1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

N
&;

2 HEpst

o WATIG,

NIH Public Access

Author Manuscript

Published in final edited form as:
Behav Neurosci. 2005 December ; 119(6): 1605-1618. doi:10.1037/0735-7044.119.6.1605.

Cocaine Treatment and Prenatal Environment Interact to Disrupt
Intergenerational Maternal Behavior in Rats

Josephine M. Johns,
Department of Psychiatry, University of North Carolina at Chapel Hill

Deborah L. Elliott,
Department of Psychiatry, University of North Carolina at Chapel Hill

Vivian E. Hofler,
Department of Psychiatry, University of North Carolina at Chapel Hill

Paul W. Joyner,
College of Medicine, University of South Alabama

Matthew S. McMurray,
Departments of Psychiatry and Psychology, University of North Carolina at Chapel Hill

Thomas M. Jarrett,
Department of Psychiatry, University of North Carolina at Chapel Hill

Amber M. Haslup,
Department of Psychiatry, University of North Carolina at Chapel Hill

Christopher L. Middleton,
Human Brain Laboratory, Medical College of Georgia

Jay C. Elliott, and
Department of Neurosciences, Medical University of South Carolina at Charleston

Cheryl H. Walker
Department of Psychiatry, University of North Carolina at Chapel Hill

Abstract

The link between impaired maternal behavior (MB) and cocaine treatment could result from drug-
induced decreases in maternal reactivity to offspring, prenatal drug exposure (PDE) in offspring
that could alter their ability to elicit MB, or the interaction of both, which could subsequently
impair MB of the 1st-generation dams. Following chronic or intermittent cocaine or saline
treatment during gestation, rat dams rearing natural or cross-fostered litters were compared along
with untreated dams for MB. Untreated 1st-generation females with differentially treated rearing
dams and PDE were tested for MB with their natural litters. The authors report disruptions in MB
in dams and their 1st-generation offspring, attributable to main and interaction effects of maternal
treatment, litter PDE, and rearing experience.
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Pregnant women who use cocaine perpetrate child abuse and neglect more often than
women who do not use cocaine during pregnancy (Hawley, Halle, Drasin, & Thomas, 1995;
Tyler, Howard, Espinosa, & Doakes, 1997; Wasserman & Leventhal, 1993). Maternal
cocaine abuse during pregnancy has also been strongly associated with deficits in maternal—
infant bonding (Burns, Chethik, Burns, & Clark, 1991), and mothers with a history of
substance abuse often exhibit poor mother—infant interactions (Bauman & Dougherty, 1983;
Bays, 1990; Howard, Beck-with, Espinosa, & Tyler, 1995; Johnson & Rosen, 1990).
Though studies with human participants are helpful in understanding the connection
between cocaine use and maternal neglect, these experiments are correlational. There is a
necessary lack of control over many important variables that could confound the results,
such as socioeconomic issues, lack of family support, multidrug abuse, and poor general
prenatal care (Chasnoff et al., 1998; Koren et al., 1998). Studies that use numerous controls
have shown a strong correlation between reported history of child maltreatment and the
perpetration of maltreatment and/or neglect in next-generation mothers (Egeland, Jacobvitz,
& Papatola, 1987; Hunter, Kilstrom, Kraybill, & Loda, 1978).

In order to appropriately investigate and describe the characteristics of cocaine-induced
disruption of maternal behavior and potential neglect, as well as possible intergenerational
effects of such disruptions, a nonhuman cocaine abuse model offers several advantages. The
laboratory rat is a particularly good model for the study of maternal behavior. Their
offspring are born blind, unable to thermoregulate, defecate, urinate, or protect themselves
from attack (Numan, 1994), thus needing considerable maternal care to survive (Stern,
1997). Behaviorally and neurologically, maternal behavior in the rat has also been relatively
well characterized (Numan, 1994; Pedersen, Ascher, Monroe, & Prange, 1982; Pedersen,
Caldwell, Walker, Ayers, & Mason, 1994) so that any insult to normal maternal behavior
can be easily determined.

Maternal separation studies also support a rat intergenerational model of behavior showing
that cross-fostering results in behavior of offspring similar to behavior of rearing dams,
suggesting a nongenetic transmission of behavior (Francis, Diorio, Liu, & Meaney, 1999;
Liu, Caldji, Sharma, Plotsky, & Meaney, 2000), which among other data led us to
investigate the presence of intergenerational effects of cocaine use.

As far as the literature to date, there is general agreement that acute cocaine treatment in rat
dams disrupts both early onset and established pup-directed maternal behavior, while
increasing locomotor behavior and stereotypies (Johns, Nelson, et al., 1998; Johns, Noonan,
Zimmerman, Li, & Pedersen, 1994; Kinsley et al., 1994; Zimmerberg & Gray, 1992).
Significant disruptions in maternal behavior following chronic gestational cocaine treatment
during pregnancy were reported for the onset or very early post-partum period, and these
dams did not display the hyperactivity often seen in acutely treated dams (Heyser, Molina,
& Spear, 1992; Johns, Noonan, et al., 1994; Kinsley et al., 1994; Peeke, Dark, Salamy, Salfi,
& Shah, 1994; Vernotica, Lisciotto, Rosenblatt, & Morrell, 1996). No reports, to our
knowledge, have been published on intermittent gestational and postpartum cocaine
treatment or the intergeneration effects of such treatment on maternal behavior.

In previous studies, dams treated with cocaine gestationally were also found to exhibit
differences in oxytocin system dynamics (Johns et al., 1995; Johns, Lubin, Walker, Meter, &
Mason, 1997; Johns, Nelson, et al., 1998; Johns, Noonan, et al., 1994; Lubin, Elliott, Black,
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& Johns, 2003). Oxytocin is an important neuroendocrine system implicated in normal
maternal behavior onset in rats (Fuchs, 1983; Pedersen et al., 1982; Pedersen, Caldwell,
Johnson, Fort, & Prange, 1985; Pedersen et al., 1994) and therefore likely to be implicated
when this behavior is disrupted (Pedersen et al., 1985; VVan Leengoed, Kerker, & Swanson,
1987). One study looking at rodent maternal behavior suggested that differences in oxytocin
levels in brain regions implicated in maternal behavior may be affected intergenerationally
(Pedersen & Boccia, 2002). It is important to determine whether cocaine-induced
disruptions in maternal behavior influence next-generation maternal behavior and whether
those behavioral changes correlate with oxytocin system changes as they do in the parent
dam.

The present study was designed to answer important questions about whether gestational
and intermittent (pre- and postpartum) cocaine treatment differentially alter maternal
behavior; how pre-natal exposure condition of litters’ and the dams’ drug treatment interact
to influence maternal behavior, and whether altered maternal behavior onset and oxytocin
system changes are apparent in first-generation females as a result of either their prenatal
drug exposure condition or their rearing environment. We hypothesized that there would be
altered onset of maternal behavior in chronically and intermittently cocaine treated mothers,
primarily due to drug treatment, and that disruptions would diminish across the postpartum
period as the role of oxytocin in these behaviors presumably decreased. It was hypothesized
that following an injection of cocaine 30 min prior to testing on Postpartum Day (PPD) 15,
the intermittently injected cocaine dams would show full disruption of maternal behaviors
similarly to that reported in previous studies following acute cocaine treatment (Johns,
Noonan, et al., 1994; Zimmerberg & Gray, 1992). With respect to prenatal exposure
condition of litters, we predicted that cocaine treated dams rearing cocaine exposed pups
would exhibit the strongest disruption of maternal behavior. We hypothesized that the onset
of maternal behavior in first-generation dams (FGDs) would be altered primarily by prenatal
cocaine exposure, with secondary effects resulting from the rearing dams’ treatment. FGDs
reared by chronic and intermittent cocaine-treated dams were expected to exhibit more
disruptions in maternal behavior than those reared by untreated dams.

If maternal behavior continued to be impaired by chronic cocaine treatment on PPD 15, we
predicted there would be a diminished oxytocin response in the medial preoptic area
(MPOA) on PPD 22, but that if behavioral differences were not apparent, we would see no
differences between groups with respect to oxytocin levels. Finally, we hypothesized that
oxytocin levels in FGDs that displayed significant disruptions in maternal behavior based on
rearing by cocaine-treated dams or prenatal cocaine exposure would be decreased in a
similar manner as that previously seen in cocaine treated dams following the onset of
maternal behavior (Johns et al., 1997).

Following a 2-week habituation period, virgin female (200-240 g) Sprague—Dawley rats
(Charles River, Raleigh, NC) were placed with males on a breeding rack until a sperm plug
was found, which was designated as Gestation Day (GD) 0. Subjects were randomly
assigned to one of five treatment or control groups and singly housed and maintained on a
reversed 12-hr light—dark cycle (lights off at 0900) for 7 days. They were then transferred to
a room with a regular light cycle (lights on at 0700) for the remainder of the experiment, a
procedure that generally results in the majority of dams delivering their litters during
daylight hours (Mayer & Rosenblatt, 1998).
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Treatment groups included chronic cocaine (CC), intermittent cocaine (IC), chronic saline
(CS), intermittent saline (1S), and untreated (UN) dams. CC and CS dams received
subcutaneous injections twice daily throughout gestation (GD 1-20), on alternating flanks,
of 15 mg/kg cocaine HCL (dose calculated as the free base; Sigma Chemical, St. Louis,
MO) dissolved in 0.9% normal saline (total volume 2 mi/kg), or normal saline (0.9%)
respectively, at approximately 8 a.m. and 4 p.m. IC-treated dams received the same dose and
volume of cocaine as the CC dams except their injections occurred on 2 consecutive days
only, every 5 days during gestation (GD 2, 3, 8, 9, 14, 15, and 20) and on the same
respective days during the postpartum period. 1S-treated dams received normal saline (0.9%)
on the same injection schedule as the IC dams. The intermittent schedule was modeled after
a previous study examining behavioral effects of prenatal cocaine exposure on offspring
(Johns et al., 1992). UN dams were weighed and handled daily but received no drug
treatment. All treatment groups had free access to water and food (Rat Chow), except that
the CS treated dams were pair fed to match CC dams in order to control for the anorexic
effects of cocaine, as previously described (Johns, Noonan, et al., 1994). All procedures
were conducted under federal and institutional animal care and use committee guidelines for
humane treatment of laboratory subjects.

Cross-Fostering

On the day of parturition, pups were removed from each dam, weighed, counted, and their
gender determined before being culled to a litter of 4 males and 4 females. Litters were
culled 30 min before testing and either returned at time of testing to their natural mothers or
fostered to dams from a different treatment or control group having delivered as closely as
possible to the same time (usually within several hours). Dams and their litters were
matched for delivery time and cross-fostering interval in all groups. The cross-fostering
procedure resulted in the dam—offspring group combinations shown in Table 1. Group
numbers varied somewhat because of the loss of some rats during testing and the necessity
of breeding extra dams to deliver at specific times to allow fostering of specific groups.
Cross-fostering allowed for independent assessment of the effects of pre-natal drug exposure
of a rearing litter and the effects of maternal drug treatment (or the interaction of these
conditions) on maternal behavior in original test dams on PPDs 1, 5, 10, and 15. We were
also able to determine the effects of prenatal drug exposure, as well as the effects of
treatment condition of the rearing mother, on the maternal behavior of first-generation
offspring dams. In order to achieve sample sizes large enough within each of the 25 groups
for assessment with parametric statistics, this study required 4 years to complete with
hundreds of offspring born each spring. Each year, the same treatment and testing
procedures were repeated in a new group of dams and their offspring, which, although a
practical necessity, also introduced some variability resulting from year of testing. This
variability induced by year of testing was randomly spread across groups and did not
influence group differences differentially over the 4 years.

Original Dam Maternal Behavior Testing

The procedure for maternal behavior testing was previously described (Johns, Noonan, et
al., 1994). Following delivery of their final pup, dams and their litters were brought in their
home cage to an enclosed behavioral observation room, 400 x 460 cm, where dams were
removed from their cage and weighed, and their pups removed. Dams were placed back in
their home cages without pups, and the cages were placed in a 60.96 cm high x 40.64 cm
wide x 50.80 cm deep dimly lit testing cubicle, designed to reduce environmental
distractions, for a 30-min habituation period. During the habituation period, litter
measurements were taken and litters were culled to 4 female and 4 male pups. Then, either
her natural litter or a foster litter culled at the same time was placed in a warm (room
temperature) plastic cage lined with paper towels on top of the dam’s testing cubicle. After
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habituation, nesting material (ten 2.54-cm strips of paper towel) was placed at the back of
the cage and each dam’s culled litter (fostered or natural) was placed in the front of her cage.
Videotaping with a Panasonic VHS (AG188U) recorder with low light sensitivity began as
soon as the pups were placed in the cage and continued for 30 min on PPD 1. After testing,
dams and their culled litters were returned to the colony room until the next testing session
(PPD 5). On PPD 5, 10, and 15, the testing procedure for maternal behavior was the same,
excepting that after PPD 1, each dam kept her litter assigned on PPD 1 throughout the entire
study until weaning, and maternal behavior was only recorded for a 15-min period. We
reduced the test time after PPD 1 because we found in pilot studies that group differences
were still apparent with a 15-min test period, and that scoring all sessions for 30 min was
very labor intensive and thus prohibitive. In addition, on PPD 15, IC and IS dams (only)
were injected with cocaine (15 mg/kg) or saline, respectively, after weighing at the
beginning of the 30-min habituation period, as PPD 15 was part of their intermittent
injection schedule. Recorded sessions from PPD 1, 5, and 10 were later analyzed for
frequency, duration, and latency of the following 11 behaviors: nest build (dam manipulates
or moves the paper strips with her mouth or paws), touch—sniff pups (dam touches pups with
her nose or front paws or sniffs them), retrieve 2 pups (dam has carried 2 pups from the
front to the rear of the cage), self-groom (dam grooms herself with her tongue or paws), rest
off-lie on (dam rests away from the pups or lies flat on top of them in a nonfeeding
position), crouch (dam stands over the pups with back arched in the nursing position, legs
stiff and straight, and head lowered), retrieve 6 pups (dam has carried 6 pups from the front
to the rear of the cage), lick pup (dam licks a pup), retrieve 8 pups (dam has carried all 8
pups from the front to the rear of the cage), rear—sniff (dam rears on hind legs and sniffs the
cage or air), and other (any behavior other than those designated).

On PPD 15, some new behaviors were added, some dropped, and others redefined to allow
for the increased size and locomotor ability of pups. Changes included removal of the
standard retrieval measures, and new designations including separate categories for rest off
(dam lies away from pups) and lie on (dam lies flat on top of pups in a nonfeeding position);
an expanded definition of nursing, renamed crouch—feed (dam crouches or she allows
suckling while lying on her side or back); as well as several measures of pup grouping
designated as pups together (first time in session that 8 pups are together in rear of cage) and
group pups (dam picks up at least 1 pup and puts it with another pup). Nest build, touch—
sniff pups, lick pup, rear—sniff, self-groom, and other were defined as they had been for
previous test days. Behaviors on all sessions were mutually exclusive so that only one
behavior could be recorded at a time, and crouching took precedence so that if dams were
simultaneously crouching and licking or crouching and nesting, crouching would be the
recorded behavior.

At the end of each maternal behavior test, dams and their culled litters were returned to the
colony. Dams remained with their pups until weaning on PPD 21. On PPD 22, dams were
killed by decapitation and their brains removed and dissected for an oxytocin
radioimmunoassay (RIA) procedure.

After weaning on PPD 21, offspring were housed in same-sex litters of 4 males and 4
females. One female from each litter was randomly selected at 60 days of age for breeding
and testing for the onset of maternal behavior on PPD 1. Remaining pups from the litters
were used for other behavioral tests at various ages (not reported here). Breeding conditions
were the same as with the original treatment dams except that they received no drug
treatment, were tested with their natural litters, were bred to different males, and were fed ad
libitum. FGDs were assigned group designations based on their prenatal exposure condition
and their rearing dams’ drug treatment (e.g., CCCS indicates that the dam that reared the
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FGD was CC treated but the dam she was born to was treated gestationally with CS; thus,
she was prenatally exposed to saline). FGDs were weighed every 5 days to monitor weight
gain throughout pregnancy.

First-Generation Maternal Behavior Testing

On the day of expected delivery, FGDs were monitored throughout the day until delivery of
their final pup, at which time their natural litters were culled to four males and four females
for maternal behavior testing. Testing procedures for FGDs were essentially the same as for
the original parent dams on PPD 1, except there was no cross-fostering. At the end of the 30-
min behavioral test, dams and their culled litter were returned to the colony until the
following morning (PPD 2), when FGDs were killed by decapitation and their brains were
removed and dissected for an oxytocin RIA procedure.

Brain Dissection

Following decapitation, the whole MPOA, hippocampus, amygdala, and ventral tegmental
area (VTA) regions were dissected on ice, weighed, rapidly frozen, and stored at —80 °C for
later RIA. RIA brain dissection procedures were previously described (Johns et al., 1997).
Brains were coronally sectioned from the ventral side rostral to the optic chiasm
(approximately A7100 um, according to Konig & Klippel, 1963) and just caudal to the optic
chiasm (approximately A5800 xm) to define the preoptic-anterior hypothalamic area.
Vertical cuts inferior to the lines of lateral ventricles and a horizontal cut ventral to the
anterior commissure were made to produce a block section of the MPOA.. The brains were
sectioned once again just caudal to the tuber cinereum (approximately A3800 xm) and
slightly above the cerebellum and the amygdala was removed in this section, the VTA was
dissected from the caudal section by making dorsoventral cuts medial to the optic tracts with
a dorsal cut at the ventral extent of the central gray, and the whole hippocampus was then
removed from the caudal remainder of the brain.

Oxytocin RIA

Brain region tissues were homogenized in cold buffer (19 mM monobasic sodium
phosphate, 81 mM dibasic sodium phosphate, 0.05M NaCl, 0.1% BSA, 0.1% Triton 100,
0.1% sodium azide, pH 7.4) and centrifuged at 3,000 g for 30 min. Oxytocin
immunoreactive content was assayed in the supernatant according to a protocol from
Peninsula Labs (Belmont, CA). Samples and standards (1.0-128.0 pg) were incubated in
duplicate for 16 to 24 hr at 4 °C with rabbit antioxytocin serum. They were then incubated
for 16 to 24 hr at 4 °C with 125I-Oxytocin after which time normal rabbit serum and goat
antirabbit 1gG serum were added and incubated 90 min at room temperature. The 125I-
Oxytocin bound to the antibody complex was separated from free by a 90-min centrifugation
at 4 °C. The radioactivity in the pellet was measured using a LKB CliniGamma counter
(PerkinElmer Wizard 1470-005), which calculates the picogram content of oxytocin in each
sample from the standard curve. The intraassay coefficient of variance (CV) was 4.05%, and
interassay CV was 8.95%. The sensitivity of the assay was approximately 0.5 pg/tube.
Picograms of oxytocin per milligram of tissue were analyzed and compared for differences
between groups using analyses of variance (ANOVAs) followed by post hoc Tukey’s
honestly significant difference (HSD) tests with significance set at p < .05.

Behavioral Data Analyses

Videotaped sessions were scored by two independent observers blind to treatment condition
with inter- and intrareliability set at 95% to 100% concurrence for frequency and latency
and 80% or better for duration of behaviors displayed by the dam, using a computer program
that calculated the frequency, duration, and latency of all relevant behaviors displayed by the
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dams. Behaviors not displayed by the dam were assigned a frequency and duration of 0 and
the highest possible latency (1,800 s for a 30-min test, 900 s for a 15-min test).

Statistical Analyses

Results

Two-factor (Drug Treatment x Litter Prenatal Exposure) between-groups ANOVAs were
used for original dams and first-generation offspring (Prenatal Exposure Condition x
Rearing Dam treatment) on PPD 1. Test durations for PPDs 5, 10, and 15 were only 15 min,
so the data could not be directly compared to PPD 1. Repeated measures ANOVAS were
used for original dams on PPDs 5 and 10 for between- and within-groups differences (Drug
Treatment x Litter Prenatal Exposure). A two-factor between-groups ANOVA (as used for
PPD 1) was also used for PPD 15 data, as the behavioral categories were different from
those on previous test days. We found no systematic group differences based on year of
testing. Tukey HSD tests were used for post hoc analyses, and statistical significance was set
at less than or equal to the .05 level with relevant trends acknowledged in the Results or
Discussion sections. The mean and standard error of the mean for measures of behaviors that
were significantly different or of particular interest are presented in the tables as pup-
directed maternal behavior (crouch, lick pups, nest build) or nonmaternal behaviors (rest
off-lie on, other, rear—sniff, self-groom). Effects on maternal behavior of original dams as a
result of drug treatment across PPDs, effects based on their rearing litter condition (litter
prenatal exposure), and interaction effects (dam treatment by prenatal litter condition) are
presented. Effects on FGD maternal behavior are presented based on prenatal exposure
condition, rearing condition (treatment of rearing dam), and interaction effects (rearing
condition by prenatal exposure condition). Oxytocin data for original dams and FGDs are
presented last. Comparisons for the original dams are divided into subsets of relevant groups
including chronically treated and untreated groups (CC, CS, UN), intermittently treated and
untreated groups (IC, IS, UN), and finally differences between cocaine treated groups only
(CC, IC) where relevant. When possible, references are made to tables for individual post
hoc values with overall F values and general statements of results detailed in text.

Original Dams: Gestational Variables

Gestational weight gain and litter variables for PPD 1 are presented in Table 2. There were
significant effects of dam treatment on gestational weight gain, F(4, 354) = 20.95, p < .01,
and litter birth weight, F(4, 360) = 2.75, p < .03. Lower birth weight litters in the CC, IC,
and CS treated dams were probably the result of both cocaine treatment and slightly fewer
pups (CC, CS) because there were no significant differences between groups in the average
weight per pup.

Original Dams: Dam Treatment Effects

PPD 1—Significant Behavioral Effects—There were significant effects of dam
treatment on the duration of crouching, F(4, 331) = 4.24, p < .01; nest building, F(4, 332) =
4.12, p <.01; and self-grooming, F(4, 333) = 2.65, p < .03; the frequency of nest building,
F(4, 333) = 2.59, p < .04; self-grooming, F(4, 333) = 3.51, p < .01, rear-sniff, F(3, 333) =
2.71, p <.03; and other, F(4, 333) = 2.57, p < .04; and on the latency to begin nest building,
F(4, 333) = 3.28, p < .01. The mean and standard error of the mean are presented for
relevant behaviors for all groups in Table 3.

Chronically treated (CC, CS) and untreated dams (UN): CC treated dams crouched less
(frequency p < .06; duration p < .01) than both CS and UN treated dams and had a longer
duration of (p < .03) and shorter latency (p < .02) to nest building than UN treated dams. CC
treated dams also spent more time performing non-pup-directed behaviors (self-groom,
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other, rear—sniff) than CS and UN treated dams (p < .01) and touched and retrieved pups
later as well nonsignificant (ns).

Intermittently treated (IC, IS) and untreated dams (UN): IC treated dams crouched for a
shorter duration than UN dams (p < .03) but built nests more frequently (p <.01) and longer
(p =.03) than IS and UN treated dams.

Cocaine treated (IC vs. CC) dams: CC treated dams groomed themselves more often (p <.
05) and longer (p < .04) and rear—sniffed more than IC treated dams (p < .02).

PPD 5 and 10 Repeated Measures—Significant Between-Groups and Within-
Group Effects—All mean and standard error of the mean values for categories having
within- or between-groups differences for dam treatment on PPD 5 or 10 are displayed in
Table 4 with significant post hoc values indicated. There were significant between-groups
main effects of dam treatment on the frequency, F(4, 321) = 2.72, p < .05, and latency, F(4,
321) =3.11, p < .05, of nest building, and on the duration, F(4, 321) = 2.77, p < .01, and
latency, F(4, 321) = 2.38, p < .05, of self-grooming on PPD 5. There were also significant
between-groups effects of dam treatment on the frequency, F(4, 321) = 2.72, p < .05, of nest
building and duration of self-grooming, F(4, 321) = 2.77, p < .01, on PPD 10. IC and CS
treated dams tended to nest build sooner and more frequently, whereas the IC treated dams
spent more time grooming themselves (see Table 4).

There was a significant within-group main effect of dam treatment between PPD 5 and 10
on crouch frequency, F(4, 321) = 4.77, p < .01, and duration of self-groom, F(4, 321) =
2.77, p < .05. Untreated and chronically treated groups crouched more often (but for shorter
durations) on PPD 5 than 10, and although activity was generally constant, self-grooming
was increased in intermittent groups on PPD 10 compared with 5.

PPD 15—Significant Behavioral Effects—As shown in Table 5, there were significant
main effects of dam treatment on the duration, F(4, 326) = 6.64, p < .01, of crouching—
feeding; self-grooming, F(4, 326) = 13.49, p < .01; and other, F(4, 326) = 11.00, p < .01; the
latency of crouching—feeding, F(4, 326) = 4.48, p < .01; lick pups, F(4, 326) = 3.25, p < .01;
nest building, F(4, 326) = 6.74, p <.01; and group pups, F(4, 326) = 7.42, p < .01; and the
frequency of nest building, F(4, 326) = 3.48, p < .01; group pups, F(4, 326) = 5.60, p < .01,
rear—sniff, F(4, 326) = 6.22, p < .01; and other, F(4, 326) = 5.47, p < .01. Generally, all
aspects of pup-directed and non-pup-directed behaviors were interrupted (increased activity,
decreased maternal behavior) by IC treatment just prior to testing.

Original Dams: Litter Prenatal Exposure Effects PPD 1—The prenatal exposure
condition of the litter significantly affected the duration of nest building by all dams, F(4,
333) =2.52, p <. 04. Dams that reared pups prenatally exposed to CC and IC spent less and
more time, respectively, nest building compared with dams that reared pups prenatally
exposed to CS (p <.02) and IS (p < .05). Dams that reared CC exposed pups also had a
shorter duration of nest building than dams rearing IC exposed pups (p < .05). Table 6
indicates the mean and standard error of the mean for behaviors on PPD 1 of all dams based
on the prenatal exposure of the litter they reared, regardless of their own drug treatment.
There were also many strong trends that persisted over the entire testing period (PPD 1-15),
indicating that mainly CC, and to a lesser degree 1C exposed pups, received less overall
maternal care (less or later crouching, licking, touching, more resting away from pups) than
offspring from other prenatal exposure conditions.
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Original Dams: Dam Treatment and Litter Prenatal Exposure Interactions—Significant
Behavioral Effects

PPD 1—There was a significant interaction between dam treatment and litter exposure on
the latency to crouch, F(16, 332) = 1.86, p < .02. As shown in Figure 1, CC treated dams
rearing CS or UN exposed pups crouched later than all other chronically treated dams
rearing pups from any prenatal exposure group (p < .05), and CCCS dams crouched later
than all IC treated dams rearing pups from any prenatal exposure condition (p < .05).

PPD 5 to 10—There was a significant interaction of dam treatment and prenatal litter
exposure on within-group lick pup latency, F(16, 321) = 2.27, p < .01. All groups licked
later on PPD 5 than 10 except CCCS, UNCC, UNCS, ICIS, and UNIC treatment groups (p
<.05).

PPD 15—There were no significant interaction effects on pup-directed maternal behaviors
on PPD 15. Differences between treatment groups on activity and non-pup-directed
behaviors are reflective of dam treatment effects.

FGDs: Gestational Variables

There was a significant effect of rearing condition on gestational weight gain only, F(4, 261)
=3.162, p <.02; see Table 7). IC reared dams gained the most weight over gestation.

FGDs: Rearing Dam Treatment Effects PPD 1—Significant Behavioral Effects

There was a significant main effect of rearing condition on the frequency of other behaviors,
F(4, 262) = 2.72, p < .03, as shown in Table 8. FGDs reared by CC treated dams performed
other behaviors less frequently than CS reared dams (p < .01) and had an almost
significantly lower frequency of crouching, F(4, 260) = 2.32, p = .06, than UN or CS reared
dams (see Figure 2 and Table 8).

FGDs: Prenatal Exposure Effects PPD 1—Significant Behavioral Effects

As shown in Table 8, there were significant effects of prenatal exposure on the latency to
retrieve all 8 pups, F(4, 262) = 3.25, p < .01, and the duration of rest away-lie on pups, F(4,
264) = 2.79, p < .01. CC exposed dams took longer to retrieve all 8 pups than CS, IC (p <.
01, both), and UN (ns) exposed FGDs and spent more time resting away from pups or lying
flat on top of pups than did CS, UN (p < .01, both), or IC (p < .04) exposed dams.

FGDs: Rearing Dam Treatment and Prenatal Exposure Interactions PPD 1—Significant
Behavioral Effects

There was a significant interaction effect (see Figure 3) on the latency to touch—sniff pups,
F(16, 262) = 1.86, p < .02. FGDs with no prenatal drug exposure that were reared by CC
treated dams (CCUN) touched pups later (p < .05) than other dams reared by CS or UN
treated dams with pups from other prenatal exposure conditions and than any other CC or IC
reared dams from any relevant prenatal exposure condition (p < .05).

Original Dams: Oxytocin Levels PPD 22

There were no significant effects of dam treatment on oxytocin levels in the amygdala,
MPOA, VTA, or hippocampus, nor were there significant effects of prenatal pup exposure
condition on the oxytocin levels in amygdala, VTA, or hippocampus. Of interest, IC and CC
treated dams had trends of less oxytocin in the MPOA (p < .15) than UN treated dams, and
all dams rearing UN pups had more oxytocin in the MPOA (p < .16).
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FGDs: Oxytocin Levels PPD 2

There were significantly higher oxytocin levels (pg/mg) in the MPOA of FGDs reared by
CC treated mothers, F(4, 16) = 2.50, p < .04, than offspring reared by UN and CS (p < .01)
treated dams (see Figure 4).

Discussion

The findings of this study support our first hypotheses, as CC and IC drug treatment both
disrupted the onset of maternal behavior, with CC treatment having a stronger and even
more widespread effect than we expected compared with IC treatment, which diminished
over the postpartum period, except when IC dams had cocaine in their system at the time of
testing (PPD 15). This was supported by the data as well, because the most robust effects on
pup-directed behavior (other than IC on PPD 15) were on PPD 1, whereas later effects were
restricted to primarily activity-associated behaviors. The disruptive effects of CC treatment
on PPD 1, regardless of litter prenatal exposure, are similar to those previously reported with
CC treated dams rearing only surrogate offspring (Johns, Noonan, et al., 1994). Delays in
nest building, as we measured it, were also previously reported for CC treated dams (Johns,
Noonan, et al., 1994) on PPD 1. In the present study, the opposite effect was found.
Measurement of nest quality might have been more helpful in interpreting whether longer
periods of nest building on PPD 1 were indicative of increased general activity or more
applied maternal behavior. In addition to decreased crouching, which we consistently find in
CC treated dams, there were also nonsignificant trends for them to touch pups later, to rest
away from or lie flat on pups longer, and to lick pups later than other dams, indicating a
general disruption of pup-directed behavior on PPD 1 with primarily trends continuing into
PPD 5. The increase in activity of CC treated dams on PPD 1 in this study has not been
previously reported, and they did not have cocaine in their system at testing.

The IC treated dams had fewer effects overall than expected, until the complete disruption of
maternal behavior on PPD 15, similar to that shown when acutely treated rat dams have
cocaine present in their system during testing. IC effects on maternal behavior on PPD 15
were greater than those seen following a single acute dose of cocaine, suggesting that
continuous IC treatment across gestation and the postpartum period did increase the
magnitude of impairment (Johns, Noonan, et al., 1994; Vernotica et al., 1996; Zimmerberg
& Gray, 1992). IC treated dams also exhibited increased activity across the postpartum
period unlike other dams.

In addition to the expected main effects of drug treatment on maternal behavior, there were
effects and consistent trends across the postpartum period as a function of rearing litter
prenatal exposure, though yearly variability likely precluded some effects from being
statistically significant over the 4-year period. CC exposed pups were expected to produce
the most significant litter effects, particularly when reared by cocaine treated dams, but of
interest and importance, we found a pattern of differential treatment of pups prenatally
exposed to cocaine by all dams regardless of their treatment condition. Consistent trends,
some quite strong (p < .06-.07) were found, indicating impaired or delayed nesting; less
crouching, licking, touching of pups; and more time spent resting away or laying flat on
pups. In our subjects, the behavior of laying flat on the pups did not appear to stimulate
nursing, although others may disagree (Stern & Johnson, 1989).

Rat pups prenatally exposed to cocaine at different ages differ in their stress responsivity,
response to tactile stimuli (Johns, Knapp, & Noonan, 1994), and ability to elicit play
solicitations from an untreated conspecific (Johns & Noonan, 1995; Overstreet et al., 2000);
have play deficits (Wood, Bannoura, & Johanson, 1994; Wood, Molina, Wagner, & Spear,
1995); and exhibit abnormal social-aggressive behavior when older (Johns, Knapp, &
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Noonan, 1994; Johns, Means, et al., 1994; Overstreet et al., 2000). These data, taken
together, suggest that behavior and physical attributes of drug exposed offspring may make
them more vulnerable to neglect or even abusive behavior. Preliminary data in humans
suggest that premature babies or babies with low birth weight are physically unattractive and
emit disturbing high-pitched, arrhythmic cries, leaving them more susceptible to abuse and
neglect (Belsky, 1993; Brunk & Henggeler, 1984). We regard this issue of characteristics of
offspring that may lead to poorer social outcomes as very important.

Similarly to what has been reported in CC treated dams rearing surrogate pups, in this study,
CC treated dams rearing CS or UN exposed pups began crouching later than other dams
(Johns, Noonan, et al., 1994; Johns, Means, et al., 1994; Johns, Noonan, et al., 1998; Kinsley
etal., 1994; Vernotica et al., 1996). A previous study reported that maternal behavior (pup
retrieval, nesting behavior, or time with pups) of CC treated dams did not differ between
groups rearing their own biological offspring or fostered offspring when they were tested for
established maternal behavior (Heyser et al., 1992). The main effects of drug treatment
reported here, regardless of prenatal exposure of the litter, support these findings, although
again, all dams were less attentive to the CC exposed offspring overall.

The CS and IS control groups were for the most part similar to UN dams, although there
were, as expected, some behavioral differences, particularly in the CS dams. Behavioral
differences between saline treated and UN dams probably result both from the pair feeding
procedure used to control for food intake and/or the stress response of the mother to either
injections or food restriction as previously suggested (Lubin, Meter, Walker, & Johns, 2001;
Spear et al., 2002; Tonkiss, Shumsky, Shultz, Almeida, & Galler, 1995). These differences,
although often not significant, suggest that changes in behavior probably result both from
the environmental stress (food, injections, litter) and direct effects of cocaine.

We hypothesized that there would be intergenerational effects on maternal behavior in the
next-generation dams, largely resulting from prenatal exposure to cocaine but also
influenced by the treatment of dams who reared them. Our hypotheses were supported in
that we did find both rearing and prenatal effects on the onset of maternal behavior, with
more significant effects in the FGDs prenatally exposed to CC. It must be noted that IC
reared FGDs were exposed to cocaine in their dam’s milk on the days IC dams were treated,
and the biological or metabolic effects of postpartum cocaine exposure in these dams may
have had their own effects.

Prenatal exposure effects of cocaine in FGDs were different from effects of rearing
condition in several ways. Retrieval and time spent away from pups were altered in the CC
exposed dams, and both IC and CC exposed dams had shorter (ns) durations of crouching,
touched pups less, nest built less, and were more active than other FGDs. These effects are
somewhat reminiscent of the CC treated dams in terms of activity and crouching, but to a
much less extensive degree. Alternatively, rearing by CC treated dams disrupted frequency
but not duration of crouching in FGDs, regardless of their prenatal exposure condition, and
decreased general activity. They also exhibited trends to touch, crouch, and lick pups later
and rest away from pups more than other FGDs from different rearing conditions. Figure 2
illustrates the striking similarity of crouch frequency between FGDs and their rearing dam
regardless of prenatal exposure, except for IC reared dams, perhaps because of postpartum
exposure to cocaine in the milk, which is an interesting possibility. Again, the effects of both
prenatal and rearing condition in FGDs on crouching emphasize the consistent effects of
cocaine on different aspects of nursing in both generations.
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We thought that interactions in FGDs would be most evident in CCCC or CCIC dams;
however, the CCUN dams touched their own natural pups later than CS or UN reared dams,
suggesting a stronger rearing effect on this behavior than the prenatal exposure effect.

With regard to oxytocin system dynamics, we predicted that if IC or CC treatment in
original parent dams resulted in long-term changes in maternal behavior over the postpartum
period, oxytocin levels in the MPOA might still be compromised to a degree, given the
strong relationship between oxytocin levels, maternal behavior, and social behavior.
Although oxytocin is not thought to play an essential role in maintenance of maternal
behavior, it could still impact pup-directed motivational behavior. As there were mainly
diminishing trends in maternal behavior after PPD 5 in CC and IC treated dams (except IC
dams on PPD 15), so there was a nonsignificant decrease in oxytocin in the MPOA as far
out as PPD 22, one day following weaning. More interesting, perhaps, is the trend for all
dams that reared UN exposed pups to have slightly more oxytocin in their MPOA on PPD
22. These findings leave open the question of a continuing, if less important, role of
oxytocin in sustained maternal behavior, which may be affected by quality of maternal pup
interactions.

Our finding of higher levels of oxytocin in the MPOA of CC and to a lesser extent IC reared
next-generation dams was not predicted, as we expected that disrupted maternal behavior in
these dams might be correlated with lower levels of oxytocin in this region as was
previously seen in CC treated dams. In trying to reconcile these findings, we examined
maternal separation studies (Boccia & Pedersen, 2001; Champagne, Diorio, Sharma, &
Meaney, 2001; Francis et al., 1999; Rees & Fleming, 2001), particularly those that have
found oxytocin system dynamics altered in offspring based on the licking and crouching
behavior of their rearing dams (Pedersen & Boccia, 2002). While CC reared FGDs crouched
less frequently, crouch duration, which is often measured in separation studies, was not
altered in this group, and the specific subgroups with the CC reared FGDs that displayed
longer crouch durations actually had higher oxytocin levels, which could be driving the
overall differences. Likewise, licking, though not significantly altered in CC treated dams as
it is in dams with cocaine in their system at the time of testing (PPD 15), has also been
associated with higher levels of oxytocin. In the current study, licking was also increased in
some of the IC reared subgroups that had higher oxytocin levels; thus, the IC and CC reared
FGDs that had longer durations of licking and crouching, respectively, actually had higher
levels of oxytocin, which is not inconsistent with the separation literature. It is possible that
oxytocin system changes are closely tied to specific aspects of particular behaviors
(duration, not frequency) and not others.

In addition, this and other recent studies lead us to speculate that we could be seeing an
oxytocin rebound response in CC reared offspring associated with pup related stimuli.
Although there are few significant effects on maternal behavior related to rearing by cocaine
treated dams, it is possible that the oxytocin system in these dams, which may be
compromised, is perhaps overcompensating in response to pups. Because reduced oxytocin
receptor levels in CC reared FGDs would be predicted by the Pedersen model (Boccia &
Pedersen, 2001), it will be interesting to see how our future findings fit with this model.

Any study involving the complex design of the present report necessarily has limitations.
The potential problems of cross fostering (Francis et al., 1999) were hopefully offset in the
present study by ensuring that dams received litters from every other dam, at least matching
for fostering effects. It would also have been nice to avoid yearly variability by doing the
study in a shorter time period, but that was practically impossible. Although the FGDs were
only tested for onset of maternal behavior, had we continued to examine mother—pup
interactions over the PP period we might have found additional interesting results—but
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again, the magnitude of the project was such that this could not be done as additional tests
were done on other offspring.

Finally, several conclusions may be drawn from this study including the following: (a) that
chronic cocaine treatment and intermittent cocaine treatment both alter primarily the onset
of maternal behavior in rat dams (when cocaine is not in their system) and that chronic
treatment generally has the more disruptive effect initially, diminishing across the
postpartum period, but when cocaine is in the system, maternal behavior is, as expected,
severely impaired regardless of litter prenatal exposure condition; (b) that there are
intergenerational effects of cocaine on the onset of maternal behavior in FGDs attributable
in some instances to prenatal exposure or to rearing condition and/or the interaction of these
two factors, but all to a much lesser degree than that seen in their cocaine treated dams; (c)
that generally, prenatal exposure to CC increases the chances that a litter will be treated
differentially; and (d) that oxytocin is increased rather than decreased in the MPOA of CC
reared FGDs, in an opposite manner as found in their CC treated dams.

The fact that despite the cocaine treatments, the drug treated dams performed in a manner
that was somewhat adequate, if impaired, maternal behavior with diminishing effects
highlights the robust nature of maternal behavior in rats. Yet, although the rearing effects
were not particularly robust effects, they may likely impact other types of offspring behavior
(other than maternal), particularly in combination with effects of prenatal exposure to
cocaine at different developmental time points. Given the relatively milder effects in the rat
dams compared with effects reported in the human population, these findings indicate that in
humans, factors such as polydrug abuse and environment probably play a larger role in
cocaine’s effects and that future animal studies focusing on the interaction of stress,
environment, and relevant polydrug abuse models may be very informative. One important
common finding in this and other intergenerational studies (cocaine, maternal separation) is
that there is some transfer of behavior resulting from altered maternal care, which manifests
itself in the next generation, suggesting a decreased flexibility in behavior, whether the
result of the stress of separation or neglect induced by drugs, that impacts future generations.
Given the potential impact of these findings, future studies in our lab will focus on questions
of specific characteristics of offspring that may enhance neglect, polydrug models, and
vulnerability of next-generation offspring to drug abuse.
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Figure 1.

Least squares means (LSM; + SEM) of latency to crouch in original dams on Postpartum
Day 1. Dam treatment and litter prenatal conditions are described on the x-axis, with the first
two letters of each group representing the drug treatment condition and the second two
letters of each group representing the prenatal exposure of the dams’ litter. Group
designations are as follows: CC = chronic cocaine; CS = chronic saline; IC = intermittent
cocaine; IS = intermittent saline; UN = no treatment. Asterisks indicate that dams treated
with CC crouched over CS or UN exposed pups later in the session than any other group (p
<.05).
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Figure 2.

Least squares means (+ SEM) of the frequency of crouching for original and first-generation
dams (FGDs) on Postpartum Day 1. Designations on the x-axis indicate drug treatment of
original dams and, consequently, the rearing dams’ condition for FGDs. Treatment included
chronic cocaine (CC), chronic saline (CS), intermittent cocaine (IC), intermittent saline (1S),
or no treatment (UN) throughout gestation (Gestation Days 1-20). Solid lines with solid
circles represent original dam frequency, whereas gray lines with open triangles represent
FGDs. CC treated dams and FGDs reared by CC treated dams both crouch less frequently (p
< .06, ns) than UN treated dams and FGDs reared by UN dams.
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Figure 3.

Least squares means (LSM; + SEM) of latency to touch—sniff in first-generation dams
(FGDs) on Postpartum Day 1. Rearing and prenatal conditions are described on the x-axis,
with the first two letters of each group representing the rearing dam condition and the
second two letters of each group representing the prenatal exposure condition of the FGDs.
Group designations are as follows: CC = chronic cocaine; CS = chronic saline; IC =
intermittent cocaine; IS = intermittent saline; UN = no treatment. The asterisk indicates that
the CC reared dams, prenatally exposed to no drug treatment (CCUN), touched their natural
untreated pups later in the session than any other group (p < .05).
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Figure 4.
Least squares means (= SEM) of oxytocin levels in the medial preoptic area in first-

generation dams (FGDs) based on rearing condition on Postpartum Day 2. Rearing dam
treatment of FGDs is indicated on the x-axis. The asterisk indicates that FGDs, regardless of
their prenatal exposure condition, that were reared by CC treated dams had higher oxytocin
levels in the MPOA than any FGDs reared by CS treated dams (p <.01).
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Table 2

Maternal Litter Data for Original Dam Treatment Groups

Dam gestational treatment

Number of dams

Gestational weight gain (g)

Whole litter weight (g)

Number of pups

cC
CS
UN
IC
IS

67
71
81
70
7

134.8 +2.6UC
1323+25U
157.7+24
1474 +255sU
1544+24

86.3+2.0u
85.3+1.9u
91.5+138
89.6+1.9
92.3+138

143+04
135+0.3
145+03
144+03
146+0.3

Page 22

Note. Means with capitalized letters differ at p < 0.01 while lowercase letters differ at p < 0.05. Different letters indicate differences as follows:
S(s) indicates groups significantly different from respective saline control, U(u) indicate groups significantly different from UN treated dams, and

C(c) indicates significant difference between cocaine treated groups (CC and IC).
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Table 7

FGD Maternal Gestation and Litter Data Based on Rearing Condition
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Dam rearing condition

Number of dams

Gestational weight gain (g)

Whole litter weight (g)

Number of pups

cC
CS
UN
IC
IS

48
57
67
57
64

1411 +52
134547
145545
157.7+ 4.8 Sc
146.6 4.5

95326
87.2+24
91.5+23
93.9+24
93.4+23

145+04
135+04
140+04
146+04
148+0.4

Note. Uppercase S(s) indicates significant difference from chronic saline treated group at the P < 0.01 level. Lowercase C(c) indicates significant

difference from chronic cocaine group (CC) at the P < 0.05 level.
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