with six litters
represented per group.

Apparatus

Animals were placed in an operant chamber and the
infusion port was attached to a liquid swivel, which was
connected to a pump-driven syringe (Razel Scientific
Instruments, Stamford, CT). The SA cage (41 x 24 cm floor
area, 26 cm high; MED associates, St Albans, VT) was
equipped with two holes located 6 cm above the grid floor
and placed on one of the 24-cm-wide sides. The house light
was illuminated at the onset of the session and remained on
until the active hole was poked. Nose poking in the ‘active’
hole (FR1) resulted in a 30l infusion of the cocaine
solution over a period of 3s. In addition, the house light
turned off and the active hole was illuminated for the
duration of the drug infusion (3 s). Subsequent nose pokes
during the infusion period were recorded, but had no effect.
Nose pokes in the ‘inactive’ hole were without consequence
throughout the session. The number of nose pokes in
both holes and the number of infusions were recorded with
MED Associates Instrumentation Software for Research
(St Albans, VT). To eliminate odors, male and female
rats were tested in different chambers and the operant
cages were thoroughly cleaned between testing sessions.

SA Testing

Animals began testing for cocaine SA around PND 75. SA
methods were adapted from Marinelli and White (2000) and
Kosten et al (2000). Daily 1-h SA sessions were conducted
between the hours of 1300 and 1800 for 15 consecutive days.
Rats received one cocaine dose for 5 consecutive days,
followed by the next doses in ascending order. The cocaine
doses increased from 0.125 to 0.25, to 0.5mg/kg per
infusion (cocaine HCI, Mallinkrodt Pharmaceuticals, Ho-
bart, NY; dissolved in PBS, pH 7.4).

IN SITU HYBRIDIZATION
Tissue Collection

On PND 70, half of the animals from each litter (three
males, three females) were killed by decapitation between
the hours of 0800 and 0900. Brains were immediately
removed, frozen in isopentane (—30 to —40°C), and stored
at —80°C. Six female brains from each group were used for
in situ hybridization. Coronal brain sections (15 pum) were
cut on a cryostat (at 180 um intervals) and thaw mounted
onto Superfrost/Plus slides (Fisher Scientific, Pittsburgh,
PA, USA). Regions of interest were identified with Cresyl
Violet staining. Slides were stored at —80°C until processing
for in situ hybridization.

Riboprobes

°S-UTP-labeled cRNA probes to corticotropin-releasing
hormone (CRH), mineralocorticoid receptor (MR), and
glucocorticoid receptor (GR) were produced using standard
in vitro transcription methodology. The CRH cRNA probe
was produced using a 353 base-pair fragment derived from
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a rat cDNA clone that includes exon 2, the peptide region of
the rat CRH gene (courtesy of R Thompson, University of
Michigan, USA). The MR probe was synthesized from a 347
base-pair PstI-EcoRI fragment of MR cDNA (Patel et al,
1989) ligated into pGEM 3. The GR probe was synthesized
from a 544 base-pair fragment of GR cDNA subcloned into
the Xbal-EcoRI site of pGEM 4. The specificity of the GR
and MR riboprobes has been previously confirmed (Herman
et al, 1989). The riboprobes were synthesized utilizing the
SP6, T3, or T7 transcription systems in a standard labeling
reaction mixture consisting of: 1-pg linearized plasmid,
5x of the appropriate transcription buffer (Invitrogen,
Carlsbad, CA, USA), 125uCi->*S-UTP (Amersham Bio-
sciences, Arlington Heights, IL, USA), 150 uM of NTPs,
12.5 mM dithiothreitol (DTT), 20 U RNase inhibitor and 6 U
of the appropriate polymerase (Invitrogen, Carlsbad, CA,
USA). The reaction mixture was incubated for 60-90 min at
37°C, treated with DNase I RNA free for 15min at room
temperature, followed by filtration over a Sephadex G50-50
Quick Spin Column (Roche Diagnostics Corp., Indianapolis,
IN, USA) to separate the labeled probe from free nucleo-
tides.

In Situ Hybridization

Tissue sections were transferred from storage and fixed in
4% paraformaldehyde at room temperature. After 1h of
fixation, slides were rinsed in isotonic phosphate-buffered
saline and then treated with proteinase K (0.1 pg/ml in
100 mM Tris/HCI, pH 8.0) at 37°C for 10 min. Subsequently,
sections underwent successive washes in purified water
(1 min), 0.1 M triethanolamine (pH 8.0, plus 0.25% acetic
anhydride) for 10min, and 2 x SSC (0.3mM NacCl, 0.03
sodium citrate, pH 7.2) for 5min. Sections were then
dehydrated through graded alcohols and air-dried over-
night. Postfixed sections were hybridized with >1.0 x 10°
counts per minute (cpm) >°S-UTP-labeled riboprobe in a
total volume of 25 ul hybridization buffer (50% formamide,
10% dextran sulfate, 3 x SSC, 50mM sodium phosphate
buffer (pH 7.4), 1 x Denhardt’s solution, 0.1 mg/ml yeast
tRNA, and 10mM dithiothreitol). Brain sections were
coverslipped and incubated overnight at 55°C. On the
following day, sections were rinsed and washed twice in
2 x SSC for 5min each and then incubated for 1h in RNase
A (200 pg/ml in 10 mM Tris/HCI, pH 8.0, containing 0.5 M
NaCl) at 37°C. Sections were then washed in increasingly
stringent solutions of SSC, 2 x, 1 x, and 0.5 x for 5min
each followed by incubation for 1h in 0.1 x SSC at 65°C.
After rinsing in distilled water, the sections were dehydrated
through graded alcohol concentrations and air-dried. For
signal detection, slides were apposed to Kodak Biomax MR
film (Eastman Kodak, Rochester, NY, USA). Sections were
exposed for 1 day for CRH in the paraventricular nucleus of
the hypothalamus (PVN), 10 days for CRH in the central
nucleus of the amygdala (CeA), and for 3-4 days for MR
and GR probes.

Quantification of the Radioactive Signal

All data were obtained from the same in situ hybridization
experiment. The autoradiograms were digitized (Dage
camera, MACII/IMAGE), and the magnitude of the signal
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from the hybridized **>S-cRNA probe was determined using
National Institutes of Health Image software. A macro was
written (Dr Serge Campeau, University of Colorado, USA)
that enabled the signal above background to be automati-
cally determined. For each section, a background sample
was taken over an area of white matter, and the signal
threshold was calculated as the mean gray value of
background plus 3.5SD. Only pixels that were above the
threshold (signal pixels) were used for the densitometric
analysis. The ‘net’ optical density (OD) of these signal pixels
was obtained by subtracting the threshold value. To account
for small differences in the size of the region sampled,
relative OD was expressed as the mean net OD of signal
pixels divided by the total number of pixels in the outlined
region. The person quantifying was blind to group assign-
ments. CRH mRNA was quantified in the PVN and CeA, and
MR and GR mRNA were quantified in the hippocampus.
Four hippocampal areas, corresponding to subfields CAl,
CA2, CA3, and dentate gyrus (DG), were quantified from a
given section. GR mRNA was also quantified in the PVN.
OD measurements were taken from the left and right side of
two brain sections per animal for each probe and region of
interest. A mean value was then generated for each probe
and the region of interest to yield one data point per animal
for statistical analysis.

Statistical Analysis

A two-way analysis of variance (ANOVA) was used to
determine the effect of treatment and sex on locomotor
activity in response to novelty. Fisher’s protected least
significant difference (PLSD) post hoc analysis followed,
with the level of significance set at P<0.05.

Group differences in CORT response to novelty and SA
behavior were tested using two-way repeated-measures
ANOVAs (Group x Time Point; Group x Dose, respec-
tively). The number of nose pokes in the active and inactive
hole and the number of self-administered infusions were
averaged per dose over each 5-day block. Differences due to
treatment at a single dose were determined using one-way
ANOV As followed by Bonferroni-corrected t-tests. Based on
the existing literature (Carroll et al, 2002; Lynch et al, 2000,
2001; Lynch and Carroll, 1999; Sell et al, 2000; Sircar and
Kim, 1999) and the locomotor activity data, male and female
SA data were analyzed separately.

Given that there is no single, well-accepted criterion
defining acquisition of drug SA, we evaluated this behavior
using two different indices. First, since the rate of drug SA is
dose-dependent, one-way repeated measures ANOVAs were
used to determine whether there was an effect of dose for
each group. Second, Student’s t-tests were used to
determine whether the number of infusions received at
each dose was significantly greater than the average basal
rate of response for each group. The basal rate of response
was defined as the average number of nose pokes in the
inactive hole collapsed across groups and dose, which was
equal to 5. We then used this value (5) to compare drug-
taking behavior to general or nonspecific activity at the
inactive hole. If a group obtained significantly greater than
five infusions per dose, they were considered to have
acquired SA behavior. Only values greater than the basal



rate of response were of interest, thus one-tailed Bonferro-
ni-corrected t-tests were used to determine significance.
For each probe and corresponding brain area, a mean
value was generated to yield one data point per animal. These
data points were averaged per group and compared using
one-way ANOVAs followed by Fisher’s PLSD post hoc tests.
When no group differences were found, data were collapsed
across groups to detect differences due to time of early life
manipulations. Thus, HAN 1 and SAL 1 (week 1) animals
were combined and HAN 2 and SAL 2 (week 2) animals were
combined, and both were compared to UND animals.

RESULTS
Locomotor Activity

Locomotor activity data are reported as the total number of
photocell crossovers recorded during the entire 120-min
testing period. Females exhibited greater locomotor activity
compared to the males for all treatment groups (effect of
sex: F=30.60, P<0.0001). There was a main effect of Group
for both sexes (females: F=3.03, P=10.02; males: F =10.34,
P<0.0001). Fisher’s post hoc analyses revealed that both
male and female animals handled during the second week of
life (HAN 2) showed enhanced locomotor response to
novelty compared to the other treatment groups (females:
P<0.01; males: P<0.0001—Figure 1), suggesting that HAN
2 animals are more exploratory. However, there was only a
trend effect for HAN 2 females compared to UND females
(P=0.06). In addition, male animals who remained UND
were found to be more active than HAN 1 males (P =0.03).
There were no additional group differences.

CORT Response to Novelty

Two-way repeated measures ANOVA revealed no signifi-
cant group differences in CORT response to novelty
(females: F=0.69, P=0.61; males: F=0.70, P=0.60, data
not shown).

SA BEHAVIOR
Females

Inactive nose pokes. Nose pokes in the inactive hole were
assessed as a measure of general activity (nonspecific
responding). A two-way repeated measures ANOVA
(Group x Dose) revealed a significant effect of Group
(F=10.75, P<0.0001) and an effect of Dose (F=6.87,
P=0.001) for nose pokes in the inactive hole (data not
shown). In support of the locomotor activity data,
Bonferroni post hoc analysis indicated that female animals
handled during the second week of life (HAN 2) exhibited
greater activity at the inactive hole compared to the other
groups at 0.125 (P<0.001) and 0.25mg/kg per infusion
(P<0.002). There were no group differences found at the
highest dose examined (0.5 mg/kg per infusion). Nose pokes
in the inactive hole decreased with increasing dose of drug
for the HAN 2 females (see Discussion).

Acquisition of SA. There was a significant effect of dose for
the number of infusions obtained for HAN 2 (F=9.749,
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Figure | Locomotor response to novelty in females (a) and males (b).

Each vertical bar represents the mean number of photocell crossovers over
the total 2-h testing period + SE for each group (a) females: UND, n=32;
HAN |, n=39; HAN 2, n=34; SAL |, n=35; SAL 2, n=35; (b) males:
UND, n=37; HAN |, n=32; HAN 2, n=33; SAL I, n=3I; SAL 2,
n = 33. Females exhibited greater locomotor activity compared to males in
all treatment groups (effect of sex: F=31.00, P<0.0001). HAN 2 animals
showed enhanced locomotor response to novelty compared to the other
treatment groups (a) females, *P<<0.06; (b) males, *P<0.0001. Male UND
animals were more active than HAN | males (P<0.05).

P=0.0002) and SAL 2 groups (F=5.496, P=0.006),
suggesting that these animals acquired drug-taking beha-
vior. In agreement, Bonferroni-corrected t-tests revealed
that HAN 2 females acquired drug-taking behavior at the
lowest dose examined (t=4.382, P<0.05) and SAL 2
animals acquired SA at the intermediate dose (t=3.139,
P<0.05).

Number of infusions. A two-way repeated measures
ANOVA revealed an effect of Group (F=17.70, P<0.0001)
and a Group x Dose interaction (F=6.83, P<0.0001) for
the number of infusions obtained. At the lowest dose
(0.125 mg/kg/infusion), Bonferroni post hoc analyses in-
dicated that HAN 2 females received a greater number of
infusions than all other treatment groups (P<0.004;
Figure 2a). At the intermediate dose (0.25 mg/kg/infusion),
both HAN 2 and SAL 2 females received more infusions
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than all other groups (P<0.001; Figure 2a). SAL 2 animals
continued to increase their rate of response compared to all
other groups (P<0.0001; Figure 2a) at the highest dose,
whereas the HAN 2 group decreased their rate of response.
In support of these data, HAN 2 and SAL 2 females were
found to differ significantly from the other treatment
groups when individual group comparisons were made

a Females

507 —O— UND
— 1 HAN1 #

[72]
5
‘» 0 T T T
= 0.125 025 05
i=
S b Males
S 304
S
P

Z  5-

20

15

10

5_

0 T T T

0.125 025 05
Dose (mg/kg)

Figure 2 SA behavior in females (a) and males (b). Each data point
represents the mean number of infusions obtained per dose + SE for each
group (a) females: UND, n=8; HAN |, n=10; HAN 2, n=8; SAL I,
n=10; SAL 2, n=28; (b) males: UND, n=10; HAN |, n=8 HAN 2, n=8§;
SAL I, n=9; SAL 2, n=10. (a) HAN 2 and SAL 2 females were found to
differ significantly from the other treatment groups (P<0.05). HAN 2
female rats showed greater cocaine intake than the other groups at the
lowest and intermediate doses (*P<0.004), while SAL 2 animals exhibited
increased drug-taking behavior at the intermediate and highest doses
examined (*P<0.001). (b) Male SAL 2 animals were found to differ
significantly from the other treatment groups (P<0.05). SAL 2 males
showed greater cocaine intake at the highest dose examined compared to
HAN | animals (*P<0.0001). HAN | males were found to differ
significantly from the other treatment groups (P<0.05). HAN | males
received fewer infusions than SAL 2 or UND animals at 0.25 mg/kg/infusion
(P<0.001).
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using two-way repeated measures ANOVAs across doses
(P<0.05).

Males

Inactive nose pokes. There were no significant group
differences in nose pokes in the inactive hole for male
animals (data not shown).

Acquisition of SA. There was a significant effect of dose for
the number of infusions obtained for the UND (F =5.134,
P=0.008) and HAN 2 males (F=3.5, P=0.04), and a trend
towards significance for the SAL 1 (F=2.96, P=0.06) and
SAL 2 males (F=2.584, P=0.08). Using the second
criterion for acquisition, however, Bonferroni-corrected
t-tests revealed that SAL 2 animals were the only group to
approach significance for acquisition of drug-taking beha-
vior. This effect was seen at the intermediate dose (0.25 mg/
kg/infusion) (t=2.664, P<0.05).

Number of infusions. A two-way repeated measures
ANOVA (Group x Dose) revealed a significant effect of
Group (F=5.301, P=0.0004) and an effect of Dose
(F=8.449, P=0.0003) for the number of infusions
obtained. There was no effect of group at the lowest dose
examined. At the intermediate dose, Bonferroni post hoc
analyses indicated that HAN 1 males received fewer
infusions than SAL 2 or UND animals (P<0.001). SAL 2
males continued to receive a greater number of infusions
than all the other treatment groups at the highest dose
(0.5 mg/kg/infusion), but this effect reached significance
only when compared to the HAN 1 animals (P<0.0001;
Figure 2b). SAL 2 males were also found to significantly
differ from the other treatment groups when individual
group comparisons were made using two-way repeated
measures ANOVAs across doses (P<0.05). The number of
infusions for HAN 1 males was significantly lower than all
the other treatment groups (HAN 1 vs: UND, F=4.9; HAN
2, F=8.6; SAL 1, F=6.8; SAL 2, F=25.3; P<0.05).

In situ hybridization histochemistry. Six female brains
were examined using in situ hybridization histochemistry.
There were no group differences in basal CRH mRNA
expression in the PVN or CeA (data not shown). In
addition, no differences were detected in the amount of
basal MR mRNA expression in any hippocampal field (ie
CAl, CA2, CA3, and DG—data not shown). There was a
Group effect for GR mRNA expression in the DG (F =3.015,
P=0.037) and a trend towards significance in the CAl
region (F=2.388, P=10.078). In the DG, HAN 2 and SAL 2
animals had lower levels of GR mRNA compared to SAL 1
animals (P<0.02; Figure 3a). Relative to UND animals,
HAN 2 rats expressed lower levels of GR mRNA in the DG
(P<0.03) and SAL 2 animals showed a similar trend
(P<0.08). Given that there were no differences in treatment
found within a given week, animals manipulated during
week 1 (HAN 1 and SAL 1) were combined and compared to
animals manipulated during week 2 (HAN 2 and SAL 2).
These groups (week 1 and week 2) were then compared to
UND animals. There was a significant effect of week for GR
mRNA expression in CA1 (F=4.75, P=0.017) and in the
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Figure 3 Relative OD of GR mRNA expression in CAl and DG fields of
the hippocampus in female rats. Each data point represents the mean value
of relative OD units + SE for each group (a) (UND, n=6; HAN |, n=6;
SAL |, n=6; HAN 2, n=6; SAL 2, n=6) or for combined groups based
on time of early life manipulation (b) (UND, n=6; week |, n=12; week 2,
n=12). (a) There was a Group effect for GR mRNA expression in the DG
(P=0.04) and a trend towards significance in the CAl region (P=0.08).
HAN 2 and SAL 2 animals had lower levels of GR mRNA compared to
SAL | animals in the DG (*P<0.02). (b) There was a significant effect of
week for GR mRNA expression in CAl and in the DG. Relative to UND
animals and those manipulated in week |, animals manipulated during the
second week of life exhibited lower levels of GR mRNA expression in CA|
(*P<0.02) and in the DG (*P<0.03) of the hippocampus.

DG (F=4.216, P=0.025). In agreement with our SA data,
animals manipulated during week 2 of life were significantly
different from animals manipulated in week 1 and from
UND animals. Specifically, those manipulated during the
second week of life exhibited lower levels of GR mRNA
expression in the CA1 (P<0.02) and in the DG (P<0.03) of
the hippocampus (Figure 3b). There were no differences in
GR mRNA expression in the PVN.

DISCUSSION

We investigated the effects of early life manipulations on the
vulnerability to drug-taking behavior in adulthood. Speci-
fically, we compared the effects of daily s.c. saline injections
and handling during week 1 vs week 2 of life on the
propensity to acquire cocaine SA in adulthood. Rats
manipulated during the second week of life more readily
acquired cocaine SA compared to animals treated during
the first week of life or those who remained undisturbed
throughout the first 2 weeks of life. Within the second-week
time frame, however, both the quality of the stimulus and
gender proved to be important. In females, both handling
and saline injections administered during the second week
of life facilitated SA behavior, although handling produced a
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greater effect (Figure 2a). This suggests that, of the groups
tested, HAN 2 females were the most sensitive to the
reinforcing effects of cocaine. The male data were more
variable than the female data, but it appeared that the SAL 2
males exhibited enhanced sensitivity to the drug. Males
receiving saline injections during the second week of life
showed increased SA behavior at the two highest doses of
cocaine examined. Taken together, these findings suggest
that the sex of the animal and the timing and type of
manipulations that occur early in life are important factors
in predicting vulnerability to drug-taking behavior.

Although studies suggest that female rats have a greater
locomotor response to psychostimulants (Savageau and
Beatty, 1981; Schneider and Norton, 1979) and are more
sensitive to the reinforcing effects of cocaine (Roberts et al,
1989), few studies have compared female drug SA (i.v.) to
that of males (Haney et al, 1995; Matthews et al, 1999). On
the whole, it appears that a greater percentage of female rats
acquire SA, and at a faster rate than males (Carroll et al,
2002; Lynch et al, 2000, 2001; Lynch and Carroll, 1999;
Matthews et al, 1999). In support of the literature, the
present study shows that females in general exhibited
increased drug-taking behavior compared to the males.
There were also differences in the pattern of drug-taking
behavior (Figure 2) and the amount of variance inherent in
the behavior of each sex. It is important to recognize the sex
differences in the present study, but due to the large amount
of variance in the male SA behavior and the difficulty with
interpreting the data, the remainder of this discussion will
focus on the females.

Female animals manipulated during the first week of life
were more ‘resistant’ or less sensitive to cocaine SA in
adulthood. At the doses examined, females who were
handled or injected during the first week of life (HAN 1
and SAL 1) were the least likely to self-administer cocaine
(Figure 2a). In contrast, both handling and injection stress
administered during the second week of life (HAN 2 and
SAL 2) facilitated SA behavior (Figure 2a). These findings
suggest that the age of manipulation early in life is critical in
determining long-term outcomes, especially for drug-taking
behavior.

Although we did not examine maternal behavior in the
present study, our findings are consistent with the
hypothesis that peak maternal care during the first week
of life ‘protected’ those animals treated during this period
from drug-taking behavior in adulthood. Natural maternal
behavior peaks during the first part of the lactation period
(PND 1-7) and tapers off towards weaning (PND 21)
(Reisbick et al, 1975; Rosenblatt, 1969; Rosenblatt and
Lehrman, 1963). Thus, one would expect that perturbation
of the litter during the first week of life would elicit greater
maternal care than perturbation during the second week of
life.

It has been demonstrated (predominantly in male
animals) that the first week of life is the ‘critical’ period
for eliciting the handling effect on emotional and neuroen-
docrine responses in adulthood (Levine and Lewis, 1959;
Meaney and Aitken, 1985). Early handling has been shown
to alter the behavior and physiology of rat pups, and this in
turn heightens maternal sensitivity. In particular, increases
in vocalizations and decreases in body temperature that
result from handling are thought to induce maternal
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behavior (Brunelli et al, 1994; Stern, 1997). Specifically,
handling-induced increases in licking and grooming on the
first 10 days of life have been found to be ‘protective’,
resulting in decreased LHPA responsivity and behavioral
reactivity to stress in adulthood (Ader, 1969; Hess et al,
1969; Levine, 1967; Meaney and Aitken, 1985; Meaney et al,
1989; Viau et al, 1993). We speculate that in the present
study, increased maternal care during the first week of life
protected those animals manipulated during this period,
regardless of treatment.

The quality of the stimulus during the second week of life
proved to be important in determining subsequent beha-
vior. Female animals who were handled during the second
week of life (HAN 2) were the most sensitive to cocaine,
exhibiting increased drug-taking behavior at the lowest dose
tested (0.125 mg/kg/infusion). The shapes of the dose-
response curves (Figure 2a) further suggest that the HAN 2
females were the most sensitive to the reinforcing effects of
the drug. HAN 2 animals appear to be on the descending
limb of the classical inverted U-shaped curve over the entire
range of doses tested, while SAL 2 animals seem to be on the
ascending limb of the dose-response function. This suggests
that HAN 2 females were more sensitive to the reinforcing
effects of cocaine than SAL 2 animals, but compared to all
other groups, both of these groups were more sensitive to
the drug.

As alluded to above, rodent young are not passive
recipients of maternal care, but provide cues that elicit
mother-pup interactions (Moltz and Leon, 1973; Reisbick
et al, 1975; Smotherman et al, 1974). In fact, the rodent dam
is sensitive to the changing stimulus qualities of the pups
(Meier and Schutzman, 1968; Young, 1965) and shows
systematic changes in maternal behavior depending on the
nature of the treatment that the offspring have received
(Barnett and Burn, 1967; Bell et al, 1974) and the time
during lactation in which the manipulations occur
(Smotherman et al, 1977a,b). It has been demonstrated
that heightened maternal behavior results from pup cues
elicited by more intense treatments such as electric shock
(0.4mA) (Smotherman et al, 1977a,b). In fact, mothers
respond more to shocked than to handled pups when these
manipulations are performed during the second week of life
(Smotherman et al, 1977a,b). When these treatments are
performed during the first week of life, however, shocked
and handled animals receive equal amounts of attention
(Smotherman et al, 1977a). To interpret our female data, we
speculate that differential maternal behavior during the
second week of life might have contributed to the group
differences seen in the SA behavior of those animals treated
during this period (HAN 2 and SAL 2).

Handling during the second week of life also resulted in
increased locomotor activity compared to all other groups.
Piazza has demonstrated (predominantly in male animals)
that one can predict the drug-taking behavior of a rodent
based on its endocrine and locomotor reactivity profile
(Piazza et al, 1989, 1990, 1998, 1991). For example, animals
with a relatively high locomotor and CORT response to
novelty are more likely to initiate psychostimulant SA
(Piazza et al, 1990, 1998, 1991). In terms of adrenocortical
responsivity, these predictions did not hold true for the
present study. Despite the fact that female HAN 2 rats
exhibited increased locomotor activity in response to
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novelty and enhanced sensitivity to the reinforcing effects
of cocaine, there were no group differences in CORT
response to novelty.

The apparent lack of differences in CORT responsivity in
the present study may be explained in a number of ways.
First, there are some discrepancies in the literature
associating LHPA responsivity and drug-taking behavior.
While Piazza and Le Moal (1998) and Goeders (1997) have
suggested that enhanced sensitivity to the reinforcing effects
of cocaine is related to high CORT levels, others report an
inverse relationship between adrenocortical responsivity
and drug-taking behavior in rodents (Deroche et al, 1997;
Kosten et al, 1997, 2000). Second, adrenocortical respon-
sivity varies considerably depending on the manipulations
performed early in life as well as on the type and length of
the stressor imposed at the time of testing (Nunez et al,
1996; Ogawa et al, 1994). Had we administered a different
type of stressor to elicit a response in adulthood, we might
have been able to detect group differences in CORT levels.

Although there were no apparent differences in adreno-
cortical response to novelty in the present study, decreased
levels of GR mRNA in the hippocampus suggest that female
animals manipulated during the second week of life may
have an impaired negative feedback system or a hyper-
responsive LHPA axis in response to other stressors. Low
levels of hippocampal GR expression typically reflect
decreased negative feedback sensitivity, or increased
pituitary-adrenal activity (deKloet, 1991; Jacobson and
Sapolsky, 1991). For example, rats subjected to 180-min
maternal separation daily for the first two weeks of life show
decreased GR expression in the hippocampus and increased
LHPA responses to stress (Ladd et al, 2000; Meaney et al,
2002). Likewise, high-responding rats (HR), who are used as
an animal model of novelty-seeking behavior, have
decreased expression of hippocampal GR mRNA (Kabbaj
et al, 2000), and exhibit a prolonged CORT response to
novelty relative to their low-responding (LR) counterparts
(Dellu et al, 1996; Hooks et al, 1991; Piazza et al, 1989).
Interestingly, both HR rats and rats subjected to 180-min
maternal separation also show greater stress- and/or drug-
induced elevations of mesolimbic dopamine neurotransmis-
sion and increased sensitivity to the psychomotor-activating
effects of cocaine (Hooks et al, 1991; Meaney et al, 2002 cf;
Li et al, 2003).

Glucocorticoids regulate the mesolimbic dopaminergic
system, increasing dopamine release in the nucleus
accumbens and increasing the propensity to self-administer
psychostimulants (Piazza and Le Moal, 1996). Thus,
decreased expression of hippocampal GR could enhance
the reinforcing efficacy of drugs of abuse by further
elevating glucocorticoid levels (Kabbaj et al, 2000). Our
findings are consistent with the literature in that those
(female) animals who had decreased GR mRNA in the
hippocampus exhibited increases in drug-taking behavior.

The mesolimbic dopaminergic system makes up the
reward circuitry of the brain and is essential to the
acquisition of psychostimulant administration (Deminiere
et al, 1988; Wise, 1989). Like the LHPA axis, this system
undergoes significant developmental changes postnatally
(Cabib et al, 1993; Gariepy et al, 2002; Kehoe et al, 1998a).
Few studies have examined the interaction between early
life events, LHPA reactivity, and the dopaminergic system.



de Kloet et al (1996) reported that genetic selection of rats
for differences in dopamine responsiveness coselects for
adrenocortical responsivity to ACTH and corticosteroid
feedback efficacy. Differences in dopamine responsiveness
were postulated to be secondary to developmental changes
in the LHPA axis. Similar to our animals, there were no
differences in CORT response to novelty between the two
lines of rats used in de Kloet’s studies. Thus, despite our
lack of differences in peripheral measures of LHPA
responsivity, we speculate that the increased vulnerability
to drug-use observed in animals manipulated during the
second week of life is related to specific effects on LHPA
development, namely alterations of hippocampal GR
expression, and subsequent interactions with the dopami-
nergic system.

It is important to note that we cannot exclude other
possible explanations for the group differences in drug-
taking behavior displayed in the present study. For
example, differences in learning ability cannot be ruled
out when interpreting the SA data presented here. The
animals used in this study were not trained to acquire
operant responding prior to the SA paradigm. However, the
enhanced acquisition and dose-effect patterns exhibited by
animals manipulated during the second week of life suggest
that these animals are responding to the reinforcing effects
of the drug rather than exhibiting a nonspecific effect of
learning. We must also consider that the SA behavior of
HAN 2 females might be due to group differences in general
activity levels. HAN 2 females showed enhanced activity at
the ‘inactive’ hole during the SA paradigm. It is unclear
whether this activity at the ‘inactive’ hole was due to the
locomotor-activating effects of cocaine or generalized
motor activity. The effect of dose for HAN 2 females, both
in terms of the number of infusions obtained (Figure 2) and
in terms of the number of nose pokes in the inactive hole
(data not shown), suggests that the psychomotor effects of
the drug may have played a role in their activity at the
inactive hole. Regardless of the cause, the reported
differences in locomotor activity highlight the involvement
of the mesolimbic dopamine system in the behavioral
phenotypes of these animals.

SUMMARY

Many studies have demonstrated that dramatic and
sustained neurobiological changes take place during the
neonatal period, and that these changes have consequences
on LHPA axis function, dopaminergic activity, and beha-
vioral responsiveness throughout the life of the animal. The
exact timing of a stressor, the regimen of exposure, and the
resulting maternal behavior elicited by early life interven-
tion appear to be critical in determining LHPA function in
adulthood and individual vulnerability to substance abuse.
Although the early life manipulations used in the present
study did not affect adrenocortical response to novelty, we
did detect differences in basal hippocampal GR expression.
Our findings indicate that differences in basal hippocampal
GR expression might contribute to individual differences in
the propensity to use drugs. However, there are, unques-
tionably, a myriad of factors contributing to individual
vulnerability, and a more detailed neurobiological profile
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will be necessary to further delineate group differences and
pinpoint neurochemical phenotypes associated with drug-
taking behavior. Nonetheless, the present study suggests
that the second week of life in the rodent is a critical time
period for eliciting long-term changes in the propensity to
self-administer drugs. Further, the intensity of the stimulus
within that time frame and the sex of the animal appear to
be key factors in determining long-term outcomes.
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