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Abstract

Cocaine use during pregnancy induces profound neural and behavioral deficits in both mother and
offspring. The present study was designed to compare the effects of cocaine exposure on spine
density of postpartum and virgin female rat brains. Timed, pregnant, primiparous rats were
injected with either cocaine (30 mg/kg) or saline, once daily, from gestational day 8-20. Twenty
four hours after giving birth, dam brains were processed for Golgi-impregnation. Since cocaine
effects in female rats have not been determined, virgin females were also injected with the same
dose of cocaine or saline for 12 days and sacrificed 24h after the last injection for comparison.
Pregnant rats had significantly greater spine density in the medial amygdala (MeA) and medial
preoptic area (MPOA) and lower spine density in CA1 than virgin females independent of cocaine
treatment. Cocaine significantly increased dendritic spine density on the apical branch of
pyramidal cells in the prefrontal cortex (PFC, 15%), both apical (13%) and basal (14.8%) branches
of CA1 and cells in the MeA (28%) of pregnant rats. In the MPOA, cocaine administration
resulted in a decrease in dendritic spine density (14%) in pregnant rats. In virgin females, cocaine
had fewer effects but did increase dendritic spine density on both branches of CA1 neurons and in
the MeA. The present study is the first to demonstrate that spine density differs between pregnant
and virgin females and that pregnancy makes the brain more vulnerable to cocaine, which has
important clinical implications.
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Introduction

The use of cocaine during pregnancy is an important health concern that impacts both the
mother and the fetus (Thompson et al., 2009). Different regimens of cocaine administration
during gestation cause disruption of many aspects of maternal behavior (reviewed Strathearn
and Mayes, 2010), including the onset of maternal behavior (Kinsley et al., 1994; Johns et
al., 2005) and increased maternal aggression in the post partum rat (McMurray et al.,
2008b). Administration of cocaine to virgin rats prior to mating has also been shown to alter
maternal behavior (Nephew and Febo, 2010). Little is known about changes in the brain
when rat dams are exposed to cocaine, but alterations in oxytocin levels have been reported
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(Elliot et al., 2001; Johns et al., 2010). Oxytocin is one of the key factors in mediating
maternal behavior (Neumann, 2008; Strathearn and Mayes, 2010). In addition, oxytocin
receptors and oxytocin mRNA are altered by cocaine in brain regions that are implicated in
maternal behavior such as the amygdala and the medial preoptic area (MPOA) (Johns et al.,
2004; McMurray et al., 2008a; Jarrett et al., 2006). The behavioral alterations seen following
gestational cocaine exposure also occur in subsequent generations, suggesting enduring
morphological and neurochemical changes in the brain (McMurray et al., 2008a).

In adult male rats, cocaine increases dendritic spine density in the nucleus accumbens
(NAC) and the prefrontal cortex (PFC) (Robinson et al., 2001; Robinson and Kolb, 2004),
but its effects in female rats are unknown. When cocaine is administered prenatally to rats,
there is increased dendritic spine density in the NAC, the PFC and the CAL region of the
hippocampus (CA1) at postnatal day 21 in both sexes (Frankfurt et al., 2009). Spine density
remained elevated in the NAC and the PFC and there was a sex difference in CAl when rats
that received prenatal cocaine were examined in adulthood (Salas-Ramirez, et al., 2010).

Given that pregnancy alone is known to cause profound changes in many aspects of brain
function (Kinsley, 2008; Macbeth and Luine, 2010), we wanted to assess possible
interactions between pregnancy and cocaine exposure. Therefore, in the present study, we
assessed the effects of cocaine on the brains of both dams and virgin female rats. Spine
density in the PFC and CAL, as well as in brain regions known to be involved in maternal
behavior, the MPOA, the ventromedial hypothalamic nucleus (VMN) and medial amygdala
(MeA) were examined.

Materials and Methods

Timed-pregnant Sprague-Dawley rats (colony 208A, Harlan Inc, Frederick, MD) arrived on
gestational day (GD) two. Animals were housed singly in a temperature controlled colony
room (x21-22°C), under a 12:12 light dark cycle (lights on at 8:00am) with food and water
(Harlan Teklab Rodent Chow) available ad libitum. From GD8 to GD20, five of the
pregnant dams were treated daily (at approximately 10:00am) with an intraperitoneal (ip)
injection of 30 mg/kg of cocaine HCI (Sigma-Aldrich, St. Louis, MO), and five dams
received daily saline injections. The cocaine was made fresh every three days. The volume
of the injections ranged from 0.24 to 0.39 mls. Within 24 hrs of parturition the dams were
sacrificed and the pups born to these mothers were cross-fostered to saline treated dams for
other experiments (Salas-Ramirez et al., 2010). Another group of adult female virgins was
injected with 30mg/kg cocaine (n =5) or saline (n =5) daily for twelve days and sacrificed
24h after the last injection.

Brains were removed from subjects and cut into an anterior block (anterior to the optic
chiasm) and a posterior block (between the optic chiasm and the brainstem) and placed in
solutions provided in the Rapid GolgiStain Kit (FD NeuroTechnologies, Ellicott City, MD).
Golgi impregnation was performed as previously described (Frankfurt et al 2009).

Secondary basal dendrites and tertiary apical dendrites were analyzed from pyramidal cells
from the CAL region of the dorsal hippocampus and layer 11/111 of the PFC. Primary
dendrites from the VMN, the MPOA and the MeA were also analyzed. Regions were
defined according to The Rat Brain Atlas in Stereotaxic Coordinates (Paxinos and Watson,
2007). Six cells per region/brain were quantified for each subject. Cells chosen for analyses
had to be well impregnated, clearly distinguishable from adjacent cells and have continuous,
unbroken dendrites. The dendrite chosen was the most lateral dendrite for a given dendritic
tree. Spines were counted under oil (100x), using a Leitz Diaplan microscope and the entire
dendritic length visible measured using Image Pro Plus software (Media Cybernetics) with a
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Nikon DXM 1200F camera. Spine density was calculated by dividing the number of spines
by the length of the dendrite and data expressed as number of spines/10 um dendrite.
Statistical analysis was done for each area examined with a 2-way ANOVA: status (pregnant
vs. virgin females) x treatment (control vs. cocaine), followed by post hoc tests where
appropriate (Fisher’s LSD tests).

Cocaine treatment did not affect the weight of the dams (mean + sem: cocaine: 330 + 8.84;
saline: 345 +9.87, p = 0.279), virgin females or pups or alter litter sizes (Salas-Ramirez et
al., 2010). In general, both status (pregnant or virgin) and treatment (saline or cocaine)
significantly altered spine density in brain areas and, in some there were significant
interactions between status and treatment. Data for the PFC and CA1 are shown in Figure 1.
Data for the MeA, MPOA and VMN are shown in Figure 2. An example of Golgi
impregnated dendrites in the MPOA is shown in Figure 3.

On the apical and basal branches of dendrites on PFC neurons, there was a significant
interaction between status and treatment (basal: F (1,16) = 5.794, p = 0.0285; apical: F
(1,16) = 4.99, p =0.04). On the apical branch of PFC neurons, cocaine treatment increased
spine density by 15 % (MD= 2.6; P = 0.04) in pregnant rats, but no significant differences
were observed following cocaine treatment in virgin rats. In contrast to the effects on apical
dendrites, cocaine treatment did not increase spine density in virgin (MD = 2.0, p =.08) or
pregnant rats on basal dendrites (MD=1.7, p =1.4), but the pregnant cocaine group had a
greater spine density than the virgin cocaine group (MD=2.7, P = 0.03). On the apical
branch of CA1 neurons, there was a main effect of treatment (F (1,16) = 12.6, p = .0026).
Cocaine increased spine density on the apical dendrites in virgin rats by 14% and in
pregnant rats by 13 %. In addition, there was a significant status effect (F (1,16) = 54.3,p =
0.0001), where overall spine density of apical CA1 neurons was 32% higher in virgin than
pregnant rats. On the basal branch of CA1 neurons, there was a main effect of cocaine (F
(1,16) =,6.766, p =0.0193) to increase spine density by 14.8 % in the pregnant rats and by
5% in the virgin animals as compared to saline.

Interestingly, in the MPOA, there was a main effect of status such that pregnancy increased
dendritic spine density by 16% as compared to virgins (F(1,16) = 13.5, p = 0.0021) and a
significant interaction between treatment and status (F(1,16) = 9.5, p = 0.0072). Cocaine
decreased dendritic spine density in the MPOA of pregnant rats by 13% (MD=1.06; p =0.02)
but did not alter spine density in virgins (MD= 1.6, p =0.19). In the MeA, there was a main
effect of treatment (F(1,16) = 21.56, p= 0003) and an interaction between status and
treatment (F(1,16) = 9.4, p = 0075). In the pregnant rats, cocaine increased dendritic spine
density by 28% as compared to saline whereas increases in virgins were smaller (13%).
Lastly, cocaine did not alter the spine density of VMN neurons in either pregnant or virgin
rats.

Discussion

The present study demonstrates novel findings on the effects of cocaine in female rats, both
virgin and pregnant. We have found that cocaine treatment and reproductive status (virgin
vs. pregnant) influence spine density in several regions of the female rat brain. Moreover,
there was an interaction between drug treatment and reproductive status in some brain areas.
For example, both pregnant and virgin rats showed increased spine density in CAland the
MeA following cocaine treatment but only pregnant rats had increased spine density in the
PFC. In addition, only cocaine-treated, pregnant rats showed a decrease in MPOA spine
density. Furthermore, pregnancy alone also affected spine density. Decreased spine density
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in apical dendrites of CA1 and increased spine density in the MPOA neurons were observed
in pregnant rats when compared to virgin females. Thus, overall, spine density was affected
by pregnancy, and pregnant rats appeared to have an enhanced morphological response to
cocaine treatment in some brain areas, a finding which has important clinical ramifications.

Previous studies have demonstrated that cocaine increases dendritic spine density in the PFC
and NAC of adult male rats (Robinson et al., 2001, Robinson and Kolb, 2004). Alterations
in spine density are thought to underlie the mechanism(s) of addiction. The effects of
cocaine on spine density in adult female rats have not been described in the literature. In the
present study we report that cocaine administration generally has the same effect in female
rats as has been reported for male rats, which is to increase spine density, with the notable
exception of the MPOA of postpartum rats, where we observed a decrease in spine density.
However, in our study there are significant differences between pregnant and virgin females.
Although we did observe a cocaine induced increase in dendritic spine density in the PFC of
pregnant rats, cocaine did not alter spine density in virgin female rats, suggesting that there
are sex differences in response to cocaine in some brain regions. It must be noted, however,
that because we have previously observed cocaine induced changes in layer I1/111 and not in
layer V (Frankfurt et al 2009), we examined layer I1/111 in the present study while Robinson
et al. (2001) examined layer V.

Sex differences in response to cocaine have been reported in both humans and rodents
(Becker and Hu, 2008; Dow-Edwards, 2010; Lukas et al, 1996, Quinones-Jenab, and Jenab
2010). The observation that females are more vulnerable to the addictive effects of cocaine
and more prone to relapse has generally been attributed to estrogen (Becker and Hu, 2008,
Hu and Becker, 2003, Larson et al. 2005, Watson et al., 2010). Studies manipulating gonadal
hormones have reinforced the idea that high estrogen levels make the brain more sensitive to
cocaine (Russo et al., 2003; Zhen et al., 2007). In contrast to the paucity of cocaine studies
in adult females, there is some data on female rats following prenatal administration of
cocaine. When cocaine is given prenatally and spine density is assessed at 21 days postnatal
there is an increase in dendritic spine density in CAL, but there is no sex difference
(Frankfurt et al., 2009). However, when prenatal cocaine treated rats are examined at 72
days of age, there is a sex difference in dendritic spine density in CA1 (Salas-Ramirez et al.,
2010). Female rats that received cocaine in utero had significantly greater spine density on
CAL dendrites than any other group. Morrow et al. (2007) found that rats treated prenatally
with cocaine had similar increases in the number of spine synapses in the prelimbic cortex of
both male and female rats at an intermediate time (postnatal day 44). Taken together, these
studies suggest that cocaine induced morphological changes, which may underlie the known
sex differences in cocaine addition, are influenced differently by gonadal hormones during
development. Moreover, the transition from adolescence to adulthood is critical.

The maternal brain is capable of remarkable plasticity in order to prepare for lactation and
motherhood (Kinsley et al., 2006, Kinsley 2008). In the MPOA, perikarya increase in size
with pregnancy (Keyser-Marcus et al., 2001), and the number of astrocytes increases when
dams are exposed to their pups (Featherstone et al. 2000). Exposure of lactating pups to their
mothers induces alterations in C-fos in the amygdala, MPOA and PFC (Fleming et al. 1996).
A recent study in humans, demonstrated that there was an increase in grey matter in mothers
who had a positive perception of their offspring (Kim et al. 2010). Given that dendritic
spines exhibit plasticity in response to increased estrogen levels in CA1 (Gould et al., 1990;
Woolley et al., 1990), the PFC (Chen et al., 2009) and the VMN (Frankfurt et al., 1990), we
expected that the high levels of estrogen during pregnancy would result in higher dendritic
spine density than virgin females. Indeed, in a recent study, Leuner and Gould (2010)
demonstrated that pregnant rats had increased dendritic spine density in both apical and
basal branches of neurons in CA1 and the medial PFC 20 days after birth compared to virgin
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females. In the present study, we saw an increase in spine density in the MPOA when
pregnant rats were compared to virgin rats, independent of cocaine treatment. However, we
did not see any effect of pregnancy on either branch of the PFC neurons and on the apical
branch of CA1 neurons we found that dendritic spine density was decreased with pregnancy
when compared to the virgin females. The effects of pregnancy on spine density in CAl
have been determined in several studies with variable results. Kinsley et al. (2006)
demonstrated that dendritic spine density on the apical branch of CA1 neurons was greatest
in late pregnancy and during lactation (day five) when compared to virgin rats in different
stages of estrous. Brusco et al. (2008) demonstrated that, starting at day four postpartum,
there were no differences in either spine density or spine type in CA1 between postpartum
and virgin Wistar rats. The differences between these studies and our results may be
attributed to the fact that we examined the postpartum brains 24h after birth when the effects
of estrogen may still be present.

Since gestational cocaine has been shown to cause a disruption of maternal behavior (Johns
et al., 2005) and the amygdala and the MPOA (Neumann, 2008; Pereira and Morrell, 2010)
are known to be critical for both the onset and maintenance of maternal behavior, we
examined the effects of gestational cocaine on these regions as well. In the MeA, cocaine
induced an increase in dendritic spine density in the rat dams. Gestational cocaine has
previously been shown to increase dopamine and DOPAC levels (Lubin et al., 2003),
decrease oxytocin levels (Johns et al., 2010) and result in an up-regulation of oxytocin
receptors in the amygdala of rats six days after birth (Johns et al., 2004). In contrast, in the
present study cocaine exposure resulted in a decrease in dendritic spine density in the
MPOA of dams. Gestational cocaine has been shown to result in a decrease in DOPAC
levels in the MPOA (Lubin et al., 2003) and a down-regulation in oxytocin receptors 6 days
after birth (Johns et al., 2004). The primary mechanism of action of cocaine seems to occur
via the dopaminergic system (Levitt et al., 1997; Ritz et al., 1990) and dopamine is
implicated in directing the growth of neurons (Levitt et al., 1997; Van Kampen et al., 2005).
Moreover, in a recent study, Martin et al. (2010) showed that cocaine induced increases in
dendritic spine density were dependent on the dopamine transporter. Despite this data, it is
not possible to determine whether the alterations in spine density are the result of direct
effects on a given dendrite, the result of cocaine induced changes in another cell that project
to that dendrite or both. However the special hormonal environment of pregnancy appears to
alter the brain’s susceptibility to the effects of cocaine.

In conclusion, this study demonstrates that cocaine alters dendritic spine density in the
brains of adult female rats, both virgin and postpartum. Notably, the magnitude of change
and the number of brain areas involved were greater in the pregnant subjects. In addition, we
report that the MPOA, a region critical for maternal behavior, of postpartum rats is the only
area examined where cocaine administration results in decreased dendritic spine density.
This change may therefore underlie previously reported adverse effects of cocaine on
maternal behavior. Taken together, these results further demonstrate that the brain’s
response to cocaine varies depending on the endocrine status of female. Lastly, they show
that the use of psychoactive drugs during pregnancy results in morphological repercussions
for the mother as well as the offspring.
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Figure 1.

Figure 1: Effects of cocaine on spine density in the PFC and CA1. Mean £ SEM. Data
analyzed by two-way ANOVA, status (virgin, pregnant) x treatment (saline, cocaine) and
post hoc testing by LSD. Please see results for ANOVA outcomes.

A. PFC Basal, Significant interaction of status and treatment; +, PCoc > VCoc, p < 0.05.
B. PFC Apical, Significant interaction of status and treatment; *, PCoc > than all other
groups, p < 0.05.

C. CAl Basal, Significant effect of treatment; Coc groups > Sal groups

D. CA1 Apical, Significant effect of treatment and status; Coc groups > Sal groups, Virgin
groups > pregnant groups.
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Figure 2.

Effects of cocaine on spine density in subcortical regions. Mean + SEM. Data analyzed by
two-way ANOVA, status (virgin, pregnant) x treatment (saline, Cocaine) and post hoc
testing by LSD. Please see results for ANOVA outcomes.

A. MeA, Significant effect of treatment; Coc groups > Sal groups; Significant interaction of
status and treatment; +, vir-sal >preg-sal, p < 0.05.

B. VMN, No significant differences.

C. MPOA, Significant effect of status; significant interaction between status and treatment;
a, VCoc > Vsal, p < 0.05; b, PSal > PCoc, p < 0.05.
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Figure 3.
Golgi impregnated dendrites in the MPOA. Photomicrograph illustrates the difference in

dendritic spine density between treatments. Groups: A = Virgin Cocaine B= Pregnant
Cocaine, C = Virgin Saline, D = Pregnant Saline. Arrows denote spines
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