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ABSTRACT

AIM: To investigate the toxic effects of mid-pregnancy cocaine exposure on embryo-fetus. METHODS: A trans-
placental murine model of cocaine exposure on embryo-fetus mice was established, in which pregnant dams of
comparable weight were assigned into three groups: cocaine with food ad lib (COC), saline and pair-fed with COC
(SPF), and saline with food ad lib (SAL). From embryonic d 8 (E8) to E17, physiological variables of dams and
offspring were recorded and concentrations of dopamine and serotonin in fetal striatum were examined. RESULTS:
Compared with SAL dams, COC and SPF dams showed lower weight gain. But only COC fetuses demonstrated
low brain weight and low striatum weight on E17, as well as small biparietal diameter (BPD) on postnatal d1 (P1).
Surprisingly, low brain/body weight ratio was seen in COC offspring, which might reflect disproportionate growth
delay in these fetuses. Neurotransmitter and histological analysis revealed high level of dopamine and serotonin in
COC fetal striatum, as well as morphological alterations of liver. CONCLUSION: Mid-pregnancy cocaine expo-
sure induces fetal growth delay in utero, especially disproportionate brain developmental retardation. Maternal
undernutrition does not play a key role in fetal developmental retardation when exposed to cocaine in utero.

whereas transplacental exposure to cocaine during the

INTRODUCTION later gestational periods may have a higher likelihood of

Within the last decade, although many investiga-
tors have focused on the physical, neurodevelopmental,
and neuropsychological effects of prenatal cocaine ex-
posure on infants and young children, many crucial is-
sues are still inconclusive!™. Clinical data suggest that
the gestational timing of cocaine exposure relates criti-
cally to outcomes, as first trimester exposure to co-
caine may result in impaired neonatal behaviort?,
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resulting in intrauterine growth retardation, postnatal
growth retardation, and cognitive impairments in ex-
posed children through 2-3 a of age®®*!. However, stud-
ies on the effects of mid-pregnancy cocaine exposure
were very few, because compared with early- and late-
pregnancy, mid-pregnancy was a relatively safe period.
In current research, we established a transplacental
model that permitted control over the timing and fre-
quency of exposure, as well as nutritional factor to in-
vestigate the developmental toxicity of mid-pregnant
cocaine exposure.

There are a number of candidate mechanisms that
can be used to account for toxicity of cocaine expo-
sure on adults. But the mechanism of developmental
effects of cocaine on brain is still inconclusive. This
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study focused on the monoamine system, one to the
primary sites of actions of cocaine in the adult. In the
developing organism, monoamines play critical trophic
roles through all phases of central nervous system (CNS)
ontogeny: cell proliferation, neural migration, growth,
maturation, and synaptogenesis. Because of their trophic
roles in CNS ontogeny, cocaine’s effects on develop-
ing nervous system may be mediated in part through
effects on monoamine system ontogeny!™. Striatum is
a major postsynaptic target of dopaminergic projec-
tions®!. So striatum dopamine (DA) and serotonin (5-
HT) concentrations were measured in fetal mice of all
groups by high-performance liquid chromatography
(HPLC) on E17. Histological analysis was carried out
to value the effects of prenatal cocaine exposure on the
whole bodies. The aim of this study was to make the
mechanism of mid-pregnancy cocaine exposure on fe-
tuses clearly and provide scientific basis to guide abu-
sive mothers to cut down cocaine dosage during preg-
nancy and reduce the birth rate of “cocaine babies.”

MATERIALSAND METHODS

Materials Cocaine HCI from Qinghai Pharma-
ceutical Company; octyl sulfate salt, standard dopamine,
standard serotonin, and dihydroxybenzylamine (DHBA)
from Sigma; HPLC-grade methanol, analysis-grade
edetic acid, sodium citric acid, sodium acetic acid, dibu-
tylamine, NaHSO,, HCI, and perchloric acid from Tianjin
Siyou Company. HPLC system included Waters HPLC
6000A pump, Waters 3.9 mmx15 cm Nova-pak C,,
column (4 um spheres) and a Waters 464 electrochemi-
cal detector.

Animal preparation Female KM Mice at 49 d of
age were obtained from Animal Laboratories of
Shenyang Pharmaceutical University (Grade I, Certifi-
cate No 01-012). They were housed at (21+2) °C and
on a 12-h light: dark cycle (lights on at 07:00). Females
were placed with males at 17:00. The presence of a
vaginal sperm plug the following morning defined the
beginning of pregnancy (EO). Mice with sperm plug
were weighed and caged individually. Pregnant dams
of comparable weight were divided into three groups:
cocaine HCI (COC) group, saline (SAL) group, and sa-
line and pair-fed with cocaine group (SPF). From E1
to E7, all dams were treated identically, with food and
water ad lib. COC and SAL groups were allowed free
access to the diet from E8 to term, but each dam in the
SPF group was only allowed to the same amount of
food consumed on the same day of paired animals in
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COC group®.

Protocol Dams in the COC group (sc in the re-
gion of the nape of the neck back) treated with cocaine
HCI 20 mg/kg twice daily, at 07:00 and 19:00 from E8
to E12 inclusive. SPF and SAL mice received injec-
tions of 0.9 % physiological saline solution 20 mL -kg™-
d* following the same schedule. On E17, all dams of
three groups were sacrificed. Cocaine 2 g/L was dis-
solved in physiological saline and the cocaine dose was
initially determined according to prior study in
rodent™.

On E17, dams were anesthetized and fetuses were
rapidly removed and weighed. After decapitated on ice,
fetal brains were obtained and weighed, and striatum
were separated and weighed. Striatum samples were
frozen and stored at —70 °C till analysis. Some fetal
brain tissues were collected for histological procedures.

All dams were weighed daily from E8 to E17. Diet
consumption was recorded daily for the COC and SAL
groups. Gestational length and abortion rate were re-
corded for each dam. On E17 the number of whole
fetus and live fetus was recorded and the number of
whole pups and live pups, pup weight, and biparietal
diameter (BPD), measured with a micrometer placed in
front of the external auditory meati, were recorded on
P1 (postnatal d 1).

Histological analysis After observation for gross
pathology, placenta, and fetal livers were dissected and
fixed in 4 % buffered paraformaldehyde. Following
dehydration, the tissues were embedded in paraffin,
sectioned at 5 um, mounted, and stained with hemo-
toxylin and eosin. The histologies were read blind to
route of cocaine administration.

HPLC analysis To determine the effects of preg-
nancy cocaine exposure on fetal neurotransmitters in
vivo, levels of striatal DA, and 5-HT were analyzed by
HPLC with electrochemical detector. Prior to homo-
genization, 100 uL ice-cold homogenate buffer was
added to the vial containing 100 mg striatal tissue
samples. Homogenate buffer included perchloric acid
0.16 mol/L containing 0.02 % edetic acid and dihydroxy-
benzylamine (DHBA) as the internal standard!®.
Homogenates were centrifuged at 15 000xg for 30 min
at 4 °C. The supernatant was transferred to a new vial
and used for HPLC assay. Mobile phase was prepared
by adding methanol and HPLC-grade water (1:8) con-
taining edetic acid 0.283, sodium citric acid 20, sodium
acetic acid 50, and dibutylamine 3.5 mmol/L, adjusted
pH to 3.7 with HCI. Mobile phase was pumped at am-
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bient temperature at a rate of 0.7 mL/min and recycled
during use but made fresh each week. Peak areas were
measured and referenced to the peak areas of various
concentrations of the standards, which were
chromatographed randomly during the assay of the tis-
sue samples. DA and 5-HT were expressed as nano-
grams per gram of tissue wet weight for fetal brain.

Statistical analysis ANOVA, Student’s t-test, and
x-test were used to determine statistical significance.
P<0.05 was considered significant. All data were ex-
pressed as mean=SD.

RESULTS

Effects of mid-pregnancy cocaine exposure on
the mothers ANOVA test indicated that there was a
significant effect of prenatal treatment on gestational
weight gain from E8 to E12 in COC group (P<0.01),
but not from E13 to E17. SAL dams gained signifi-
cantly more weight than SPF and COC dams; SPF dams
gained a little more weight than COC dams through
E8-12. t-test revealed that cocaine given twice daily
for 5 d (E8-12) reduced food intake: COC (24+6) g,
SAL (3945) g, P<0.01. Significant differences across
groups in gestational lengths were not observed
(P>0.05). Compared with SAL and SPF dams, COC
dams had absolutely higher abortion rate than SAL and
SPF: four COC dams aborted during pregnancy after
cocaine injection (Tab 1).

Tab 1. Effect of pregnancy cocaine treatment on mothers.
Mean+SD. 2P>0.05, °P<0.01 vs SAL (SNK and t-test). ‘P>
0.05,'P<0.01 vs SPF (SNK and %?).

WG/g WG/g Flig
E8-12 E13-17 ES8-12 E13-17

Fllg Pa/ %

Group n GL/d

SAL 18 6.4%1.3 163  39+#5 39+6 19.0+0.4 6
SPF 19 2.6+0.3° 17.0+1.4 18.8£0.5 5%
COC 16 25+0.4% 17.1+2.4 24+6° 41+5 18.6+0.3 25

WG: weight gain; FI: food intake; GL: gestational length; Pa:
percentage abortion.

Effects of mid-pregnancy cocaine exposure on
embryo-fetus body and brain growth On E17, litter
size through three groups was similar, but the ratio of
dead and dysplastic fetuses in COC group was much
higher than controls (P<0.01). In spite of low brain
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weight and striatum weight, COC offspring had nearly
normal body weight compared with SAL and SPF
offspring. And there was no significant difference in
brain and striatum weight between SAL and SPF fetuses,
P>0.01. Examination revealed no significant difference
on the ratio of striatum and brain weight among SAL,
SPF, and COC offspring. As for the ratio of brain and
body weight, it was 1:19 in COC group, which was a
bit lower than that of others (P<0.05, Tab 2).

Tab 2. Effect of prenatal treatment on fetal body weight,
brain weight, and striatum weight on E17. n=7 litters.
Mean=SD. ?P>0.05, "P<0.05, °P<0.01 vs SAL (x? and SNK);
®P<0.05, P<0.01 vs SPF (x? and SNK).

Group LS Rdd BoW/g Brw/mg SW/mg b/b  s/b

SAL 11#3 1:19 1.27+0.11 74+5 10.5+1.9 1:17 1:7.4
SPF 10.1+1.4 1:36% 1.29£0.08 73x2* 10.1+1.4° 1:117* 1:7.4
COC 11.2+1.5 1:6% 1.21+0.14 64457 8.1+0.7¢1:19™ 1:7.8

LS: litter size; Rdd: ratio of dead and dysplastic fetuses; BoW:
body weight; BrW: brain weight; SW: striatum weight; b/b: brain/
body weight; s/b: striatum/brain weight.

On P1, litter size was unaltered by prenatal co-
caine exposure (COC: 11+3; SPF: 11.2+2.1; SAL:
10.7+£1.7). Moreover, body weight of all pups was
examined and no difference was found among these
groups (P>0.05). Separate one-way ANOVA indicated
significantly main effects of treatment on biparietal
diameter. SAL and SPF pups had wider biparietal di-
ameters than COC pups on P1 (P<0.01, Tab 3).

HPLC analysis data DA concentrations in the
striatum of fetuses were increased by cocaine expo-

Tab 3. Effect of prenatal treatment on offspring body weight
and BPD on P1. Mean%SD. ?P>0.05, °P<0.01 vs SAL (x’ and
SNK). 'P<0.01 vs SPF (x? and SNK).

Group n LS Rdd BoW/g BPD/mm
SAL 10 10.7#1.7 150 2.14+0.07 10.2+0.7

SPF 11 11.2+2.1  1:41*  2.11+0.05 10.1+0.6?
coc 5 11+3 1:.9¢  2.13+0.06 9.140.3

LS: litter size; Rdd: ratio of dead and dysplastic fetuses; Bow
body weight; BPD: biparietal diameter.
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sure (SAL: 61 ng/g+6 ng/g; SPA: 58 ng/g+9 ng/g; COC:
85 ng/g+10 ng/g); COC group fetuses also had higher
concentration of 5-HT than SPF and SAL groups
(P<0.01). And there was no significant difference be-
tween SPF and SAL groups ( P>0.05, Tab 4).

Tab 4. Prenatal treatment on the concentrations of DA and
5-HT in fetal striatum. n=7 litters. Mean+SD. 2P>0.05,
°P<0.01 vs SAL (SNK); 'P<0.01 vs SPF (SNK).

Group DA/ng-g™ 5-HT/ng-g*
SAL 61+6 192+22
SPF 58+9° 170+£21*
cocC 85+10° 284+30°

Histological examination analysis Examination
revealed no overt gross pathology of any organ for mice
exposed to cocaine. Histopathological examinations,
however, distinguished COC fetuses from saline-injected
mice. The most common hepatocellular pathology as-
sociated with cocaine included less number of normal
hepatocytes, and the deterioration of the architecture
of the hepatic lobules and cords. No pathological
changes of placenta in COC offspring was observed.

DISCUSSION

Considerable attention has been given to the im-
pact on the developing fetuses and newborn when
women abuse cocaine during pregnancy. But it is un-
clear that whether mid-pregnancy cocaine exposure has
the same severe effects on fetal development as early-
and late-pregnancy exposure. Knowing this informa-
tion will facilitate the clearness of cocaine exposure on
fetuses developmentally. In current research, we se-
lected brain, liver, and placenta as target organs to in-
vestigate the effects of mid-pregnancy cocaine expo-
sure on the fetuses in order to provide academic basis
to guide abusive mother to cut down cocaine exposure
during pregnancy and to reduce the birth rate of “co-
caine babies.”

Our result of impaired maternal food ingestion and
weight gain in COC group, and low weight gain in SPF
dams from E8 to E12 was consistent with our previous
findings. When stopped injecting with cocaine from
E13 to E17, compared with SAL dams, COC dams
showed normal food consumption and weight gain,
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suggesting cocaine could inhibit maternal appetite and
decrease food intake. The repetitive dosing of cocaine
in our model led to decreased food intake, which was
the most likely explanation for comprise in gestational
weight gain in COC dams.

Prior experiments in mice had validated that the
safety of the sc route of cocaine administration was up
to 60 mg-kg*-d* P!, Our mouse model followed the
same regimen of cocaine 40 mg-kg™.d* sc as others,
and revealed higher abortion percentage and ratio of
dead and dysplastic offspring in COC group than
controls, suggesting mid-pregnancy cocaine exposure
could increase fetal wastage by some unclear mecha-
nisms. Whether it was the result of cocaine-induced
vasoconstriction or the toxicological effects of cocaine
remained to be determined.

It has been difficult to rule out the contribution of
maternal undernutrition to the observed reduction in birth
weights of cocaine-exposed babies. However, we used
the pair-fed group (SPF) to make it easy to clarify the
effect of nutritional factor. In our study, reductions of
fetal brain and striatum weight were not observed for
the fetuses of SPF dams which exhibited attenuated
weight gains during pregnancy similar to that of co-
caine-injected dams. A number of reports have indi-
cated that offspring development, particularly the brain,
is frequently maintained at the expense of dam under
conditions of substantial undernutrition®™. Based on
these results we concluded the toxicological effects of
cocaine might play an important role in the reductions
of fetal brain and striatum weight, but not maternal
undernutrition.

In our model, COC offspring demonstrated sig-
nificantly lower brain weight, striatum weight (E17),
as well as smaller BPD (P1) than SAL and SPF
offspring. Additionally, low E17 brain/body weight
ratio was only observed in COC fetuses, suggesting
that when exposed to cocaine in mid-pregnancy, the
impairment of nervous system was more severe than
the other systems, and brain growth delay was a marker
of gestational cocaine exposure. It was likely that
cocaine-induced reductions in brain weight and BPD
were the result of decreased striatal volume, because
the striatum represented the largest contributor to this
measure.

There were a number of candidate mechanisms
that could be used to account for toxicity of cocaine
exposure on adult brain, and dopaminergic system in
striatum had been demonstrated important in the rein-
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forcing effects of cocaine. However, the mechanism
of developmental effects of cocaine on brain was still
inconclusive. Our purpose of assessing concentrations
of DA and 5-HT in the fetal striatum was to determine
if cocaine affected fetal brain by impairment of monoam-
inergic system. Neurotransmitter analysis indicated high
concentrations of dopamine and serotonin in COC off-
spring compared with SAL and SPF offspring. How-
ever, cocaine-induced increasing of serotonin was
higher than that of dopamine, suggesting serotonin sys-
tem was much more sensitive than dopamine system
when exposed to cocaine in utero. Because serotonin
plays an important role in the normal development of
the CNS, including neuronal differentiation***¥!, neural
cell migration, synaptogenesis™ %, and release of glial-
derived growth factor S100B, we speculated prenatal
cocaine exposure impaired brain development through
some unclear mechanisms mediated by monoaminer-
gic system, especially by serotonin.

Histological analysis revealed morphological alter-
ations in liver of COC fetuses, including less number of
normal hepatocytes and the deterioration of the archi-
tecture of the hepatic lobules and cords, but no patho-
logical alterations were seen in placenta. This result
was inconsistent with our prior studies, in which co-
caine exposure was from E8 to E17 at the dose of 20
mg-kg™-d™* and morphological changes in both liver and
placenta were observed. It might be different cocaine
injection timing that led to this effect. We inferred mid-
pregnancy cocaine exposure could cause hepatic
damage, and morphological changes of placenta were
“transient,” but impairments of liver were relatively
“persistent.” One explanation to hepatic damage being
“persistent” was that cocaine had been metabolized and
resorted in liver for some time.

In general, though mid-pregnancy is a relatively
safe period compared with early and later gestational
periods, cocaine mid-pregnancy exposure still leads to
fetal growth retardation. This developmental delay is
not a paralleled process, because brain impairment is
more severe than the whole body impairment, and se-
rotonin system is more sensitive than dopamine system.
Maternal undernutrition is not a critical factor in im-
pacts of cocaine exposure on fetuses in utero.
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