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Abstract

Estimates are that as many as 44,000 humans are exposed to cocaine in utero per year. In this study we examined the effects of prenatal

cocaine exposure on one aspect of the mother± infant relationship in mice, infant ultrasonic calls. We mated C57BL/10J female mice with

males of three different inbred strains (producing pups of three different F1 genotypes). We injected those females, subcutaneously, with

saline or 20 mg/kg of cocaine hydrochloride on days 7±17 of gestation. That dosage did not compromise mother or pup viability, weight, or

gestation length. On postnatal days 2±4, we recorded and measured the calls of pups while they were separated from their nest and slightly

chilled. The results indicate changes in the ultrasonic calls as a function of cocaine and genotype. Overall, cocaine reduced the number of

calls and increased the beginning pitch of calls. Pups of one genotype, a C57BL/10J� SJL/J hybrid were unaffected by cocaine exposure.

The effects of cocaine, though reliable, were small, explaining only 1±2% of the total sum of squares. The size of the effect is in part due to

the differential effect of cocaine on different genotypes. D 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction

1.1. The effects of prenatal cocaine exposure

Though recent reports suggest that cocaine use has

declined nationwide, the drug is still used by thousands of

people. Recent national statistics indicate that substance

abuse is declining in adult men, but that trend is not seen

in young women and usage in that group increased slightly

[20,25]. The results of the National Pregnancy and Health

Survey of women who delivered babies born between

October 1992 and August 1993 in the United States were

used to estimate the numbers of women who used illicit

drugs, including cocaine, during pregnancy. Those estimates

are that of the 4,000,000 women who deliver live born

children annually, approximately 5.5% or 220,000 women

will have used some illicit drug during pregnancy. Approxi-

mately 20% of this illicit drug use will be with cocaine [26].

This means that approximately 1.1% of 4,000,000 or 44,000

women per year are projected to be delivering babies that

have been prenatally exposed to cocaine.

In initial studies, it appeared that prenatal cocaine

exposure produced significant effects on newborn and

infant humans. Both physical and behavioral consequences

were observed in the exposed offspring. For example, the

exposed fetuses showed serious physical consequences

including neurologic problems, growth retardation, and

microcephaly [12]. Behavioral consequences have been

grouped into disorders of attention, arousal, affect, and

action [22]. Early studies showed disorders of all categories

including: the depression of interactive behavior, sleep

pattern disturbance, tremor, lowered spontaneous activity,

catatonic-like states, increased irritability, aggressive beha-

vior, and altered organizational responses to environmental

stimuli [3,4,21,29,33,37]. Recently, however, the initial

rush to judgment has been questioned as better-controlled

studies have yielded much subtler effects. Perhaps, as

suggested by Spear et al. [35], the developing nervous

system is remarkably plastic and can compensate to early

assaults in early life. There may be a cost of such com-

pensation in later life, however.

The precise nature of the effects and the mechanisms of

effects in humans are uncertain. Consequently, it has proven
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helpful to develop animal models in which the effects of

prenatal cocaine on the offspring and its mechanism of

action can be studied without the confounds associated with

research on humans, for example: malnutrition, other drugs,

and ill health. Changes in mother±pup interactions [32],

open field activity and cognitive function [19,34], and

changes in aggressive behavior in rats [18] and mice [13]

have all been demonstrated using animal models of prenatal

cocaine exposure.

Although it is clear that prenatal cocaine exerts effects

on the exposed offspring, the effects appear to be small.

The small effects could be produced in at least two ways.

It may be that cocaine produces small and consistent

effects across individuals that result in small mean differ-

ences between drug-exposed and control groups. It is also

possible that the effects of the drug are inconsistent Ð

large in some individuals but small in others. In that case,

averaging across individuals, the prenatal effects of

cocaine would also be small. One factor that might

contribute to large individual differences in the action of

prenatal cocaine is genotype. Genotype has been shown to

play an important role in the response of an animal to a

drug treatment (for example, see Ref. [7]) and recent

behavioral and neurochemical studies using animal models

have begun to clarify the role that genes play in the

etiology of individual differences in susceptibility to

cocaine administration. For example, one laboratory [23]

showed that genetic factors influence changes in sensitivity

to the convulsant properties of cocaine following chronic

treatment. In four inbred strains of mice (BALB/cJ, DBA/

2J, C57BL/10J, and SJL/J) only the SJL/J strain animals

were highly resistant to convulsions induced by acute

injections of cocaine and after chronic exposure only the

SJL/J animals showed no tolerance to chronic administra-

tion of the drug.

To date, most animal studies of the behavioral effects of

prenatal cocaine have involved sensory-motor development,

attention, learning, and other behaviors that are measured in

individual animals. These behaviors fall in the categories of

attention and action described by Lester [22]. Few studies

have examined the role of cocaine on behaviors enriched by

the addition of another animal, social behaviors. Social

behaviors fit into the arousal and especially affect categories

described by Lester. The importance of social behaviors

cannot be underestimated for as forcefully argued by Scott

`̀ . . .almost all behavior that is exhibited by the members of

highly social species. . .is expressed within social relation-

ships'' [31, pp. 327±328].

1.2. The role of ultrasonic calls in the mother±infant

relationship of mice

In mice, auditory signals produced by pups play an

important role in the regulation of the mother± infant

relationship [11]. The roles of three such signals have been

studied. Low frequency calls (below 10 kHz) are sometimes

called `̀ wriggling calls,'' and are emitted while pups strug-

gle in the nest and push to attach to teats. Mothers respond

by licking the pups and by nest building [9]. Broad-

spectrum vocalizations (4±40 kHz), perceived as squeaks

by humans, include both sonic and ultrasonic components

and are elicited by rough parental handling [11]. Pure

ultrasonic calls (above 20 kHz) are produced when pups

are isolated [11], chilled [15,16], or receive tactile stimula-

tion that might correspond to falling [27]. Ultrasonic calls

produced by pups reliably elicit maternal retrieval [5,11] and

mothers search for pups when the cues available are from

actual pups or from virtual pups, that is, calls produced

electronically [10].

Individual mice vary in the number of ultrasonic calls

they emit per unit of time (rate of calling) and calls vary in

length and frequency characteristics. These differences

may alter maternal responses [1]. The rate of calling

may be the important characteristic in eliciting search

and retrieval by adults and call length and call frequency

characteristics may carry information about individual

identity and the age and sex of the caller [14]. Call length

and frequency characteristics must be within certain limits

for the calls to be effective in eliciting searching and

retrieval [8,19].

Ultrasonic call characteristics have been shown to

change as a function of age, genotype, and experimental

treatment. For example, the rate of calling follows a shallow

inverted U-shaped function across ages from birth through

about 12 days of age [16,30]. Calls become shorter and call

frequency characteristics increase across those same ages

[16,30]. As shown early on [1] and more recently [14,15],

pups of different inbred strains of mice differ in the rate,

length, and frequency characteristics of calls they produce.

One investigator [27,28] has shown that cooling and tactile

stimulation produce different patterns of call characteristics

across ages.

1.3. Statement of the problem

There are still numbers of newborn human infants likely

exposed to cocaine in utero. It remains important to

catalog and characterize the effects of prenatal cocaine

exposure on the behavior of infants, especially social

behaviors. The effects of cocaine on the behavior of

infants and thus the mother±infant relationship can be

modeled in the mouse. Since genotype is known to

modulate the effects of numerous pharmacological agents,

it may modulate the effects of prenatal cocaine on a social

behavior of infant mice.

The objectives of the current study are twofold. First, we

set out to examine the influence of cocaine on a central

component of the mother±infant relationship in mice, the

ultrasonic calls of infant mice in their early postnatal days.

Second, we set out to examine the role of genotype as a

factor modulating the effects of cocaine on the behavior of

young mice.
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2. Methods

2.1. Subjects

The subjects of this study were 317 male and female

mouse pups from 48 litters. The pups were the F1 progeny

of a cross between C57BL/10J females and a male from one

of three inbred strains: BALB/cJ, DBA/2J, or SJL/J. We

chose these four strains for their divergent origins [36] that

may increase the generality of any findings and because we

have an extensive database on the ultrasonic calls of these

strains [14±16]. One half of the litters was exposed to

cocaine prenatally.

All mice were born and raised in the colony rooms of the

animal facility of the Department of Biology of William

Paterson University and were maintained in transparent

colony cages with stainless steel tops. The cages were

30� 20� 15 cm in dimension. All mice were fed a diet

of Agway RMH 3000 animal chow. Food and tap water

were available at all times. The colony was maintained on a

12:12 h, light/dark cycle with lights on at 0800 h. The

animal facilities at William Paterson are maintained to the

standards for animal care issued by the USDA and NIH.

2.2. Procedures for breeding and injecting

The breeding and injection procedures were the same as

those reported by Hahn et al. [13] and are summarized

below. Pairs of mice, a C57BL/10J female and a male of

either the BALB/cJ, DBA/2J, or SJL/J strain, were placed in

a standard cage late in the afternoon and remained there

until the next morning (a total time of about 17 h). At that

time, females were weighed, checked for the presence of a

vaginal plug and placed alone in a standard colony cage.

One week later, they were weighed again and when weight

gain confirmed pregnancy, the females were randomly

assigned to the control (saline) or drug (cocaine) conditions.

Injections of 20 mg/kg of cocaine hydrochloride or saline

were administered daily by subcutaneous injection starting

on Day 7 (Day 0 of gestation was the morning after pairing

with a male) of gestation and continuing through Day 17. In

order to maintain the concentration of cocaine across

animals of different weights, the cocaine was injected in a

volume that varied as a function of body weight (injection

volume in microliters = two times the body weight in

grams). The injection site was systematically varied over

the entire back of each animal to minimize local tissue

necrosis in animals of the drug-treated group. This proce-

dure followed an earlier protocol from our laboratory [2]

that was based on extensive testing of various dosages of

cocaine, and it models a pattern of repeated drug use in

humans. Further, this protocol (without the systematic under

nutrition for all animals, associated with pair feeding) has

consistently resulted in no differences in weight gain in

mothers, differences in gestational length, litter sizes, or pup

weights when comparing control and drug-treated females.

Pregnant females were checked daily for a new litter at 0830

h. After birth and through the days of testing, pups remained

with their birth mothers. Only litters of four to eight pups

were employed in this study.

2.3. Ultrasound recording and analysis equipment

We recorded the ultrasonic vocalizations of mouse pups

using a Bruel and Kjaer (B & K) Type 4135, 1/4 in. (6.4

mm) microphone, a B & K Type 2619T preamplifier, a B &

K Type 2606 measuring amplifier, and a Teac instrumenta-

tion tape recorder. Using high quality videocassette tapes

and a recording speed of 76 cm/s, we obtained a frequency

response on taping of 150 Hz to 150 kHz.

We measured the characteristics of ultrasonic vocaliza-

tions using a Kay Elemetrics 5500 Digital Sonagraph sound

spectrum analyzer. Playback of tapes at 9.5 cm/s (1/8

recording speed) allowed analysis within the frequency

capacity of the Kay Sonagraph.

2.4. Ultrasound recording procedure

We followed the basic recording procedures that we have

used previously [15,16]. At about 0830h each day, the cage

of each breeding female was checked for the birth of a new

litter (the day the litter was found = 0 days of age). The pups

were counted and the litters were culled to eight pups when

necessary. Only litters of four to eight pups were used in this

study and pups remained with their mother throughout the

study period.

At the time of testing, the entire litter was removed from

the nest and placed into a 250-ml plastic beaker at air

temperature (about 21°C). One at a time, the pups were

removed from the beaker without regard to order, identified,

and placed into the recording chamber. After recording on the

first day, each pup was marked for permanent identification.

Each pup was placed individually on a cotton pad inside

an aluminum weighing dish atop about 100 ml of ice in a

250-ml beaker. The surface of the cotton pad was main-

tained at between 10°C and 11°C. The beaker was placed in

a dark, sound-attenuated chamber where the air temperature

was about 21°C, and the B & K microphone was located

above the beaker about 5 cm away. Recording began

immediately and continued for 20 s (about 1500 cm of

tape). Each pup was recorded individually in that cool,

isolated environment on ages 2±4 days. By always using

two experimenters, the out of nest time was minimized for

all pups. The time of testing for an entire litter, which

included the identification and sound recording of each pup,

varied from about 2 min (four pup litters) to about 4 min

(eight pup litters). During that litter testing time, each pup

spent the majority of its time with its littermates in the 250-

ml beaker, about 5 s in the hand of an experimenter and 20 s

on the cotton pad in the recording chamber. The cotton pad

and aluminum dish were changed after each litter tested.

After we had recorded each pup, the entire litter was
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returned as a unit to the nest of the home cage. All

recordings were carried out between 1000 and 1500 h.

2.5. Sonagraphic analysis

We analyzed the calls of each mouse with two tape

passes. On the first pass, we counted the total number of

ultrasonic vocalizations by identifying and counting the

calls as they scrolled by on the screen of the Sonagraph.

On the second pass, we `̀ froze'' each call and measured the

frequency and length characteristics of the first five calls. To

obtain a value for each mouse on each day, we averaged the

values of five calls. In the rare cases when there were fewer

than five calls, we averaged those present.

The characteristics we measured were:

1. rate of calling (calls/second for 20 s),

2. length of calls,

3. beginning frequency of calls,

4. ending frequency of calls,

5. highest frequency of calls, and

6. lowest frequency of calls.

3. Results

3.1. Mother and pup health

In order to assess the basic health of mothers and their

pups treated with cocaine, we compared them to saline

controls, using the following four indices: maternal weight

gain during pregnancy, the gestational age of the litters born,

the number of pups born per litter, and the weight of entire

litters at birth. The means and standard errors are shown in

Table 1. An inspection of the table indicates that the cocaine

treatment produced no differences in maternal or pup health

and viability. A 2� 3 (condition� F1 genotype) analysis of

variance confirmed the appearance, as with the P level set at

.05, we found no significant differences for any of the

indices as a function of the control/cocaine grouping.

3.2. Ultrasonic calls

The data analysis strategy we adopted for ultrasonic calls

was a complete examination including the effects of days,

sex, drug treatment, and genotype on all call characteristics.

This analysis included a description of the between and

within litter sums of squares, appropriate in an examination

of the effects of a drug and because the characteristics of the

calls may allow for individual, sex, or age recognition by an

adult mouse. The final set of analyses are in line with

current thinking that the use of litter means provides the best

test of a substance in a study of behavioral teratology.

Fig. 1 illustrates a sample set of results, the mean rates of

calling of infant mice as a function of their genotype and

drug treatment condition on Days 2, 3, and 4 of age. Male

and female pups were pooled for this figure. The data of Fig.

1 show mean rates of calling that appear to differ as a

function of genotype and treatment at each of the three ages

tested. BALB/cJ and DBA/2J F1 pups exhibit a similar rate

of calling and both appear to produce more calls than SJL/J

F1 pups. Cocaine treatment appears to suppress the rate of

ultrasonic calling in BALB/cJ and DBA/2J F1 groups but

not SJL/J F1 pups. Table 2 contains the means and standard

errors of the mean (S.E.M.) for all the measures of ultra-

sonic calls. Substantial differences are apparent among the

F1 pups of the three genotypes. SJL F1 pups make fewer

calls, the calls are higher in frequency and shorter than those

of the BALB or DBA F1 pups. Cocaine appears to increase

the frequency characteristics of calls in the BALB and DBA

F1 pups and may lower the frequency characteristics of calls

produced by SJL F1 pups. Cocaine does not appear to alter

the length of calls in any systematic manner.

To test these apparent differences, we completed a

2� 3� 2 (condition� F1 genotype� sex) repeated over

Table 1

Means, standard errors, and ranges of mother and pup characteristics following control or prenatal cocaine treatment

BALB/c F1 DBA/2 F1 SJL F1

Health measure Saline, n = 9 Cocaine, n = 7 Saline, n = 10 Cocaine, n = 11 Saline, n = 5 Cocaine, n = 6

Maternal weight gain (g) 19.05 19.73 17.02 16.24 18.06 17.83

1.10 0.50 1.01 0.31 1.11 1.17

15.3±24.3 18.1±21.7 12.1± 22.3 14.5± 17.7 15.7± 21.7 13.8± 20.7

Gestational age (days) 19.0 18.4 18.4 18.3 18.4 18.7

0.0 0.2 0.2 0.1 0.2 0.2

19 18± 19 18± 19 18± 19 18± 19 18± 19

Pups per littera 7.4 8.6 6.7 6.4 6.8 6.3

0.5 0.5 0.7 0.3 1.0 0.7

6± 10 7± 11 4 ±11 5 ± 8 5 ± 8 4 ± 8

Weight of entire littera (g) 11.58 11.53 9.57 9.22 10.33 9.89

0.76 0.45 0.94 0.33 1.40 0.76

9.1± 15.7 9.9± 13.3 6.0± 15.7 7.4± 11.2 8.1± 11.5 7.5± 12.3

The number of litters of each F1 type and condition is listed (total litters = 48).
a Prior to culling litters to eight pups maximum.
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three ages (repeated measure) analysis of variance on each

call characteristic. That analysis revealed no sex effects nor

effects of sex interacting with any of the other factors on any

of the call characteristics. Not unexpectedly, the repeated

measure, age, produced a significant effect on rate

( F = 19.57, df = 2/258, P < .0001), beginning frequency

( F = 31.98, df = 2/212, P < .0001), ending frequency

( F = 3.05, df = 2/212, P < .05), highest frequency

( F = 80.03, df = 2/212, P < .0001), and lowest frequency

( F = 4.69, df = 2/212, P < .02). Call length was not affected

by age ( F = 1.94, df = 2/212, P > .05). Given the significant

effect of age on all variables except call length, we com-

pleted the between subjects analyses on each age separately.

The results of those analyses using the model: condition,

genotype, and the interaction between the two are shown in

Table 3. The total degrees of freedom for each analysis is the

total number of pups measured at that age, minus one. An

overview of the table indicates that the model containing

condition, genotype, and the interaction explained only a

modest portion of the total variance in call characteristics of

pups. R2's ranged between .096 and .185.

The classification genotype produced a significant dif-

ference in every call characteristic at each age. Of the

between litter effects, genotype accounted for the majority

of the total sums of squares in each case. Classifying pups

by condition produced a significant difference in two call

characteristics: the rate of calling at ages 2, 3, and 4, and

the beginning frequency of calls at age 2 days. Condition

and genotype interacted on the measures: beginning, high-

est, and lowest frequency in pups aged 2 days, but not on

the rate of calling that might have been expected after

looking at Fig. 1. In each case, the percent of the total sum

of squares attributable to cocaine or the interaction of

genotype and condition was less than 5%. As shown by

the means in Table 2, the interactions between genotype

and condition were primarily due to pups of SJL fathers

Fig. 1. Mean rates of calling ( � S.E.M.) of infant mice at ages 2 ±4 days as a function of drug treatment and genotype. The calls of males and females

are pooled.
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who reversed the effects of cocaine compared to the other

two genotypes.

This first set of analyses demonstrated strong genetic

effects, very modest effects of cocaine, and on some

measures an interaction between genotype and prenatal

cocaine exposure. However, the model accounted for only

a small portion of the total variance. In order to gain a better

understanding of the sources of variation in call character-

istics we carried out an additional set of analyses. We

completed a set of analyses similar to that shown in Table

3, however, adding the factor `̀ litter'' (within condition and

strain). These analyses showed that the factor litter was

significant beyond the P < .05 on 14 of the 18 total call

characteristics examined at the three ages (six characteris-

Table 2

Means and S.E.M. of pup ultrasound characteristics

Day 2 Day 3 Day 4

Measure Genotype of father Saline Cocaine Saline Cocaine Saline Cocaine

Rate (calls/s) BALB 1.72 � 0.12 1.27 � 0.12 1.87 � 0.14 1.63 � 0.14 2.35 � 0.16 1.91 � 0.16

DBA 1.57 � 0.12 1.33 � 0.09 1.87 � 0.12 1.55 � 0.10 2.19 � 0.13 1.91 � 0.11

SJL 0.90 � 0.14 0.97 � 0.11 0.79 � 0.15 0.80 � 0.11 0.99 � 0.14 1.17 � 0.15

Length (ms) BALB 57.1 � 2.40 52.7 � 2.23 52.7 � 2.05 53.5 � 2.21 56.6 � 2.58 55.0 � 1.87

DBA 54.2 � 2.04 58.9 � 2.16 53.7 � 1.86 50.1 � 1.51 50.0 � 1.69 55.0 � 2.02

SJL 44.1 � 2.55 44.7 � 2.16 40.3 � 3.12 38.0 � 2.45 40.6 � 2.10 41.9 � 2.28

Beg frequency (kHz) BALB 62.4 � 1.05 66.5 � 0.93 61.4 � 0.86 63.2 � 0.90 60.2 � 0.97 52.5 � 0.90

DBA 66.1 � 0.88 68.0 � 0.80 64.1 � 0.76 64.8 � 0.73 61.6 � 0.69 61.2 � 0.86

SJL 73.3 � 1.20 71.2 � 0.72 69.5 � 1.44 68.8 � 1.16 66.6 � 1.73 67.3 � 1.23

End frequency (kHz) BALB 53.5 � 1.44 58.1 � 1.46 54.9 � 1.16 55.3 � 1.15 53.9 � 1.34 52.5 � 1.07

DBA 58.4 � 1.25 58.7 � 1.17 56.7 � 1.04 57.6 � 1.05 57.7 � 0.87 56.5 � 1.02

SJL 66.6 � 1.75 64.0 � 1.32 63.8 � 1.82 63.6 � 1.44 61.2 � 1.71 61.6 � 1.38

High frequency (kHz) BALB 70.8 � 0.63 72.6 � 0.52 69.4 � 0.59 70.3 � 0.41 66.4 � 0.68 67.2 � 0.55

DBA 74.7 � 0.41 75.3 � 0.46 72.6 � 0.46 73.4 � 0.46 71.0 � 0.51 71.0 � 0.47

SJL 76.7 � 0.92 73.9 � 0.62 72.9 � 1.03 72.1 � 1.07 71.0 � 1.33 70.1 � 1.10

Low frequency (kHz) BALB 53.2 � 1.43 58.1 � 1.46 54.3 � 1.14 54.9 � 1.17 53.0 � 1.32 52.2 � 1.06

DBA 58.0 � 1.25 58.5 � 1.16 55.9 � 1.03 57.1 � 1.02 56.5 � 0.82 55.5 � 1.02

SJL 66.5 � 1.75 63.8 � 1.33 63.8 � 1.82 63.4 � 1.42 60.8 � 1.72 61.3 � 1.38

Pups are grouped by age, condition, and genotype (sexes are pooled).

Table 3

Results of analysis of variance using the model: condition, genotype, and their interaction on each day measured (ages 2, 3, and 4) on each call characteristic

Measure Effect

Day 2 [ P value of effect

(% sum of squaresa)

and R2 of the model]

Day 3 [ P value of effect

(% sum of squaresa)

and R2 of the model]

Day 4 [ P value of effect

(% sum of squaresa)

and R2 of the model]

Rate Condition .007 (2.2) .019 (1.5) .026 (1.4)

Genotype .0001 (6.2) .0001 (14.5) .0001 (14.8)

C�G .138 .491 .122

Model R2 .096 .164 .175

Length Condition .884 .191 .418

Genotype .0001 (8.1) .0001 (12.0) .0001 (12.8)

C�G .101 .593 .248

Model R2 .096 .129 .139

Beginning frequency Condition .046 (2.4) .118 .883

Genotype .0001 (12.4) .0001 (12.4) .0001 (13.9)

C�G .015 (2.5) .482 .877

Model R2 .191 .135 .140

Ending frequency Condition .132 .340 .400

Genotype .0001 (10.3) .0001 (11.8) .0001 (13.1)

C�G .062 .915 .748

Model R2 .129 .122 .135

Highest frequency Condition .400 .194 .899

Genotype .0001 (14.1) .0001 (10.7) .0001 (14.4)

C�G .0009 (4.2) .421 .578

Model R2 .185 .117 .135

Lowest frequency Condition .096 .246 .622

Genotype .0001 (10.5) .0001 (13.0) .0001 (14.0)

C�G .049 (1.9) .838 .828

Model R2 .133 .135 .142

a Indicated only where the effect reaches statistical significance.
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tics� three ages). The exceptions were ending and low

frequencies on Day 2, and call length and highest frequency

on Day 4. These analyses also allowed us to calculate the

sums of squares within litters overall, and between litter

within each condition and genotype grouping. Table 4

presents the within litters sum of squares and between litters

sum of squares (within each condition and genotype) as a

percentage of the total sum of squares. The data presented

are for age 2 days only since the results on the other 2 days

were very similar. As shown in Table 4 and confirmed by

analysis of variance, there is considerable variability

between litters that is not explained by the groupings,

condition, and genotype. The percent of sum of squares

within litters, however, is much larger by comparison

and depending on the call measure is a little over two, to

four and one half times larger than the sum of squares

between litters.

Noting the difference between litters within condition

and genotype groupings, we decided on two final analysis

steps. Since the litters in the experiment ranged from four to

eight pups, litter size was a possible contributor to the

between litter variation within condition and genotype. In

order to examine this idea, we grouped litters by size,

establishing three categories of size: four to six pups, seven

pups, or eight pups.

Table 5 details the numbers of litters in each of the size

categories and the means and standard errors of the mean for

litters grouped by condition, genotype, and litter size on the

measure, rate of calling. An examination of the means

seems to indicate that within the DBA F1 pups, litter size,

and the rate of calling are linearly related as the mean calls

increase from low to high for litters of four to six, seven, and

eight pups, respectively, on each day and in both conditions.

That linear trend does not appear in either of the other

genotypes. This examination of litter size and its potential

influence on call characteristics is ad hoc and meant to be

exploratory rather than definitive since we did not system-

atically vary litter size across condition and genotype.

The final analysis presented in Table 6 shows the results

of a complete set of analyses using a model that includes:

condition, genotype, and litter size as well as the interac-

tions between those main effects. These analyses were

completed collapsing on sex and individuals within each

litter and thus with a total degrees of freedom equaling the

number of litters minus one. An overview of Table 6

indicates that the model accounts for a much greater

proportion of the variance, the model R2's ranged between

.344 and .689, when compared to the analyses presented

in Table 3. This is predictable in light of the large indivi-

dual differences in call characteristics seen between pups

within litters.

The results of these analyses presented in Table 6 are

similar to those seen in Table 3. First, genotype makes a

strong contribution to each call characteristic, at each age.

The percentage of the total sum of squares associated with

genotype ranges from 21.6 to 43.5. Prenatal cocaine expo-

sure has a significant but small impact on two call char-

acteristics (rate and beginning frequency) at age 2 days.

Litter size has an impact on two measures, the rate of calling

and the highest frequency of calls. Only one interaction

Table 4

Partition of sums of squares into between cells, within condition and

genotype, and within cell for animals at 2 days of age

Source of sums of squares

Call variable

SSbetween litter

(within condition and genotype) SSwithin litter

Rate 18.7 71.7

Length 22.0 68.3

Beginning frequency 19.5 61.4

Ending frequency 15.5 71.6

Highest frequency 25.2 56.3

Lowest frequency 16.4 70.3

Table 5

Mean rate of calling for litters of different sizes within condition and genotype

Mean � S.E.M. for rate of calling Mean � S.E.M. for rate of calling

Days of age Days of age

Genotype Saline 2 3 4 Cocaine 2 3 4 Total litters

BALB/cJ F1 4 ± 6 = 3 1.28 � 0.99 2.18 � 1.11 1.85 � 1.21 4 ± 6 = 0 ± ± ±

7 = 1 1.44 � 0.73 1.66 � 0.60 1.49 � 0.79 7 = 1 1.65 � 1.26 1.76 � 0.99 1.26 � 0.73

8 = 4 2.10 � 0.73 1.74 � 1.08 2.76 � 0.93 8 = 6 1.22 � 0.82 1.62 � 1.02 2.01 � 1.19

Total = 8 Total = 7 15

DBA/2J F1 4 ± 6 = 5 1.01 � 0.82 1.46 � 1.13 1.88 � 1.04 4 ± 6 = 7 1.11 � 0.71 1.41 � 0.81 1.64 � 0.82

7 = 3 1.76 � 0.91 2.02 � 0.83 2.12 � 0.91 7 = 2 1.50 � 0.67 1.65 � 0.61 1.90 � 0.52

8 = 3 1.92 � 0.90 2.12 � 0.90 2.57 � 1.12 8 = 2 1.64 � 0.81 1.81 � 0.92 2.40 � 0.79

Total = 11 Total = 11 22

SJL/J F1 4 ± 6 = 3 0.63 � 0.70 0.62 � 0.52 1.01 � 0.86 4 ± 6 = 3 0.87 � 0.66 0.74 � 0.76 1.03 � 0.88

7 = 1 1.24 � 0.57 0.22 � 0.35 0.71 � 0.47 7 = 1 0.96 � 0.68 0.54 � 0.53 0.86 � 0.60

8 = 1 1.13 � 0.97 1.61 � 0.99 1.15 � 0.89 8 = 2 1.06 � 0.68 0.97 � 0.67 1.44 � 1.00

Total = 5 Total = 6 11

Total litters 24 24 48
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between main effects was observed, that between condition

and genotype on the measure, highest frequency of a call, at

age 2 days.

4. Discussion

In summary, we studied the ultrasonic calls of infant

mice on days of age 2±4. These mice were the F1 hybrids of

C57BL/10J females and a male of the BALB/cJ, DBA/2J, or

SJL/J inbred strain. During pregnancy, one half of the

females was dosed with 20 mg/kg of cocaine and the other

half with saline for 11 days, Days 7 through 17 following

conception. This cocaine dosage and injection regime did

not alter maternal weight gain, the number of pups pro-

duced, the gestation length, pup viability, or pup weight.

This result is in line with previous studies [2,24] that

showed that the threshold for perinatal effects in the mothers

and fetuses was between 20 and 40 mg/kg in prenatally

exposed C57BL mice (C57BL/6J in Middaugh et al. [24]

and C57BL/10J in our study). Thus, the effects we observe

are attributable to the direct effects of cocaine on pups and

not the indirect effects of malnutrition or a shortened

gestation. After birth, pups remained with their birth

mothers and on days of age 2±4 we recorded the ultrasonic

calls the pups produced for 20 s in an isolated and chilled

environment. Cocaine reduced the rate of calling at ages 2±

4 days and raised the beginning frequency of calls at age 2.

Table 6

Results of analysis of variance on litter means of the listed call characteristics using the model: condition, genotype, litter size, and all interactions

Measure Effect

Day 2, [ P value of effect,

(% sum of squares)a

and R2 of the model]

Day 3 [ P value of effect,

(% sum of squares)a

and R2 of the model]

Day 4 [ P value of effect,

(% sum of squares)a

and R2 of the model]

Rate Condition .021 (5.3) .147 .097

Genotype .0001 (21.6) .0001 (35.0) .0001 (35.5)

C�G .109 .747 .541

Litter size .0001 (31.1) .304 .004 (16.8)

C�L .078 .986 .961

G�L .768 .116 .710

Model R2 .689 .533 .605

Length Condition .839 .302 .348

Genotype .0043 (24.7) .0001 (39.0) .0001 (43.5)

C�G .479 .743 .437

Litter size .614 .338 .494

C�L .995 .914 .735

G�L .664 .850 .591

Model R2 .344 .474 .552

Beginning frequency Condition .027 (6.7) .381 .899

Genotype .0001 (36.5) .0004 (30.6) .0001 (39.3)

C�G .075 .587 .857

Litter size .292 .107 .152

C�L .843 .852 .577

G�L .501 .405 .602

Model R2 .579 .477 .520

Ending frequency Condition .160 .496 .306

Genotype .0001 (35.1) .0003 (33.2) .0002 (34.6)

C�G .126 .955 .755

Litter size .587 .169 .069

C�L .980 .465 .265

G�L .475 .817 .604

Model R2 .511 .451 .539

Highest frequency Condition .533 .297 .780

Genotype .0001 (26.6) .0001 (28.0) .0002 (38.4)

C�G .006 (12.8) .455 .599

Litter size .003 (15.2) .0004 (23.0) .466

C�L .631 .803 .787

G�L .191 .356 .519

Model R2 .631 .601 .492

Lowest frequency Condition .136 .424 .472

Genotype .0001 (34.4) .0001 (36.1) .0002 (23.1)

C�G .117 .913 .842

Litter size .573 .200 .075

C�L .973 .587 .313

G�L .504 .736 .553

Model R2 .510 .474 .530

a Indicated only where the effect reaches statistical significance.
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These effects were small (1±2% of the total sums of

squares) but significant using full subjects analyses.

Changes in ultrasonic calls as a result of cocaine exposure

were shown by two of the F1 hybrids pups, those with

BALB/cJ and DBA/2J fathers. A second set of analyses

using litter means rather than all subjects confirmed some of

the effects seen in the full subjects analyses. In these

analyses, cocaine exposure caused changes in ultrasonic

calls only in 2-day-old pups. Cocaine reliably reduced the

rate of calling and reliably increased the beginning fre-

quency of calls. Again, these effects of cocaine exposure

were seen in the BALB/cJ and DBA/2J F1 pups but not in

the SJL/J F1 pups.

While the comparability of human cries and ultrasonic

calls produced by mice could be challenged, a comparison is

useful. We are aware of only one study of the effects of

prenatal cocaine exposure on the crying of newborn human

infants [6]. In that study, cocaine-exposed infants produced

fewer cries and more short cries than neonates not exposed

to cocaine. The results of our study are in partial agreement

as prenatal cocaine exposure reduced the rate of calling of

two of the three genotypes of mice we tested.

The small size of the effects of prenatal cocaine that we

show here is consistent with findings in other laboratories

(see review, Ref. [35]). The authors of that review suggest

that the effects of cocaine are small in young animals

because of the ability of the developing nervous system to

compensate for the effects of cocaine. They hypothesize that

such compensations in early life will have a cost, however,

and that cost is a loss in the ability to deal with environ-

mental stresses later in life. Others [22] have a similar

position, agreeing that the effects of prenatal cocaine expo-

sure are small. They characterize such effects as subtle,

however. Subtle because of the small size of some of the

effects and because larger effects are sometimes observed,

but in specific abilities that might escape notice.

With respect to the ultrasonic calls of infant mice, we

have shown evidence for two additional or perhaps, compet-

ing ideas. First, small effects may in part be the case because

some genotypes are affected by prenatal cocaine and others

are not. The small effect size we observe in the rate of

calling, for example, occurred in part because two of the

genotypes we employed exhibited reduced calling rates

when exposed to cocaine, while the third was unaffected.

Secondly, we observed reliable differences between litters

within the treatment and genotype groupings and substantial

variation within litters overall. These individual differences

were responsible for a large portion of the total sums of

squares. Thus, the small effect sizes seen in the literature

could well be caused by gene� treatment interactions and

factors operating within and between litters to increase

individual differences with respect to the effects of prenatal

cocaine exposure.

We can be more specific about the gene� environment

interaction we observed. The F1 progeny of the SJL males

were not affected by the prenatal cocaine while the offspring

of the DBA and BALB mice both showed significant

changes in their rates of calling. This finding is in line with

previous studies that have shown that in a comparison of

adults of four inbred strains of mice: BALB/cJ, DBA/2J,

C57BL/10J, and SJL/J mice, the SJL/J strain animals alone

were resistant to convulsions produced by acute injections

of cocaine [23]. A recent study investigating the effects of

cocaine on operant responding for food also depicted mice

of the SJL/J strain as being significantly different from mice

of several other strains including those of the BALB/cJ,

DBA/2J, C57BL/10J, and a cross of the C57BL/10J� SJL/J

strains [17]. These authors found that the level of cocaine

required to reduce operant conditioning in SJL/J mice

overlapped with the dosage necessary to induce seizure

activity. To the best of our knowledge, there have been no

biochemical studies that directly compared the brains of

SJL/J mice with other strains particularly on the three

neurotransmitters known to be affected by cocaine: seroto-

nin, norepinephrine, and dopamine. However, differences in

the neurochemistry of SJL/J mice might underlie the differ-

ences in behavioral response to cocaine, compared to mice

of other genotypes.

Finally, we suggest that the roles of genotype and litter

with respect to prenatal cocaine and perhaps other drugs or

ages of exposure cannot be understood by averaging over

them or placing them in the error term. Rather, an under-

standing of such factors will be facilitated when they are

treated as explicit experimental variables.
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