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Abstract

To examine the effects of chronic perinatal cocaine exposure, cocaine was administered intravenously throughout pregnancy and the
postpartum period to the rat. Pregnant rats were divided into five groups: nontreated (naive); normal saline control (saline); cocaine first
generation (cocaine); saline in the first generation and cocaine in the second generation (Sal-2G); and cocaine in both first and second
generations (Coc-2G). The rats receiving cocaine in the second generation (Sal-2G and Coc-2G) were offspring of the saline and cocaine
group, respectively. All cocaine-treated groups received cocaine 2 mg/kg/day intravenously (IV), and the saline group received normal sa-
line 0.2 ml/day IV from GD 2 to the 21st day postpartum. Mean perinatal mortality was greater in all pups exposed to cocaine in utero
during gestation; Cocaine (6.4%); Sal-2G (5.6%); Coc-2G (11.4%) groups than in the noncocaine groups (3.2%, 1.3%). Weight gain,
physical, and neurological developments of the offspring were not affected. It was concluded that perinatal cocaine exposure had an in-
creased perinatal mortality even at doses approximately 10 times lower than those previously reported, which were administered by ex-
travascular routes. These findings indicate the importance of the route of drug administration in perinatal cocaine research. © 2000
Elsevier Science Inc. All rights reserved.
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1. Introduction The effects of cocaine given by the intravenous route in
conscious rodents, using doses that are often self-adminis-
tered by human cocaine abusers, has not been well docu-
mented, probably due to methodological obstacles. In the
present study, cocaine, at a dose lower than that reported in
previous studies, employing extravascular routes, was ad-
ministered throughout pregnancy as well as the preweaning
period to examine its effects on the offspring throughout the
perinatal period. The objective of this study was to test
whether long-term intravenous maternal administration of
cocaine can produce adverse perinatal effects. Furthermore,
this observation was extended to second generation of co-
caine-exposed offspring.

Since “crack babies’ became a sensational media topic
during the 1980s [12], a number of adverse effects of
chronic prenatal cocaine exposure on the offspring of ro-
dents have been reported. However, whether these rodent
models accurately represent the human situation has been
reevaluated recently. The route of cocaine administration
used in the mgjority of studies in rodents has been subcuta-
neous [2,8,10], intragastric [1,35], or intraperitoneal [7,32],
none of which are commonly used by human abusers. The
subcutaneous and intragastric routes require large doses of
cocaine to reach plasma cocaine concentrations comparable
to those attained via the intravenous route [1,2,8,10,35]. In-
jection via the intraperitoneal (IP) route may injure organs
intheintraperitonea cavity, and may also result in rapid ab-
sorption into the uterine mass. Consequently, doses and ki-
netics of cocaine via extravascular routes are not reflective

2. Materials and method

The experimental protocol was approved by the Columbia

of human intravenous abuse. Such large doses could theo-
retically lead to prolonged high plasma cocaine concentra-
tions, causing adverse effects on fetal or neonatal rats.
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University Animd Care and Use Committee. A total of 28
Sprague-Dawley femaerats, 12 to 16 weeks of age at thetime
of pregnancy, were used in this study. All rats were purchased
from a commercial breeder, and were bred in our laboratory.
They were placed in a temperature-controlled room on a 12/
12-h light/dark cycle, and had free access to water and food.
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2.1. Breeding

Nulliparous female animals were housed in pairs and
were acclimated to the colony for 1 week. Thereafter, each
female rat was placed with an adult male in the breeding
cage. The breeding cage had an elevated stainless steel
wire floor without chips to aid in the visualization of the
plug. The day a plug was found was designated as gesta-
tional day 1 (GD 1). Pregnant rats were individually
housed and divided into groups. Each group contained six
to eight animals: nontreated (naive); receiving normal sa-
line only (saline); cocaine only in the first generation (co-
caine); saline in the first generation, then cocaine in the
second generation (Sal-2G); and cocaine in the first and
second generation (Coc-2G). Subjectsin the second gener-
ation groups, 13 to 15 weeks at the time of breeding, were
comprised of the offspring from the saline group or co-
caine group. Pups remained with the mother 3 weeks post-
natally while the mother continued to receive cocaine
daily.

2.2. Implantation of the intravenous catheter

For long-term intravenous (V) injection of cocaine or
saline, a specia catheter was designed using three kinds of
tubing: one silicone (Baxter, McGaw Park, IL), and two
polyethylene infusion tubings (PE 50, Becton Dickinson
and Company, Parsippany, NJ; and Becton Dickinson Vas-
cular Access, Sandy, UT). Silicone tubing (0.d. 1.5 mm, i.d.
0.8 mm, and length 2.5 cm) was used for the portion of the
catheter that was placed into the vein. The other end of the
tubing was comprised of 4.0 cm of infusion tubing covered
with a rubber injection cap (PRN Adapter, Becton Dickin-
son Vascular Access). A small piece of polyethylene tubing
was used to connect the silicone and infusion tubing. The
total length of the catheter was between 8.2 to 8.4 cm and
the total capacity ranged from 0.19 to 0.20 ml.

On GD 1, thetreatment animal was anesthetized with anin-
traperitoneal injection of ketamine (40 mg/kg) and xylazine (7
mg/kg), and the surgical procedure was performed under sterile
conditions. The neck and intrascapular area were shaved and
disinfected with a 10% povidone-iodine solution (Betadine®,
Purdue Frederick Company, Norwak, CT). A cutdown inci-
sion was made on the ventral part of the neck, and the catheter
wasinserted into theright jugular vein and filled with 0.9% sa-
line containing 50 IU/ml of heparin (Elkins-Sinn Inc., Cherry
Hill, NJ). The exposed end of the catheter was tunneled subcu-
taneoudy, exteriorized on the back, and anchored to the soft
tissue. The incision was then closed to cover the catheter com-
pletely. Upon completion of the surgery, the animal was placed
in a cage that was warmed by a heating pad to avoid excess
loss of body temperature during recovery. The sutureswere re-
moved 1 to 2 weeks after the surgery.

2.3. Drug administration

After a 24-h postoperative recovery period (GD 2), drug
administration was performed daily in the morning, and

continued until the offspring reached weaning age (the 21st
postpartum day). The animals in the cocaine groups re-
ceived 2 mg/kg/day of cocaine hydrochloride (Sigma
Chemical Co., St. Louis, MO). The dose of cocaine was
chosen based on results from a preliminary study in which
rats receiving this dose of intravenous cocaine did not con-
vulse, but did exhibit other subtoxic signs, such as excite-
ment and restlessness. Cocaine was dissolved in sterile
0.9% salineto afinal concentration of 2 mg/ml, and was in-
jected over 1 min followed by a flush of heparinized saline.
The saline group received 0.9% saline 0.2 ml/day. A group
of nontreated animals was used as a control group (naive).
The animal was observed for at least 30 min after cocaine
administration.

2.4. Observations on the mother and litter

The body weights of all dams were measured throughout
the treatment period. On the day of delivery, which was des-
ignated as postnatal day O (PD 0), gestational length, the to-
tal number of offspring, and the number of tillbirths were
recorded for each animal. At that time, pups were weighed,
examined for gross physical abnormalities, and their gender
identified. The litters were then culled to 10 pups, balancing
for gender whenever possible. Dams were allowed to nurse
their own offspring, while continuing to receive saline or
cocaine daily. The number of stillbirths and deaths occur-
ring during thefirst week after a birth were recorded as peri-
natal mortality. An autopsy was performed for each perina-
tal death to determine the cause of death.

2.5. Physical development and reflex

The following examinations were performed by a maxi-
mum of two investigators in a quiet, temperature-controlled
room. Pups were adapted for 30 min following separation
from their mother. A heating pad was used to maintain body
temperature if the pups were younger than 10 days of age.
The offspring’s body weights were measured on PD 0, 7,
14, and 21, and they were examined for the appearance of
downy hair, pinna detachment, fur emergence, lower incisor
eruption, ear opening, and bilateral eye opening every
morning. The following neurological reflexes were tested
daily from PD 1 to 14.

2.5.1. Righting reflex

The newborn was placed on its back, and the latency to
turn over to a position with all four paws on the ground: a
maximum of 15 swas allowed to complete this task.

2.5.2. Cliff avoidance

The body was placed on an edge with its forepaws and
face extending over the edge: a maximum of 15 swas allot-
ted for the pup to retreat from the edge.

2.5.3. Negative geotaxis
The body was placed on a25° incline with its head facing
downward to test its ability to turn 180° within 3 min.
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2.6. Cocaine and metabolites concentrations

On PD 0, 7, 14, or 21, a male and female pup from the
cocaine-exposed groups were euthanized with isoflurane
(Abbott Laboratory, North Chicago, IL) and blood samples
immediately obtained by cardiac puncture for the determi-
nation of cocaine and its metabolites. Heart, liver, brain, and
gastric contents (milk) were collected and frozen immedi-
ately on dry ice. All samples from the cocaine groups were
treated with sodium fluoride to inhibit enzymatic hydroly-
sis. The blood samples were centrifuged immediately, and
the plasma stored with other samples at —70°C until the
drug assays were performed.

2.7. Analytical method for cocaine and its metabolites

2.7.1. Internal standards

Deuterated internal standards for cocaine, norcocaine,
ecgonine methyl ester benzoylecgonine, and ethylben-
zoylecgonine (cocaethylene) were added to the plasma or
tissue homogenate prior to processing. Deuterated cocaine
and benzoylecgonine were purchased from Sigma Chemical
Corp. (St. Louis, MO). Ethylbenzoylecgonine was pur-
chased from Research Biochemicals Inc. (Natick, MA).
Deuterated norcocaine and ecgonine methyl ester were do-
nated by NIDA, and deuterated ethylbenzoylecgonine was
synthesized in our laboratory by forming the ethyl ester of tri-
deuterobenzoylecgonine. The ElI mass spectra of each of
these compounds showed fragmentation patterns with the ex-
pected mass unit shifts for the deuterated internal standard.

2.7.2. Extraction procedure

Deuterated standards were added to plasma or tissue ho-
mogenate before processing. To 0.1-0.5 ml of plasmaor tis-
sue homogenate 1 ml 5% sulfosalicylic acid was added, and
the precipitated proteins were then removed by centrifuga-
tion. The clear supernatant was made alkaline with 1 M car-
bonate buffer and extracted with 8 ml 1.5% isoamy! alcohol
in heptane. The organic layer was then back extracted with
1.2 ml of 0.1 N HCl. (The agueous layer was kept for more
polar metabolite extraction.) The sample was mixed, centri-
fuged, and aspirated. The agueous layer was then made ba-
sicwith 1 M carbonate buffer, and extracted with 100 wl of
15% isoamyl alcohol in toluene. The organic phase was re-
moved, taken to dryness via vacuum centrifuge, and then
derivatized at 80°C for 30 min with pentafluoroproprionic
anhydride (20 wl in 100 wl ethyl acetate). The organic layer
was then again taken to dryness in a vacuum centrifuge (Sa-
vant Instruments, Farmingdale, NY).

2.7.3. Benzoylecgonine and ecgonine methyl ester extraction

The agueous extract remaining following the initial ex-
traction of cocaine and ethylbenzoylecgonine was trans-
ferred to another tube to which 5 ml of a solution of 20%
ethanol in chloroform was added. After mixing and centrif-
ugation, the upper layer was aspirated and then the organic
layer (lower layer) transferred to a disposable tube. This
tube was dried down in the Savant vacuum centrifuge. The

sample was then derivatized using four parts pentafluoro-
proprionic anhydride and one part trifluoroethanol solution
viaincubation in a heating block at 80° for 30 min. The tube
was then dried down in the vacuum centrifuge. Benzene (50
wl) was added, the sample vortexed, and the benzene trans-
ferred to the same vial in which the cocaine and ethylben-
zoylecgonine were concentrated. Thisvial was then used for
injection into the system.

The GC/M S system was comprised of acapillary column, 15
meters HP 1 crosdinked methyl silicone. The MS was operated
in the PCl mode using a mixture of 5% ammoniain methane as
theionizing gas and monitoring ions for each of the compounds.
These were ecgonine methyl ester 346(M +1) 349(M +1); ben-
zoylecgonine 372(M+1), 375(M+1); cocane 304(M+1),
307(M +1); ethylbenzoylecgonine 318(M +1), 321(M +1); nor-
cocaine 453(M+1), 458(M+1), where the second ion moni-
tored is the deuterated internal standard. In addition, secondary
ions were monitored to confirm specific structures. The oven
temperature was programmed using a cold trgpping procedure
where injection took place at a column temperature of 80°C and
the program was 80°C/l min then 30°C/min to 280°C—end run.

Depending upon the nature of the study, the standard
curves encompassed 0-500 ng/ml or g up to 10 pg/ml or gin
the acute toxicity studies. In the latter case, larger amounts of
internal standard were added. Standard curves for each of
these compounds were linear throughout the entire range,
with low intercepts and correlation coefficients of 0.999+.
The intrainter coefficients of variation for these compounds
was <6% across the entire range of the samples tested, and
we found the procedure to be highly sensitive and reliable
(LDQ 1 ng/ml). The advantage of the GC/MS simultaneous
ion monitoring with specificity confirmation using secondary
fragments cannot be overemphasized. Quality control (QC)
samples at low, medium, and high concentrations of cocaine
and all metabolites were analyzed with each analytical run.

2.8. Satistical analysis

Two-way analyses of variances (ANOVA) were employed
for analysis of maternal and offspring weight gain, length of
gestation, and litter size, and for measures of physical devel-
opment and neurological reflexes aswell asfor stillbirth and
neonatal mortality. All data are expressed as mean = SE. A
p-vaue of less than 0.05 was considered Statistically signifi-
cant. In al analyses, thelitter isthe unit of observation. For ex-
ample, mean birth weight and percent neonatal mortality were
calculated for each litter. The sample in each analysis was,
therefore, the number of litters rather than the number of pups.

3. Reaults
3.1. Maternal data

The intravenous catheter remained patent throughout the
experimental period. None of the animals developed infec-
tion or leakage around the suture. The dams in the cocaine
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groups did not develop convulsions, but did exhibit excite-
ment, manifested as sniffing or circling following the drug
administration. These behavioral changes ceased within 30
min. The degree of behavioral ateration after cocaine ad-
ministration remained unchanged throughout the treatment
period.

The mean (= SE) maternal body weight in each group on
GD 1 wasasfollows: naive, 265 + 15 g; saline, 254 + 15¢;
cocaine, 278 = 5 g; Sal-2G, 336 = 15 g; and Coc-2G; 305 +
16 g. The percent change in body weight from GD 1 is de-
picted in Fig. 1. Dams in al three cocaine groups gained
significantly less body weight by GD 7 (p < 0.01) than did
noncocaine-treated groups. These differences were till
present but diminished at GD 21, and repeated measures of
ANOVA indicated weight gain differences between groups
over thetotal 21 day gestational period were not statistically
significant.

3.2. Offspring data

Mean gestational length, litter size, number of stillbirths,
birth weight, and perinatal mortality are summarized in Ta
ble 1. There were no significant differencesin litter size and
gender ratio between groups, nor gender differencesin birth
weight within any group. Stillbirth and perinatal mortality
due to cocaine were significantly greater in all cocaine
groups than in the noncocaine groups (p < 0.05). Perinatal
mortality and stillbirth were higher (11.4%) in Coc-2G than
any other groups. The cause of each stillbirth was not clearly
evident at autopsy. All eight of the neonatal deaths occurred
within a 5-day postnatal period, but necropsies could not be
performed because the bodies were cannibalized.

Upon gross examination on PD 0, no anomalies were ob-
served. One female offspring in the cocaine group was
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found to have hypoplasia of the right cerebral hemisphere
after she was sacrificed for tissue sampling on PD 14; how-
ever, her physical and neurological development was no dif-
ferent from that of other litter mates.

3.2.1. Physical development

There were no differences in birth weight among groups
(Table 1), and postnatal weight gain in each group was sim-
ilar throughout the observation period (Fig. 1). The mean
ages (days) for the appearance of mgjor physical matura-
tional milestones including pinna detachment, the appear-
ance of downy hair, fur emergence, lower incisor eruption,
ear opening, and bilateral eye opening are summarized in
Table 2. The mean day of postnatal development when the
pups achieved each maturational milestone was similar in
al groups.

3.2.2. Neurological reflexes

Figure 2 demonstrates the number of offspring that were
able to perform each reflex within the allotted time period.
By 7 days, 92.3% of the offspring (36 pups of total 39) in
the naive, 86.8% (46 of 53) in the saline, 97.5% (39 of 40)
in the cocaine, 100% (24 of 24) in the Sal-2G, and 100%
(46 of 46) in the Coc-2G were able to assume the upright
position in the righting reflex test. For the cliff-avoidance
test, more than 50% of the offspring on PD 1 elicited swift
responses by backing away from the cliff, and the mgjority
of pupsin al groups were able to demonstrate this response
early in the first week. The results of the negative geotaxis
test were similar in al groups as well; 97.4% of offspring
(38 pups of total 39) in the naive, 84.9% (45 of 53) inthe sa
line, 100% (43 of 43) in the cocaine, 95.8% (23 of 24) inthe
Sal-2G, and 90.9% (40 of 44) in the Coc-2G were able to
turn 180° on the slope by 7 days of age. Mean latencies for
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Fig. 1. Changes in maternal weight gain (%) from the GD 1 throughout pregnancy (left) and average weight gain in offspring (g) during postnatal period

(right). * Significantly different from the valuesin naive group.
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Tablel

Litter variables (mean + SE)

Group Naive Saline Cocaine Sal-2G Coc-2G
Gestational length (days) 23+0.1 23+01 23+0.2 23+0.0 23+00
Litter size 13+0.1 11+10 11+17 15+ 0.7 13+ 04
Stillbirths (%) 2.3 0.0 4,82 3.8 8.12
Birth weight (g) 6.9+ 0.1 6.8 +0.1 6.9 +0.2 7104 6.6 +0.2
Perinatal mortality (%) 3.2 13 6.42 5.6% 11.42

aSignificantly greater than the noncocaine groups.

the righting and negative geotaxis on each postnatal day are
shown in Fig. 3. There were no significant differences be-
tween groups. As only afew offspring were able to demon-
strate this response before PD 4, the latencies of negative
geotaxis varied at the beginning. In general, the saline group
tended to have a longer latency and the naive group had a
shorter latency, but these differences did not reach signifi-
cant differences because of the high variability.

3.2.3. Drug concentrations

Blood sampling from pups was performed in the morn-
ing immediately after the separation from the dam, approxi-
mately 24 h after the previous maternal injection. Only one
sample from the Sal-2G group had detectable cocaine con-
centrations in plasma on PD 14, but the concentration level,
10 ng/ml, was very low. On the other hand, cocaine’'s me-
tabolites, including ecgonine methyl ester (EME) and ben-
zoylecgonine (BE), were detected in plasma in al cocaine
groups (Fig. 4). On PD 0, 50% of the samples (four samples
of atotal of eight) revealed cocaine metabolites in the co-
caine, 33% (2 of 6) in the Sal-2G, and 70% (7 of 10) in the
Coc-2G group. None of the metabolites were detectable,
thereafter, in the cocaine group, but they were detected in
al 4 postnatal days in the Sal-2G group. In the Coc-2G
group, 20% of the samples obtained on PD 7, and 10% on
PD 14 had metabolites, but none did on PD 21. These con-
centrations did not reach statistical significance because of
their high variability.

In the removed pup’'s organs, cocaine and the metabo-
lites were more frequently detected in the 2G groups than in
the cocaine group. In the heart, no drug concentrations were
found on any postnatal day in the cocaine group, whereas
50% of samples (three samples of a total of six) obtained
from the Sal-2G group on PD 0 and 67% (4 of 6) on PD 21

had detectable cocaine metabolites; 40% (4 of 10) of sam-
ples obtained from the Coc-2G group on PD 0, and 10% (1
of 10) on both PD 7 and PD 14 had detectable cocaine (Ta
ble 3). In the liver, cocaine metabolites were found 38% of
samples (3 of 8) in the cocaine, 67% (4 of 6) in the Sal-2G,
and 70% (7 of 10) in the Coc-2G group on PD 0. However,
only 0 to 35% of samples were detected for drug concentra-
tions after PD 7 in all groups. Cocaine and/or metabolites
were present only on PD 0in all cocaine-exposed groupsin
the brain. The cocaine concentration in milk (pup’s gastric
content) was assumed to be detectable, because this was the
only route of cocaine intake for offspring. However, mea
surable drug concentration was detected only from one sam-
ple (25%) on PD 0 but not on PD 7 and PD 14 in the cocaine
group, and 33% (2 of 6) on PD 7, 17% (2 of 6) on PD 14 in
the Sal-2G group. In contrast, in the Coc-2G group, 75% of
sampleson PD 0, 80% on PD 7, and 22% on PD 14 revealed
low concentrations of cocaine, EME, and BE (Table 3).
Samples of gastric contents from PD 21 were not obtained
because offspring had already started consuming their food
instead of milk.

4. Discussion

We have developed a method for the long-term drug ad-
ministration in conscious rat in which a specially designed
catheter was implanted intravenoudly that remained ade-
quately patent for at least 6 weeks. This model issimple, re-
liable, and nearly stress free, which is a similar technique
that has been described by others[16].

The results using this method indicate that daily intrave-
nous administration of a low dose of cocaine during preg-
nancy produced higher perinatal mortality than has been re-
ported when extravascular routes of administration have

Table 2
Postnatal physical development in offspring (mean days + SE)
Naive Saline Cocaine Sal-2G Coc-2G

Pinna detachment 26+0.2 29+0.2 3.0+03 3.0+00 3.0*+00
Downy hair 29+ 01 29+ 0.2 28+ 0.3 33+03 28+ 0.2
Fur emergence 64+ 04 70x0.2 70x0.0 6.7 £ 0.3 6.7 = 0.2
Incisor eruption 102+ 04 100+ 0.2 100+ 0.0 103+ 0.3 102+ 0.2
Ear opening 12.6 = 0.2 12.4 = 0.2 12.2 = 0.2 125+ 05 123+ 0.2
Eye opening 148 £ 0.2 149+ 0.3 143 0.2 145+ 05 147+ 0.2
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Fig. 2. The abilities of righting reflex, cliff avoidance, and negative geotaxis. Values indicate the number of offspring (%) in each group that was able to per-

form each reflex within the allowing period.

been used [1,2,7,8,10,32,35]. This is especially apparent in
the second generation of pups whose mothers were also ex-
posed to cocaine throughout the gestational and postnatal
periods. Compared with extravascular routes of administra-
tion, the intravenous route may significantly influence the
hemodynamic state of the maternal—fetal unit, even at small
doses.

Rats have been commonly used as an animal model in
behavioral research with cocaine. Many of the reported
findings, however, have been strikingly irreproducible.
Hutchings [12] speculated that thisinconsistency may be re-
lated to the use of different doses. Several investigators
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have found behaviora effects on the offspring only at ex-
tremely high dose ranges without measuring plasmaand tis-
Sue cocaine concentrations. In most of the rodent behavioral
experiments, cocaine was administered via the subcutane-
ous or intragastric route, neither of which approximates the
pharmacokinetic characteristics following intravenous or
intranasal cocaine abuse in humans. We have found that
20 mg/kg of cocaine injected either subcutaneously or intra-
gastrically did not produce plasma cocaine concentrations
that would be expected to produce toxicity in rats [19]. On
the contrary, intravenous administration of a much smaller
dose of cocaine, 2 mg/kg, did produce a CNS subtoxic con-
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Fig. 3. Mean latencies for righting reflex and negative geotaxis.
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DETECTABLE DRUG IN OFFSPRING PLASMA (%)

Age (days) 0 7 14 21
Cocaine 50 0 0 0
Sal-2G 33 17 33 33
Coc-2G 70 20 10 0
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Fig. 4. Plasma concentrations of ecgonine methyl ester and benzoylecgonine on postnatal day 0, 7, 14, and 21. Columns represent mean = SE.

centration in therat [19]. After intravenousinjection, a peak
plasma cocaine concentration is reached immediately, fol-
lowed by arapid decline which becomes undetectable after
60-90 min [21]. In contrast, drug concentrations in the sub-
cutaneous (20 mg/kg) route peak gradually over a 15-min
period and disappear more slowly, resulting in agreater area
under the time—concentration curve when compared to the
intravenous route [19].

Table3
Concentrations of cocaine and its metabolites in major organs (ng/g)

We have aso previously demonstrated in the acute study,
that transient increases in both systolic and diastolic pressure
occur immediately after the intravenous injection of cocaine
to the pregnant rat [18]. This was accompanied by decreases
uterine blood flow [18] and increases uterine contractility in
therat [21]. Reduction in the uteroplacental circulation dueto
cocaine' s strong vasocongtrictive action could cause fetal hy-
poxia and decreased nutrient transfer, thus leading to the high

Heart Liver

Brain Milk

coc NC EME BE cocC NC

cocC NC EME BE CcoC

Cocaine
PDO — — — — — — 40
PD 7 — — — — — — —
PD 14 — — — — 80 23 8
PD 21 — — — — — — —

Sal-2G
PD O — — 8 35 — — 18
PD7 — — — — — — —
PD 14 — — — —
PD 21 — — — 7 — — —

Coc-2G
PDO 30
PD7 8 — —
PD 14 7
PD 21 —

2112 2111

I
I
I
I
I

N
o W
I
= O
o

R
w 0o

—: Not detected. SN: Sample not taken.



172 A. Iso et al. / Neurotoxicology and Teratology 22 (2000) 165-173

incidence of stillbirth [28,34]. Furthermore, the cardiovascu-
lar system is more sensitive to cocaine during pregnancy,
which was likely due in part to the gestational increase in
progesterone [24]. Therefore, it is possible that cocaine in-
duced hemodynamic changes, which may have caused acute
maternal complications such as hypertension, arrhythmia,
and myocardia ischemia, adversely affecting fetal well-being
[27]. Although these maternal physiologica alterations
caused by intravenous cocaine administration are transient,
the repeated episodes of these insults could have secondary
influenced the increased perinatal mortality rate observed in
the present study, rather than being caused by direct effects of
cocaine on perinatally exposed fetuses. Plasma concentration
of cocaine following a bolus intravenous injection with the
dose of 2.5 mg/kg to the pregnant rat is approximately 2000
ng/ml at the end of injection, which is decreased to 1000 ng/
ml by 5 min, and to 120 ng/ml by 60 min [21]. The fetal to
maternal concentration ratio of cocaine in the rat is approxi-
mately 0.3-0.4 in the extensive experimentsin our laboratory
[19]. Based on this ratio, an estimated fetal cocaine concen-
tration in plasma would be 600-800 ng/ml at the end of ma-
ternal infusion of the drug, but decreased rapidly to about 300
ng/ml by 5 min and 40 ng/ml by 60 min—concentrations that
are unlikely to be toxic to the fetus.

Although the slow maternal weight gain in all cocaine
groups in the first week had been noted during the preg-
nancy, these animals gained weight sufficiently after the
second week, and no significant differences were seen on
GD 21. The effects of surgery performed on GD 1 did not
influence weight gain because the dams in the saline group
showed the same gain as did the naive group. Additionaly,
no effects on maternal mortality, litter size, or offspring
birth weights were observed.

In the neurological behavior testing, there are severa stud-
ies in which prenatal cocaine exposure has [15] and has not
[4,30] altered negative geotaxis in the past. These inconsis-
tent results may aso be related to the different routes and
doses of cocaine administration as well as different treatment
periods. Although there were no differences between groups
in three neurobehavioral testsfor 14 daysin our study, further
tests may be necessary beyond 14 days of age to find whether
cocaine exposure causes long-term adverse effects or not.

In the second generation, although the observed physical
and neurological outcomes in offspring were not different
from the control groups, perinatal mortality, especially the
incidence of stillbirth, was increased in Coc-2G pups. The
mechanism of the exaggerated effects in this group is not
clear. It may be an impairment of hepatic capacity to metab-
olize cocaine in the second generation, or it may also be al-
tered sensitivity to cocaine, which has been reported in adult
offspring prenatally exposed to cocaine by the intravenous
route [23]. In fact, prenatal cocaine exposure results in an
increased affinity of striatal dopamine D, receptors [25],
which may play an important role in cocaine sensitization
[22]. In contrast, both reduced sensitivity to cocaine [35]
and attenuated catecholaminergic activity [5,30] were ob-

served in adult offspring that received cocaine subcutane-
ously during the prenatal period. The inconsistency in these
results regarding sensitivity to cocaine may be due to the
different routes or dosages of drug administration. In addi-
tion to increased sensitivity to cocaine during pregnancy
and repeated administrations of cocaine[9,13], the response
to cocaine in second generation rats may be sensitized by in
utero exposure to cocaine, and the effects are enhanced
when they receive cocaine in their adulthood. Because we
did not measure the sensitivity to cocaine, further investiga-
tions are obviously warranted.

Maternally administered cocaine and its metabolites are
transferred rapidly to the fetus [14,17,20,26,31]. High drug
concentrationsin fetal liver and brain are reported following
maternal administration of cocaine [6,17,20,29,33]. In addi-
tion, orally administered cocaine is concentrated in the
breast milk intensely. After administering radioactive co-
caine to lactating rats, the milk/blood concentration ratio for
cocaine was as high as 12.9, with a mean value of 7.8, thus
placing the suckling offspring at risk because cocainein milk
is chemically stable [33]. Consequently, the effects of co-
caine in the neonate, including tachycardia, tachypnea, hy-
pertension, irritability, or tremulousness, may develop fol-
lowing ingestion of milk a mother who has recently ingested
cocaine[3,11,33]. In the present experiment, unlike other co-
caine studies, dams were exposed to cocaine not only during
pregnancy but aso throughout nursing, which mimics a situ-
ation in which human mothers may continue abusing co-
caine, even after giving birth. However, plasma and organ
concentrations of cocaine and its metabolites in offspring
were barely detectable in al cocaine groups. As these sam-
ples were obtained approximately 24 h after the previous
maternal injection, it was the time when cocaine concentra:
tion was undetectable in the mother. If the offspring had in-
gested maternal milk close to the time of sampling, cocaine
might have been detectable in plasma and/or organs. In the
Coc-2G group, cocaine and metabolites were detected in
their gastric content more frequently than those found in the
first generation, however, the concentrations were extremely
low and unlikely to cause any toxic manifestations.

In summary, perinatal cocaine exposure caused ahigh inci-
dence of perinatal mortality in the rat, particularly in the sec-
ond generation of animal that has been exposed to cocaine
pre- and postnatally. These results were observed at doses of
cocaine approximately 5-50 times lower than those previ-
oudy reported, which were administered via extravenous
routes. Although these effects are subtle, and may not be uni-
versal. To our knowledge, thisisthe first report of evidence of
an abnormdity in the second generation of cocaine-exposed
neonates, indicating the need for further research in this area.
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