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PICCIRILLO, M., J. E. ALPERT, D. J. COHEN AND B. A. SHAYWITZ. Effects of 6-hydroxydopamine and am-
phetamine on rat mothering behavior and offspring development. PHARMAC. BIOCHEM. BEHAYV. 13(3) 391-395,
1980.—Selective CNS dopamine depletion was produced in neonatal female rats by administration of 6-hydroxydopamine
and desmethylimipramine. These rats were subsequently tested as adults for maternal behavior toward their own offspring
and received d-amphetamine prior to half of these sessions. The effects of early, selective CNS dopamine depletion and its
related developmental disruptions on later care of offspring and response to amphetamine were thereby assessed. Pup
retrieval, nest building, crouching, and locomotor behaviors were studied in 6-OHDA + DMI treated mothers while
offspring were examined with respect to weight, density of fur, age of eye opening, and shuttlebox avoidance learning.
Depletion of brain dopamine to 30% of control concentrations was associated with increased crouching time but with no
other differences in caregiving, offspring development, or response to amphetamine. Although profound neonatal depletion
of dopamine leads to a variety of disturbances in early life, later maternal behavior is adequate and apparently enhanced.
The possible role of compensatory brain mechanisms is discussed.
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INVESTIGATIONS of physiological processes underlying
the expression of maternal behavior have traditionally em-
phasized lesioning or ablation of neural structures or manipu-
lation of hormonal parameters [5]. Within the last five years,
attention has been directed to the study of discrete brain
neurochemical systems which may be involved. In particu-
lar, several studies have implicated the integrity of central
catecholamine and indolamine systems in the initiation and
regulation of mothering. While acute depletion of brain
serotonin with para-chloro-D,L-phenylalanine has been
associated with unusual maternal aggression toward pups
[1], depletion of norepinephrine with 6-hydroxydopamine
(6-OHDA) 2 days preceding parturition has been reported to
interfere with nursing and nest building behaviors, but not
with pup retrieval [9]. Pervasive deficits in maternal respon-
siveness which encompass nursing, nest building, and pup
retrieval have been described in dams sustaining depletion of
hippocampal norepinephrine accomplished during the first
week of gestation either with bilateral electrolytic lesions of
the dorsal noradrenergic bundle or with surgical transection
of the fornix [18]. Less acute and specific treatment, involv-
ing concomitant reduction of brain norepinephrine and
dopamine concentrations with 6-OHDA at approximately 8
weeks prior to testing, was found to produce increased mat-
ernal protectiveness near the nest, reflected in defensive at-

tack of an unfamiliar male and decreased latency of pup
retrieval [17]. It has also been observed that tail pinch stimu-
lation accelerates the onset of maternal behavior in virgin
rats to whom newborn pups have been proferred. This
facilitatory effect may be the result of activation of the ni-
grostriatal dopamine system [19].

The relationship between dopamine and maternal behav-
ior has been studied with indirect (tail pinch stimulation) and
nonspecific (6-OHDA depletion of both norepinephrine and
dopamine) methods. The purpose of the present study was to
examine the effects of selective and enduring brain dopamine
depletion on rat mothers and the development of depleted
dams’ offspring. To avoid confounding the effects of
dopamine depletion with the acute neurologic insult associ-
ated with adult administration of a neurotoxin, 6-hydroxydop-
amine and desmethylimipramine treatment leading to
dopamine depletion was performed during the neonatal
period.

Selective central dopamine depletion in the first post-
partum week has been associated during the subsequent
month with disturbances of habituation, conditioned
avoidance learning, and the normal ontogeny of motor activ-
ity [10,14]. During the same period, these animals show a
distinctive response to phenobarbital, methylphenidate and
amphetamine [11, 12, 13]. Neonatally, dopamine depleted
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pups have also been shown to be more promptly retrieved by
their dams than controls [8]. Less is known about the behav-
ioral and pharmacologic status of these animals as adults.
The study presented in this paper examines the question of
whether or not neonatally depleted dams continue to exhibit
behavioral deviance and altered responsiveness to catechol-
aminergic stimulation as adults. Maternal behaviors and re-
sponse to amphetamine during lactation are evaluated.

METHOD
Animals

Eight primiparous female Sprague-Dawley rats with one
day old litters of ten female pups each were obtained from
the Charles River Breeding Laboratories (Wilmington, MA)
and housed individually on a 12 hr light-12 hr dark cycle
(lights on at 7:30 a.m.) in 40x50x21 cm high opaque plastic
bins with wire lids continuously supplied with Purina Rat
Chow and water. Pups received experimental (selective
brain dopamine depletion) and sham treatments at age 5
days, were weaned at age 25 days, and were housed as
experimental-sham pairs. Randomly selected females were
mated when they reached between 100 and 200 days of age
and immediately thereafter were housed individually for the
pre- and post-partum periods. Four treatment groups were
formed from those dams successfully mated during the
specified age range: of the dopamine depleted dams, five
received 0.05 mg/kg d-amphetamine sulfate and five received
0.25 mg/kg; of the sham-treated dams, eight received 0.05
mg/kg d-amphetamine sulfate and eight received 0.25 mg/kg.
All dams received saline on alternate days. No offspring re-
ceived treatment.

Treatment

Experimental and sham treatment of pups took place at
age 5 days. Experimental treatment leading to selective de-
pletion of dopamine consisted of intraperitoneal injection of
0.4 mg desmethylimipramine HCL and 0.2 mg L-ascorbic
acid in 0.2 ml saline followed one hour later by intracisternal
injection of 150 ug 6-hydroxydopamine and 10 ug L-ascorbic
acid in 25 ul saline. Shammed animals received 10 ug
L-ascorbic acid in 25 ul saline intracisternally. As mothers,
each of these dams received intraperitoneal injections of
either zero, 0.05, or 0.25 mg/kg of d-amphetamine sulfate
(Sigma Chemical Co.) in 0.2 ml saline when her pups were 3,
4, 10, and 11 days of age. In each of the four subject groups,
approximately half the dams received a given dose of am-
phetamine when their pups were 3 and 11 days of age and
saline on Days 4 and 10 while the remaining dams received
amphetamine on Days 4 and 10 and saline on Days 3 and 11.
This design permitted each animal to serve as her own con-
trol for amphetamine treatment.

Materials

One hour videotaped sessions of continuous maternal be-
havior were conducted in a lacquered plywood enclosure (1
m?x30 cm) and were monitored and recorded with equip-
ment employed previously [8]. Pup weights were determined
with a Mettler PR 700 and adult weights, with a Dial-O-Gram
scale (cap 1600 g, Ohaus Scale Corp.). Pup escape-avoidance
learning was studied with a single unit, enclosed shuttle box
consisting of two compartments, each 20x18x 15 cm high
and separated by an 18x8 c¢m high hurdle. Two mA shocks
were delivered by a shock generator/scrambler (BRS/LVE
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Model SG-004 Tech Serve, Inc.), time intervals were set
with Sigma electric timers (Sigma Instruments, Model
B8RCO01A), and escape and avoidance latencies were de-
termined as the animals triggered a photo-interrupter switch
mounted above the hurdle.

Procedure

Litter size of adult dopamine depleted and sham depleted
dams was noted, and litters were reduced to eight pups at age
1 day. One hour squences of dams’ mothering behavior were
video-recorded on Days 3, 4, 10 and 11 between the hours of
9:00 a.m. and 1:30 p.m. A modification of the procedure
previously reported [8] involved allowing each mother to
remain in the experimental mothering enclosure in the ab-
sence of her pups for 30 min after saline or amphetamine
injection to allow for the onset of drug action. After 30 min,
the mother was briefly transferred to a holding bin while her
pups were placed together in the center of the mothering
enclosure. The session began immediately thereafter as the
dam was placed near one wall. Following a brief initial
period of exploratory locomotion during which the mothers
repeatedly initiated physical contact with their pups, the
dams typically retrieved them in rapid succession from the
center of the mothering enclosure to its corners. Mothers
then spent the duration of the hour engaging in locomotion,
crouching over pups, and nest-building using paper strips
folded over the enclosure walls (10 strips per wall).

Dams’ weights were recorded on Day 3 or 4 and 10 or 11
depending on which day amphetamine was administered.
Several indices of pup maturation were recorded. Pups were
weighed on Days 3, 10 and 32, and on Day 10 the density of
pup fur was scored as sparse, normal, or dense. The age of
eye opening was recorded as the first day on which half the
pups in each litter had both eyes open. Pups’ escape-
avoidance learning was studied at age 32 days between 1:00
and 6:00 p.m. (before weights were obtained) in a one-way,
active avoidance shuttle box task with 5 sec avoidance inter-
val and 30 sec inter-trial interval. Rats were allowed a
maximum of 25 sec of shock before manual prompting over
the hurdle into the ‘‘safe’” compartment. Performance was
evaluated on the basis of 20 consecutive trials per pup.

After completion of the studies, dams were decapitated
and their brains were removed and immediately stored at
—60°C. Fluorometric and high pressure liquid chromato-
graphic-amperometric norepinephrine and dopamine assays
were run eight weeks later to insure that selective depletion
of brain dopamine was achieved [4,7].

Behavioral Measures

Maternal measures. Measures of maternal behavior are
similar to those described previously (8]. The interval be-
tween the beginning of the session and retrieval of the first
pup from the center of the enclosure to a corner was scored
as retrieval latency. The number of pups retrieved and the
number of corners to which they were retrieved were also
noted. Inter-retrieval interval (IRI) was defined as the aver-
age time elapsed between successive pup retrievals:

IRI=time of last retrieval —retrieval latency/number of pups
retrieved

Nest building activity was quantified as the amount of time
spent nest building and as the number of paper strips de-
tached from their positions by the dam with her teeth. The
time spent crouching over one or more pups was scored as
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an index of nursing activity. The time the dam’s hind legs
remained in motion was recorded as a measure of locomotor
activity, and the number of squares (grid superimposed on
videomonitor screen) the dam entered constituted a measure
of distance traveled in one hour. Rate of locomotion (RL)
was defined as:

RL=squares entered/time in motion

Pup measures. Shuttle box escape-avoidance learning
was measured by the number of avoidance responses per
litter and by the sum of escape and avoidance times over 20
consecutive trials.

Data Analysis

Measures of maternal behavior was subjected to a four-
factor analysis of variance for a repeated measures design
[20]. The factors were: Depletion (sham; 6OHDA + DMD),
Dose (0.05 mg/kg dams on and off amphetamine; 0.25 mg/kg
dams on and off amphetamine), Treatment (saline; am-
phetamine) and Age (Days 3-4; Days 10-11). Measures
which yielded significant Age effects were examined with
separate analyses of variance at each age for three factors:
Depletion, Dose and Treatment. A three-factor analysis of
variance was also performed on mother and pup weights
with Depletion, Dose and Age as factors. Pup measures that
were not repeated across days were analyzed with a two-
factor (Depletion and Dose) analysis of variance.

RESULTS

The effects of 6-OHDA + DMI treatment and am-
phetamine are reported in two parts. First, the impact of
6-OHDA + DMI on brain catecholamines, maternal behav-
jor, and offspring development are presented. Second, the
response of dams to intraperitoneal amphetamine injection is
described.

Effects of 6-OHDA +DMI Treatment

Brain catecholamines. The impact of experimental treat-
ment at age S days on adult brain catecholamine concentra-
tions is presented in Table 1. Brain dopamine concentrations
of 6-OHDA + DMI treated dams were reduced to a mean of
30.2% (SE= + 7.6%) of control values whereas norepineph-
rine concentrations were not significantly affected.

Mothering behavior. Despite the known developmental
disturbances and profound neurotoxic disruption of central
dopaminergic mechanisms associated with neonatal
6-OHDA -+ DMI treatment, the pattern of maternal behavior
of treated dams was virtually identical to that of controls.
Offspring of dopamine depleted dams were neither neg-
lected, injured, nor cannibalized and there were no differ-
ences between depleted and control dams on measures of
contact initiated with pups, retrieval behavior, and nest
building activity. While the time spent in motion by both
groups of mothers decreased as offspring matured and dams
gained exposure to the experimental enclosure, F(1,22)=
5.04, p=0.04, there was a trend for both groups toward in-
creased time crouching (Table 2). An apparent behavioral
distinction, however, 'is that 6-OHDA + DMI treated
mothers spent more time crouching over their pups than did
control dams, F(1,22)=7.03, p=0.02 (Fig. 1), suggesting an
enhancement of maternal attentiveness. In addition,
6-OHDA + DMI treated dams spent less time in motion on
Days 3-4 than controls, F(1,22)=4.81, p=0.04, but this

TABLE 1
BRAIN CATECHOLAMINE CONCENTRATIONS (ng/g)

Sham treated 6-OHDA + DMI treated

DA 706.7 = 34.5 212.9 + 54.1*
NE 411.0 = 43.5 393.7 = 24.4*
*p<0.001.
TABLE 2

BEHAVIORAL EFFECTS OF 6-OHDA + DMI TREATMENT*

Day Sham treated 6-OHDA + DMI treated

Time 34 1886 + 325 2588 + 255t

crouching 10-11 2149 + 261 2681 + 187+
(sec)

Time in 3-4 250 + 43 174 = 38t

motion 10-11 206 = 47 150 £ 29
(sec)

*There were no significant interactions between 6-OHDA + DMI
treatment and amphetamine response for these measures. Thus,
means for saline and amphetamine trials were combined.

tp<0.05.

[ Sham depleted

EZ2 DA depleted

i %

2500 | % Z
Z *Z 7,

2000 - | 7] )
2 1s00] % E
1000 - % % %
%//L // é

000 005
AMPHETAMINE DOSE

025
(mg/kg)

FIG. 1. Crouching behaviour of dopamine depleted and sham de-
pleted mothers at 0.00, 0.05 and 0.25 mg/kg amphetamine. Values
are combined for all pup ages tested.
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TABLE 3
MEASURES OF OFFSPRING DEVELOPMENT
Sham treated 6-OHDA + DMI treated
Measure dams’ offspring dams’ offspring
Age of eye
opening 143 0.3 14.2 = 0.2
(days)
Weight at age
32 days (g) 106.0 = 1.3 106.7 = 1.3
Number of
shuttle box
avoidance 39.6 = 4.7 45.1 = 4.0
responses
per litter

difference failed to reach significance on Days 10-11. No
associated differences emerged in the number of squares
entered and rate of locomotion.

Pup development. 6-OHDA + DMI treatment of dams
was associated with no disruption of offspring maturation
and no discrepancy in number of pups per newborn litter
compared to sham treated controls. There was no disparity
in pup weight at 3, 10 and 32 days of age, nor was there a
difference in the age of eye opening and the density of fur at
age 10 days. 6-OHDA + DMI treatment was not associated
with an effect on offspring shuttlebox learning at age 32 days:
there was no difference between pups of treated dams and
controls in the sum of escape and avoidance times and in the
number of avoidance responses (Table 3).

Effects of Amphetamine

There were no differences between 6-OHDA + DMI and
control dams in their response to low dose (0.05 and 0.25
mg/kg) intraperitoneal amphetamine administration. Effects
of amphetamine (6-OHDA + DMI and sham treated dams
considered together on both doses) emerged for crouching
time and time nest building, F(1,22)=6.71, p=0.02 and
F(1,22)=5.48, p=0.03, respectively, with dams spending less
time crouching and nest building on the drug. In addition, a
Dose X Treatment interaction was observed for crouching
time, F(1,22)=12.18, p=0.03, reflecting a 22% decrement in
mean values (6-OHDA + DMI and control dams considered
together) produced by 0.25 mg/kg and a 3% increase
produced by 0.05 mg/kg. A more complete description of
dose dependent amphetamine effects in primaparous mater-
nal dams has been submitted (M. Piccirillo, J. E. Alpert, D.
J. Cohen and B. A. Shaywitz).

DISCUSSION

During the first month of life, rats treated neonatally with
6-OHDA and DMI have been distinguished from controls
with respect to rate of habituation to novel environments,
conditioned avoidance learning, ontogeny of behavioral
arousal, protective maternal care received, and behavioral
response to catecholamine agonists and phenobarbitol (8,
10-14]. Recent studies of neurotransmitter systems and mat-
ernal behavior have suggested that catecholamine manipula-
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tions, particularly if acute, may influence the pattern and
adequacy of maternal caregiving in the rat [9, 17-19]. The
major finding of this study is that despite the well docu-
mented developmental aberrance of neonatally 6-OHDA +
DMI treated dams, and despite dopamine depletion to a
mean of 30% of control concentrations, neonatal 6-OHDA +
DMI treatment had no pervasive influence on later maternal
care. Measures of pup retrieval, nest building, and offspring
maturation revealed no differences between 6-OHDA +
DMI and sham treated dams. Similarly, an analysis of trends
in maternal behavior related to pup age and the use of low
doses of amphetamine as a pharmacologic probe failed to
discriminate between these two groups. Nevertheless,
6-OHDA + DMI treated dams were distinguishable from
controls: they spent significantly more time crouching over
their offspring, and at a young pup age (3—4 days) spent less
time in motion away from the nest.

Both hyperactivity and hypoactivity have been reported
in adult rats following neonatal depletion of CNS dopamine
[3,16], but in the present study, no difference in the rate of
locomotion and number of squares entered was found be-
tween 6-OHDA + DMI and sham treated rats. The differ-
ence in time in motion emerged only at the younger pup age
when the discrepancy in nursing time between 6-OHDA +
DMI and sham treated rats was greatest. Since decreased
time in motion was observed only at the younger pup age
(Days 3 and 4), and since no other measures of locomotion
were affected at both pup ages, it seems unlikely that
hypoactivity provides an explanation for the greater crouch-
ing time of 6-OHDA + DMI dams observed across Days 3, 4,
10 and 11.

Much work has been devoted to effects of adult maternal
undernutrition on caregiving activities [2], and two groups of
investigators have found evidence for increased time spent
with pups in the nest by undernourished mothers [6,15). Al-
though selective dopamine depletion in the neonatal period is
known to result in growth retardation during the first month
of life [8], weights of 6-OHDA + DMI and sham treated
dams as adults were not significantly different in this study
during offspring development. Since little is known about the
impact on adult maternal behavior of transient lags in growth
during early development, the extent to which these lags
influence behavior 6-OHDA + DMI treated rats is difficult to
estimate.

The pharmacologic intactness of dopamine depleted dams
may best be accounted for by long term compensatory proc-
esses following neonatal destruction of dopaminergic termi-
nals. These include increased turnover of dopamine in re-
sidual neurons escaping neurotoxic damage, postsynaptic
receptor supersensitivity, and, perhaps, synaptic regenera-
tion [21]. The predominant behavioral intactness of depleted
dams may be explained by these same mechanisms or by the
possibility that dopaminergic systems do not play a central
role in neuroendocrine processes mediating maternal behav-
ior in the rat. If the results of acute administration of
6-OHDA + DMI to gestating dams are compatible with our
findings, it should be possible to distinguish the role of
dopamine in maternal rat behavior from the effects of aber-
rant development, the action of chronic compensatory
mechanisms, and the consequences of acute trauma to the
central nervous system.
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