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ABSTRACT

Failure to recover from apnea has been suggested to play a role in sudden
infant death. Furthermore, perinatal exposure to cocaine is a risk factor for
sudden infant death. |, therefore, carried out experiments to investigate the
influence of perinatal exposure to cocaine on protective responses that
newborn and older rats exhibit during exposure to hypoxia as may occur during
prolonged apnea. Pregnant rats received either cocaine HCL (20, 50, or 100
mg/kg/day) or control solution continuously from day 6 or 7 of gestation via an
osmotic minipump implanted subcutaneously. On postnatal days 1-2, 5-6, and
10-11, pups were exposed either to a single period of hypoxia (97% Nz & 3%
CO:) and the time to last gasp determined, or they were exposed repeatedly to
hypoxia and their ability to autoresuscitate from primary apnea determined.
Perinatal exposure to cocaine did not alter the time to last gasp. It did,
however, impair the ability of rat pups to autoresuscitate from primary apnea
during repeated exposures to hypoxia in an age- and dose- dependent manner.
Thus, perinatal exposure to cocaine may place infants at risk for sudden infant
death by impairing protective responses to hypoxia as may occur during

prolonged apnea.
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1.0 INTRODUCTION
1.1 Pharmacological Effects and Metabolism of Cocaine

Classified as a central nervous system stimulant, cocaine is a lipophilic
tertiary amine, with a chemical structure that is comprised of an ester of benzoic
acid and the complex alcohol 2-carbomethoxy, 3-hydroxy-tropane (or
methylecgonine). Cocaine can be hydrolyzed non-enzymatically to the active
water-soluble metabolite benzoylecgonine and to ecgonine methyl ester by liver
and plasma cholinesterases. Norcocaine is another metabolite of the oxidation
of cocaine by mixed functional oxidases in the liver. Cocaine itself is excreted
via the kidney into urine and via bile into the gastrointestinal tract at 1-5% of an
administrated dose; 85-90% of the administrated dose is excreted via the
kidney into urine and the rest via bile into the gastrointestinal tract. But cocaine
itself only accounts for 1-5%, and the rest is mainly its metabolites.

Cocaine has many pharmacological effects. It can affect nerve function
directly in at least two different ways: blockade of the re-uptake of certain
neurotransmitters and alteration of voltage-gated sodium channels (1). By
blocking the presynaptic re-uptake of dopamine in the central nervous system,
cocaine produces a neurochemical magnification of the pleasure response and
creates a heightened sense of power, euphoria, and sexual excitement. The
metabolites of cocaine have a higher stability and a longer half-life than cocaine

and can complex Ca? that affects calcium-regulated events like

neurotransmitter release (2). Cocaine also stimulates dopamine synthesis and



causes an upregulation of postsynaptic dopamine receptors. With chronic use,
cocaine depletes dopamine in the central nervous system, which is thought to
cause depressive symptoms. Cocaine blocks the re-uptake of norepinephrine
at the presynaptic terminals, increases norepinephrine synthesis, and
upregulates norepinephrine receptors on the postsynaptic nerves.

Evidence has also been provided that cocaine may induce changes in human
fetal neurotransmitter systems. These changes among infants with in utero
cocaine exposure were suggested by a study showing that blood levels of the
norepinephrine precursor dihydroxyphenylalanine were higher in cocaine-
exposed than in unexposed newboms (3). Among the cocaine-exposed
newborns, high norepinephrine concentrations in blood were associated with
poor responsivity to auditory and visual stimuli. Neediman et al. (4) measured
neurotransmitter precursors and metabolites in the cerebral spinal fluid of 10
cocaine-exposed and 21 unexposed neonates undergoing spinal taps for a
variety of clinical indications and showed that cocaine-exposed infants had
significantly lower levels of cerebrospinal fluid homovanillic acid, the principal
metabolite of dopamine when compared with unexposed infants.

Slotkin et al. have provided evidence that cocaine produces neurobehavioral
damage in the fetus and neonate both through its ischemic actions and through
direct effects mediated by the drug within the developing brain. In their studies,
newborn and older rats (1, 7, 14 and 21 days old) were given cocaine (30

mg/kg) acutely and the turnover of norepinephrine and dopamine, a measure of



synaptic activity, was evaluated in vivo in three different brain regions known to
be affected by cocaine (i.e., forebrain, midbrain and brainstem). For
norepinephrine, cocaine suppressed transmitter turnover in the immediate
postnatal period in all regions, reaching a maximal effect within the first 2
postnatal weeks; at subsequent ages, the inhibitory actions were no longer
evident. For dopamine, an inhibitory effect also appeared during the first
postnatal week, but by 14 to 21 days the effect was replaced by the excitatory
response that is characteristic of mature brain; effects on dopamine turnover
were restricted to the forebrain. They speculated that the inhibitory effects of
cocaine on the immature brain could not be attributed to localized actions at the
nerve terminal itself (blockade of re-uptake, autoreceptor activation, local
anesthesia), but instead may represent reductions in nerve impulse activity (5).
They also found that acute cocaine pretreatment of rats induces the activity of
ornithine decarboxylase (ODC) and increases protein synthesis during hypoxia,
a characteristic known to reflect heat shock protein formation, a harbinger of
cell injury and death (6).
1.2 Cocaine Abuse and Its Distribution

Cocaine is typically administered by human abusers in one of two forms: the
alkaloidal (free base) form with the street name of ‘crack’ cocaine, and the
hydrochioride (HCI) powder. Crack cocaine is suitable for smoking, but the HCI
form is administered by the nasal or intravenous route (7). Human cocaine

abusers can be categorized into two groups: the intermittent recreational user



and the chronic continuous ‘binging’ abuser. Both types of abusers typically
engage in a binge pattern of drug consumption but are distinguishable by the
duration of the binge. The ‘binge’ pattern of drug consumption is characterized
by the frequent readministration of the drug so that a sustained plasma level is
attained over a prolonged period. These binges can last for hours or days, and
are followed by a triphasic withdrawal syndrome (7, 8, 9).

It is estimated that 10% of pregnant women in the United States use cocaine
(10). Although the pharmacokinetics of cocaine show high variability with the
route and temporal pattern of administration, it is clear that cocaine and several
of its active metabolites penetrate the fetal-placental barrier without metabolic
conversion and accumulate in significant concentrations in both the fetal
plasma, brain, and other tissues (11-14). In addition, cocaine crosses readily
into the breast milk, with the levels in breast milk being 7 times that observed in
maternal plasma (15, 16). Several researchers have also described that
pregnancy alters the pharmacokinetic properties of cocaine (11, 17). Spear et
al. (12) have measured rat fetal and maternal brain and plasma levels of
cocaine and benzoylecgonine following chronic subcutaneous administration of
10, 20, and 40 mg/kg/day cocaine HCI from days 8 to 20 of the gestational
period. They reported dose-related increases in plasma and brain levels of
cocaine in dams and fetuses. However, fetal concentrations of cocaine in the
brain and plasma were approximately 2-3 fold less than those of dams,

suggesting that the placenta may partially restrict passage of cocaine into the



fetal circulation. Shah et al. (11) observed similar findings in pregnant mice
who received acute intraperitoneal injections of cocaine. Although there are
numerous pharmacokinetic mechanisms (e.g., physicochemical properties such
as protein binding, maternal versus fetal plasma pH, molecular weight of
cocaine, etc.) which could act on the fetal-placental barrier to partially account
for the restricted passage of cocaine across the placenta, cocaine may in fact
be directly acting to decrease its own access to the fetus by causing
vasoconstriction in the placenta (11). Spear et al. (12) also reported greater
concentrations of benzoylecgonine in fetal brain than was observed in the
maternal brain of the rat and it was proposed that this might be a result of the
immaturity or limited integrity of the blood-brain barrier in the fetus.

Shah et al. (11) demonstrated that pregnancy alters the pharmacokinetics of
cocaine in mice. Tritiated levo-cocaine was administrated with an acute
introperitoneal injection to pregnant and nonpregnant mice, and accumuilation of
the drug at 15 minutes post-injection (time of peak concentration in all tissues)
was observed to be highest in the uterus followed by the placenta > spleen >
kidney > fat > liver > lung > brain > spinal cord > heart > muscle > eye > plasma
of the pregnant mice. In fact, the uteri of the pregnant mice accumulated a
mean concentration that was approximately four times higher than the
nonpregnant mice. Pregnant mice also had higher cocaine concentrations in
the brain, spinal cord, and heart than non-pregnant cohorts. Shah proposed

that the variation in distribution of cocaine could be a result of altered hormonal



balance in pregnancy that may cause increased tissue accumulation and/or
decreased breakdown of the drug. From their study, they also reported that
excretion of cocaine and its metabolites was higher in the urine of non-pregnant
mice than their pregnant cohorts within the first hour post-injection. This was
likely a reflection of the observed increased tissue:plasma accumulation, which
generally slows excretion of the drug, and/or because the activity of plasma
esterases is lower in the pregnant female.
1.3 Cocaine Abuse and SIDS

Over the last decade, a number of epidemiological studies have suggested a
strong link between in utero substance abuse and the occurrence of sudden
infant death (18-21). The sudden infant death syndrome (SIDS), was redefined
in 1989 by a National Institute of Child Health and Human Development panel
of experts as: “the sudden death of an infant under one year of age which
remains unexplained after a thorough case investigation, including performance
of a complete autopsy, examination of the death scene, and review of the
clinical history” (22). Research over the past 25 years has emphasized that not
all SIDS victims are entirely normal prior to death (23, 24). SIDS is thought to
occur during sleep or during the transition from sleep to wakefulness, and
population studies have shown a typical pattern of age at death throughout the
world. The majority of deaths occur between 4 and 20 weeks, with a peak
incidence in the third month. This time frame of SIDS coincides with rapid

growth of the brain, as well as dramatic changes in cardiovascular and



respiratory control. Maturation of sleep-states also occurs which includes a
decline in active sleep, and development of a circadian variation in the sleep-
wake cycle during this period of time.

Many life-threatening events such as cardiac arrhythmia, obstructive apnea,
and hypoglycemia have been the focus of previous SIDS research (25).
Whatever the mechanism, it now seems obvious that there is no single cause of
SIDS. Those attributing causes to obstructive apnea seem to be the most
plausible among the hypothesis for the cause of SIDS. Postmortem studies of
SIDS victims have revealed relatively consistent findings of chronic or recurrent
hypoxia including increased extramedullary erythropoisis (26); increased
periadrenal brown fat cells (27, 28); astroglial proliferation in the brainstem (29-
33); elevated vitreous humor hypoxanthine levels (34) and intrathoracic
petechiae hemorrhages distributed on heart, lungs and thymus (35, 36). These
latter intrathoracic petechiae are prominent and characteristic as diagnostic of
suffocation in the majority of SIDS victims and its special distribution suggests
that obstructive apnea occurs as breathing against a closed airway can produce
marked increases in intrathoracic negative pressure and microvascular rupture
(37).

Because clinical data gathered over the last two decades suggest that a large
percentage of infants in North America have been exposed to cocaine
throughout gestation, and that the rate of SIDS in these infants is higher than

that of the unexposed population, further studies have been performed in an



attempt to determine both the short-term and long-term consequences of in
utero cocaine exposure (38-44). Structural and physiologic deficits in human
neonates have been associated with in utero exposure to cocaine. Relative to
cohort-matched control, Rosen et al. (18) reported that prenatal cocaine
produces several cardiovascular abnormalities including congenital
malformations, eletrocardiographic abnormalities, high-grade ventricular ectopia
and cardiorespiratory arrest. Several cardiorespiratory abnormalities have also
been reported (45-47). For example, full-term infants exposed to cocaine
exhibited significantly longer apneas and increased incidences of bradycardia
compared with full-term controis (40). Such cocaine-exposed infants have
shown smaller decrements in carbon dioxide tension in response to hypoxia
(47). Suguihara et al. (48) observed that newborn piglets exposed to cocaine in
utero have a depressed ventilatory response to hypoxia. Although the
underlying physiological mechanisms of prenatal cocaine exposure on the
ventilatory response in the neonate remain unclear, a number of possible
factors may be involved. Cocaine’s effects on respiration may be related to the
drugs alterations on total body oxygen consumption, teratogenic effects during
the development of central respiratory control centers, alterations of dopamine
levels which in turn affect central dopaminergic pathways involved in respiratory
control, defective peripheral respiratory control secondary to increased
catecholamine levels, the presence of active metabolites of cocaine, or even

the symptoms which are characteristic of cocaine's withdrawal syndrome, as



well as a number of other possible factors. There is also evidence that acute
exposure to cocaine causes adverse effects on the cardiovascular system.
Woods et al. (49) administered three different doses of cocaine by intravenous
bolus during late gestation in the pregnant ewe and subsequently measured the
cardiovascular effects in the ewe and fetus separately, as well as blood gases
to determine fetal oxygenation. They observed a significant and dose-
dependent increase in maternal mean arterial pressure during the first 15
minutes after cocaine injection, and a significant and dose-dependent decrease
in total uterine blood flow. Their study also showed significant reductions of
oxygen content of the fetus, and fetal heart rate increased significantly at 10 to
15 minutes post-injection. Fetal mean arterial pressure also increased
significantly from baseline values during the first five minutes post-injection.
Since it is known that certain stresses such as hypoxic challenge in the neonate
induce catecholamine release, it is likely that cocaine’s effect on the blockade of
re-uptake of catecholamines is exacerbated by hypoxia (50). These
cardiovascular malformations and cardiorespiratory events are likely to
negatively affect the prognosis of the cocaine-exposed neonate and may
increase its risk for sudden death.

From the above, it is apparent that a relationship exists between prenatal
cocaine exposure and disrupted postnatal cardiorespiratory control. If perinatal
exposure to cocaine also impairs the protective responses that newborn rats

exhibit during exposure to hypoxia, as may occur during prolonged apnea, an
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adverse outcome (i.e., death) may occur. In humans, spontaneous recovery
from obstructive sleep apnea can occur early as a result of arousal from sleep
or later as a result of hypoxic gasping known as “autoresuscitation” (51, 52). A
failure of these protective mechanisms during obstructive apnea will iead to
severe hypoxia and death. The arousal response from sleep is important since
it is a potent stimulus for reestablishment of upper airway patency and to
breathing during obstructive apnea which results from the loss of upper airway
muscle tone during sleep (53, 54). Arousal also permits the initiation of an
appropriate behavioral response such as head turning which is particularly
important for resolution of obstructive apnea secondary to sleeping in the prone
position. Some infants at risk for SIDS have an abnormal arousal response to
respiratory stimuli (55, 56).

Experiments done by Fewell et al. on young lambs (57-60) as well as the
experiments of others on newborn lambs (61), newborn calves (62), adult dogs
(63, 64) and adult cats have provided evidence that a number of
cardiorespiratory stimuli are capable of causing arousal from sleep. These
include an acute increase in blood pressure, upper airway obstruction, rapidly
developing hypoxemia alone, and rapidly developing hypercapnia alone. Active
sleep can delay the occurrence of arousal in response to these stimuli
compared to quiet sleep. They have also found that repeated upper airway
obstruction (65) or rapidly developing hypoxemia alone (66), over 21 to 34

hours (~100 epochs of sleep), produces an arousal response decrement.
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These observations provide evidence that a life sustaining mechanism (i.e.,
arousal from sleep) becomes diminished to, rather than sensitized to, repeated
exposure to a life-threatening stimulus (e.g., upper airway obstruction). The
crucial factor is whether or not arousal from sleep and resumption of tidal
ventilation occurs before hypoxic cerebral depression since hypoxic cerebral
depression will lead to death unless gasping produces autoresuscitation. The
respiratory response of both newborn (67, 68) and adult (69) animals to
progressive hypoxemia typicaily passes through 4 stages: hyperpnea, primary
apnea, gasping, and terminal apnea. Severe hypoxemia ultimately results in
cerebral cortical depression as evidenced by electroencephalographic
depression and “decerebrate seizures” (70, 71). During primary apnea, an
infant can easily be resuscitated by medical personnel, or “autoresuscitated” by
gasping if an adequate circulation has been maintained. The ability of the
myocardium to function during hypoxia is important since the increased oxygen
by gasping has to be transported via the circulation to vital centers such as the
heart and brain. It has been shown that the persistence of a stable circulation
during hypoxia has direct relation to the pre-hypoxia glycogen concentration in
the cardiac ventricles (72, 73). Guntheroth (74) suggests that in the older
infant, the resistance to hypoxia is less, reflecting the diminished stores of
cardiac glycogen and, therefore, limited substrate for anaerobic metabolism.
When the gasp occurs in the older infant or adult, it occurs with inadequate

circulation and the oxygen is not transported to the vital structures.
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1.4 Aim and Hypothesis

It follows from the foregoing discussion that any impairment of the protective
responses to hypoxia produced by cocaine could have very sinister effects (i.e.,
“autoresuscitation failure” and death). My experiments were carried out to
investigate the effect of perinatal exposure to cocaine on time to last gasp and
ability to autoresuscitate during hypoxia in three different age groups of
newborn and older rats. | tested the hypothesis that perinatal exposure to
cocaine impairs the protective responses that newborn and older rats exhibit

during exposure to hypoxia as may occur during episodes of prolonged apnea.
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2.0 MATERIALS AND METHOD
2.1 Animals

Experiments were carried out on 177, 1 to 2, 5to 6 and 10 to 11 day old
Sprague-Dawley rats. Each pup, born by spontaneous vaginal delivery, was
housed in plastic cages in the Animal Resource Center with its mother at an
ambient temperature of ~22°C, with a 12:12 hour light / dark cycle. Litter size
ranges from 6 to 15 pups.
2.2 Ethical Considerations

All surgical and experimental procedures were carried out in accordance with
the “Guide to the Care and Use of Experimental Animals” provided by the
Canadian Council on Animal Care, and with the approval of the Animal Care
Committee of the University of Calgary.
2.3 Drugs and Dosage

Cocaine HCI (BDH Inc., Toronto, ON) was dissolved in sterile isotonic saline.
Doses of 0, 20, 50 and 100 mg/kg/day were based on a mean term pregnant
weight of 330 grams. Doses of 20 or 50 mg/kg/day produce maternal rat serum
levels of cocaine that are comparable to those measured in human beings
described as a moderate to high-dose range (12).
2.4 Minipump Preparation and Surgery

Osmotic minipumps (model 2ML4 Alza Corporation Palo Alto, CA) were filled
with either 2 mL of 110 mg/mL, 2 mL of 275 mg/mL, 2 mL of 550 mg/mL

cocaine HCL or 2 mL of sterile saline before their implantation. Surgery was



14

performed on gestational day 6 or 7. Each pregnant rat was anaesthetized by
inhalation of halothane (~2.0% for induction and maintenance) in oxygen and
was placed in a prone position. A small incision was made over the scapulae
and a subcutaneous pocket was formed with a hemostat between the two
scapulae of the rat. A filled osmotic minipump was then inserted into the pocket
with the delivery port facing toward the trunk for continuous infusion of cocaine
or vehicle. The pumps deliver solution at a rate of 2.5 pl/h for a 28 days period.
The incision was closed with sutures, and prophylactic antibiotic treatment
applied (Gentacin).

2.5 Experimental Protocols

2.5.1 Time to Last Gasp Experiments

The first experiment was performed to determine the time to last gasp during a
single exposure to hypoxia. Experiments were carried out on 94 rat pups
(cocaine 0 mg/kg/day, 1-2 day old n=6, 5-6 day old n=11, 10-11 day old n=8;
cocaine 20 mg/kg/day, 1-2 day old n=9, 5-6 day old n=6, 10-11 day old n=10;
cocaine 50 mg/kg/day, 1-2 day old n=7, 5-6 day old n=8, 10-11 day old n=7;
cocaine 100 mg/kg/day, 1-2 day old n=8, 5-6 day old n=7, 10-11 day oid n=7).
For an experiment, each pup was removed from its lactating mother and
siblings and weighed. Immediately afterward, two ECG surface electrodes
were attached: one located between the scapulae, and the other located on the
right side, just proximal to the hindleg. A 35-40 mm mercury strain gauge (DM

Davis Inc. New York, NY) was then placed around the circumference of the
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neonate just distal to the front legs to record respiration. Then the pup was
placed into a metabolic chamber regulated at 37°C into which flowed room air
at a rate of one liter per minute. At the end of a 30-minute stabilization period,
the gas which flowed into the chamber was changed from room air to 97% N2
and 3% COz at a flow rate of 5 L/min until the gas concentrations in the
chamber stabilized; then the flow rate was reduced and maintained at one liter
per minute.
2.5.2 Autoresuscitation Experiments

The second experiment was performed to assess the ability of the rat pups to
autoresuscitate from primary apnea during repeated episodes of hypoxia. A
total of 83 rat pups were used in these experiments (cocaine 0 mg/kg/day, 1-2
day old n=4, 5-6 day old n=6, 10-11 day old n=7; cocaine 20 mg/kg/day, 1-2
day old n=6, 5-6 day old n=11, 10-11 day old n=8; cocaine 50 mg/kg/day, 1-2
day old n=5, 5-6 day old n=8, 10-11 day old n=8; cocaine 100 mg/kg/day, 1-2
day old n=5, 5-6 day old n=8, 10-11 day old n=7). For an experiment, each pup
was removed from its lactating mother and siblings, weighed, and placed into a
metabolic chamber regulated at 37°C into which flowed room air at a rate of 1
L/min. Two ECG electrodes and a strain gauge were attached as described
above. At the end of a 30-min stabilization period, the gas that flowed into the
metabolic chamber was changed from room air to 97% N2 and 3% COz2 until
primary apnea occurred. Primary apnea was characterized as the cessation of

airflow and no respiratory wave on the tracing. The gas was then changed
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back to room air, and the ability of the pup to autoresuscitate from primary
apnea by gasping was determined. This procedure was repeated at 5-min
intervals until death occurred. Again, when the gas mixture was changed, the
flow rate was increased until the gas concentrations in the chamber had
stabilized; the flow rate was then lowered to 1 L/min.
2.5.3 Plasma Levels of Cocaine in Rat Dams and Pups

On gestation day 10-11, 15-16, and 21-22, blood samples were obtained by
cardiopuncture on those pregnant rat dams at three different doses and kept in
grey-top tubes from coagulating. After centrifugation, the upper layer of plasma
was obtained and kept in freezer waiting for the measurement. On postnatal
day 2, 6 and 11, we decapitated those rat pups at their mothers’ dose of 0, 50
and 100 mg/kg/day to get the blood samples. The rest procedures were the
same as those on mothers. A gas chromatograph/mass spectrometer was
used to detect the plasma level of cocaine in department of Toxicology. The
limitation of detection was 20 ng/mL.
2.6 Experimental Apparatus

The metabolic chamber used in our experiments consists of a double-walled
plexiglass cylinder (30 cm long-internal diameter 6 cm) into which flowed room
air or 97% N2 and 3% CO2. Chamber ambient temperature was controlied to
37.010.1°C by circulating water from a temperature controlled bath (Neslab-

Endocal refrigerated Circulating Bath RTE-8DD) through the space between the



17

walls. This ambient temperature was selected because it is within the
thermoneutral zone of rats less than two weeks of age (75).
2.7 Experimental Measurements and Calculations

During an experiment the electrocardiogram, respiratory movements and
chamber oxygen or carbon dioxide levels were recorded on a Model 7
polygraph (Grass Instrument Company) at a paper sgeed of 10 mm/sec. The
electrocardiogram was recorded from muiltistranded stainless steel wire
electrodes (AS 633 Cooner Wire Company) sewn across the chest wall that
were connected to a Model 7HIP5 High Impedance Probe coupled to a Model
7P5 Wide Band EEG A.C. Preamplifier (Grass Instrument Company).
Respiratory movements were recorded from a mercury in silicone rubber strain
gauge (D.M. Davis, Incorporated) placed around the pups’ chest which was
connected to bridge amplifier (Biomedical technical Support Center, University
of Calgary) which was coupled to a Model 7P03 Adapter Panel (Grass
Instrument Company). Chamber oxygen or carbon dioxide levels were
measured using an Applied Electrochemistry Oxygen Analyzer or Carbon
Dioxide Analyzer.
2.8 Analysis of Results

Control heart rates and respiratory rates per minute were measured from the
polygraph during the control period of the experiments.

2.8.1 Time to Last Gasp Experiments
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Time to last gasp and the total number of gasps were determined from the
polygraph tracings. Heart rate and the number of gasps were also measured at
each minute interval following the time from the induction of hypoxia.

2.8.2 Autoresusciation Experiments

The number of successful autoresuscitations was determined from the
polygraph tracings. Autoresuscitation was deemed to occur when heart rate and
respiratory rate returned to >60% of control levels within five minutes.

2.9 Statistical Analysis

Statistical analysis was carried out using a one-factor ANOVA followed by a
Newman-Keul's comparison test of multiple means to determine if perinatal
exposure to cocaine affected the time to last gasp, the total number of gasps or
the number of successful autoresuscitations. All results were reported as
means+one standard deviation, and p<0.05 was considered to be of statistical

significance.
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3.0 RESULTS

3.1 Cocaine and Body Weight at Different Postnatal Ages

The influence of perinatal exposure to cocaine on postnatal body weight is
shown in figure 3.1. Perinatal exposure to cocaine did not produce any
consistant effects on postnatal body weight.
3.2 Cocaine and Control Heart Rate at Different Postnatal Ages

The influence of perinatal exposure to cocaine on control heart rate during
early postnatal development is illustrated in figure 3.2. Perinatal exposure to
cocaine did not alter control heart rate during normoxia except in the 1-2 day
old pups at the highest cocaine dose.
3.3 Cocaine and Control Respiratory Rate at Different Postnatal Ages

The lack of influence of perinatal exposure to cocaine on control respiratory
rate during early postnatal development is illustrated by figure 3.3.
3.4 Time to Last Gasp (TLG) Experiments

Perinatal exposure to cocaine did not alter the time to last gasp or the total
number of gasps during a single period of hypoxia (figures 3.4.1 and 3.4.2).

Exposure to a single period of hypoxia resulted in a reproducible respiratory
response that was not altered by perinatal exposure to cocaine (figure 3.4.3).
Initially there was a period of hyperpnea and arousal which preceded primary
apnea (a), primary apnea was followed by a period of rapid gasping (b); this
period of rapid gasping was followed by a period of slower gasping of one to

three gasps per minute (c); finally there was a period of rapid gasping which
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eventually gave way to terminal apnea and death (d). Figures 3.4.4A to 3.4.6D
illustrate the lack of effect of perinatal exposure to cocaine on gasping and
heart rate during hypoxia in 1-2, 5-6, and 10-11 day old rat pups.
3.5 Autoresuscitation Experiments

Perinatal exposure to cocaine produced an age- and dose- specific effect on
the number of successful autoresuscitations as shown in figure 3.5.1. Perinatal
exposure to cocaine impaired autoresuscitation from primary apnea during
repeated exposures to hypoxia but only in the youngest animals at the highest
dose of cocaine. Before autoresuscitation failure, all successful
autoresuscitations exhibited the same cardiorespiratory pattern as illustrated in
figure 3.5.2. Initially there was a period of hyperpnea (a) and arousal (b) that
preceded primary apnea and bradycardia (c); the onset of gasping (d) was
followed by an increase in heart rate (e) and then restoration of a normal
respiratory pattern (f). In control and cocaine groups, autoresuscitation failure
was associated with cardiac arrhythmia that preceded the cessation of gasping
(figure 3.5.3).
3.6 Plasma Level of Cocaine in Rat Dams and Pups

Plasma levels of cocaine in dams at three different ages at four different
doses were shown in figure 3.6. The level of cocaine increased with doses and
decreased as gestation advanced. Plasma levels of cocaine in rat pups at

three different postnatal ages at three different doses were shown in table 1.
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Figure 3.1 Influence of perinatal exposure to cocaine on body weight of 177, 1-2
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Figure 3.4.3 Four segments of a continuous polygraph tracing showing the
respiratory response to hypoxia of a 5-day old rat pup that was exposed to vehicle
during the perinatal period. Variables shown are chamber oxygen concentration,
electrocardiogram and respiratory pattern. Exposure to a single period of hypoxia
resulted in a reproducible respiratory response that was not altered by perinatal
exposure to cocaine. Initially there was a pericd of hyperpnea and arousal which
preceded primary apnea (a); primary apnea was followed by a period of rapid
gasping (b); this period of rapid gasping was followed by a period of slcwer
gasping of one to three gasps per minute (c), finally there was a period of rapid

gasping which eventually gave way to terminal apnea and death (d).
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period of hypoxia,

these 6 pups were exposed to saline during the perinatal

period. The graph shows raw data and means + SD.
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the perinatal period. The graph shows raw data and means + SD.
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the perinatal period. The graph shows raw data and means + SD.
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Figure 3.4.5D Gasping rate and heart rate of 5-6 day old pups during a single

period of hypoxia, these 7 pups were exposed to 100 mg/kg/day of cocaine during

the perinatal period. The graph shows raw data and means + SD.
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Figure 3.4.6B Gasping rate and heart rate of 10-11 day old pups during a single

period of hypoxia; these 10 pups were exposed to 20 mg/kg/day of cocaine during

the perinatal period. The graph shows raw data and means + SD.
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Figure 3.5.2 Continuous polygraph tracing showing a successful autoresuscitation
from primary apnea in a 5 day-old rat that was exposed to saline during the
perinatal period. During exposure to hypoxia there was an initial period of
hyperpnea {(a) and arousal (b) which preceded primary apnea and bradycardia (c),
the onset of gasping (d) was followed by an increase in heart (e) and restoration of

a normal respiratory pattern (f).
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Figure 3.5.3 Continuous polygraph tracing showing autoresuscitation failure from
primary apnea of a 5 day old rat pup who was exposed to saline during the
perinatal period. During exposure to hypoxia there was an initial period of
hyperpnea (a) and arousal (b) which preceded primary apnea and bradycardia (c),
the onset of gasping (d) was followed by an increase in heart rate (e) and then the

occurrence of cardiac arrhythmia (f) which preceded the cessation of gasping.
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Figure 3.6 Plasma level of cocaine in rats at three different gestation ages at four
different doses. The serum cocaine increased with doses and decreased with

gestation.
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Dose of Plasma Level of Cocaine in Rat Pups (ng/mL)
Cocaine on

Mothers 2 postnatal day old 6 postnatal day old 11 postnatal day old
(mag/kg/day)

0 <20 <20 <20
50 <20 <20 <20
100 30 30 45

Table 1. Plasma level of cocaine in three different postnatal age groups of rat
pups at three different doses. At the doses of 0 and 50 mg/kg/day, the plasma
levels were <20 ng/mL in all groups. At the dose of 100 mg/kg/day, the plasma

levels were approximately constant throughout three different postnatal ages.
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4.0 DISCUSSION

My experiments provide new information about factors that influence the
newborn’s ability to survive hypoxia as may occur during prolonged or repeated
apnea. A novel finding in my study was that although perinatal exposure to
cocaine did not shorten the time to last gasp during a single hypoxic exposure,
it did impair the ability of rat pups to autoresuscitate from primary apnea during
repeated exposures to hypoxia in an age- and dose- specific manner. In all
control pups that were exposed to saline during the perinatal period,
autoresuscitation failure appeared to result from cardiac arrhythmia (atrio-
ventricular dissociation) that followed early cardiac resuscitation; the atrio-
ventricular dissociation and ultimate loss of ventricular depolarization preceded
the cessation of gasping. Cocaine did not alter this sequence of events leading
to autoresuscitation failure. Thus, my data provide evidence that perinatal
exposure to cocaine impairs the ability of newborn rats to autoresuscitate from
primary apnea during repeated exposures to hypoxia but it doesn't alter the
mechanism of autoresuscitation failure.

Exposure to a single period of hypoxia resulted in a similar respiratory
response in rat pups that received cocaine as well as in control rat pups that
received saline during the perinatal period. The respiratory response consisted
of hyperpnea, primary apnea, gasping and terminal apnea. In all animals, the
gasping phase of the respiratory response was triphasic in nature,

characterized by: (1) an initial period of rapid gasping (phase 1) following
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primary apnea, (2) this period of rapid gasping was followed by a period of
slower gasping (phase ll) and finally, (3) a period of rapid gasping (phase [l1)
which eventually waned and gave way to terminal apnea and death. This
triphasic gasping pattern is similar to that observed in rats by Gozal et al. (76).

Although it is well known in rats that maturity at birth (77), postnatal age (78,
79, 80) and body temperature (78, 79) influence the time to last gasp following
exposute to a single period of hypoxia, little is known of the actual mechanisms
that influence the pattern or duration of gasping. Gozal et al. (76) have
suggested that the triphasic nature of gasping in response to hypoxia could
result either from the existence of one single gasping center or from muitiple
neural sites that are crucial for gasp generation. In the first instance, the lateral
tegmental field of the medulla (i.e., the putative gasping center) could contain
several populations of neurons with differing hypoxic thresholds. In the second
instance, multiple neuronal gasping loci outside the lateral tegmental field would
exist and each of these loci would have different hypoxic thresholds.
Regardless of the mechanism for the triphasic gasping pattern, my experiments
show that perinatal exposure to cocaine does not alter the gasping or heart rate
pattern or the time to last gasp during a single hypoxic exposure.

Peiper, Steven, and Thach (52, 81) have emphasized the importance of
gasping in “self-resuscitation” or “autoresuscitation” during apnea in human
infants and that repeated episodes of apnea may lead to autoresuscitation

failure and death. The process of recovery from hypoxia by gasping was first
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termed “self-resuscitation” in 1969 by Adolph (77) and then “autoresuscitation”
in 1975 by Guntheroth (69). Cardiorespiratory events that occur during
successful autoresuscitation from hypoxic apnea in mice have recently been
defined by Gershan et al. (82). These consist of three sequential stages: 1)
gasping with marked bradycardia, 2) cardiac resuscitation with a rapid increase
in heart rate to greater than 60% of baseline, and 3) respiratory resuscitation
with an increase in respiratory rate to greater than 60% of baseline. A similar
sequence of events during successful autoresuscitation happened in my
experiments. Likewise, | found, as did Gershan, Jacobi and Thach (83), that
repeated exposure to hypoxia led to autoresuscitation failure which was
associated with cardiac arrhythmia (i.e., A-V dissociation) that preceded
cessation of gasping in normal animals. Failed autoresuscitation might result
from either failure of oxygen transport from the lung to the heart or failure of
heart to respond to oxygenation with increased rate and cardiac output. Failed
transport of oxygen from the lung to the heart can induce sinus bradycardia
because of the absence of oxygen supply to the pacemaker of atrium. Hypoxia
can also alter cardiac conducting mechanisms resulting in atria-ventricular
block. Accumulation of endogenous adenosine during hypoxia may be involved
in the production of heart block (84, 85).

The ability to survive hypoxia depends on the maintenance of brain stem
function, as well as maintenance of cardiac function and blood pressure. In my

experiments perinatal exposure to cocaine impaired the ability of newborn rat
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pups to autoresuscitate following repeated exposures to hypoxia, but it did not
alter the sequence of events leading to autoresuscitation failure. Although my
experiments were not designed to investigate the mechanism of the changes in
the physiology of this protective response following perinatal administration of
cocaine, there are a number of possibilities. Cocaine is a neuroteratogen which
easily crosses the rodent placenta and accumulates in fetal blood and brain (11,
12). Slotkin et al. (86) have shown that fetal rat exposure to cocaine is
associated with increased perinatal cardiac risk. Cocaine inhibits re-uptake of
norepinephrine released by peripheral sympathetic neurons, leading to intense
vasoconstriction of rat hemoendothelial type of placenta and resultant fetal
ischemia/hypoxia, factors that are etiological for fetal brain and heart damage
(87). Increased intracranial pressure in combination with hypoxia associated
with the birth process leads to a profound surge of catecholamine release in
rats at delivery (50). Studies (86) indicate that the high levels of progesterone
associated with pregnancy sensitize both the maternal and fetal rat myocardium
to catecholamine-related actions of cocaine.

Early in postnatal life, the rat adrenal chromaffin cells possess a
developmentally regulated oxygen-sensing mechanism - similar to that of
carotid body type | cells — which are responsible for the non-neurogenic
mediated catecholamine release which is essential to survival in the fetus and
neonate. It plays a vital role in modulating cardiovascular, respiratory and

metabolic response to hypoxia and any interference either with catecholamine
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release or with catecholamine actions at adrenergic targets results in loss of the
ability of the neonatal rat to survive hypoxia or other stressors (50). At about
five to six days of postnatal life, this non-neurogenic mechanism for
catecholamine release is replaced by a neurogenic mechanism when the
splanchnic nerve innervates the adrenal medulla. It is possible that perinatal
exposure to cocaine impairs “non-neurogenic” mediated catecholamine release
significantly in one to two day old rat pups at the highest dose and this impaired
their ability to autoresuscitate during repeated exposures to hypoxia. This
postulate requires further investigation.

Slotkin et al. (88) also stated that the local anesthetic actions of cocaine could
induce the alterations of rat central nervous system development, (i.e., interfere
with cell excitation, an important signal in replication and differentiation). In
addition, cocaine may have actions on developing cells, independent of
ischemia or cell excitation — by directly inhibiting cell replication within the
developing central nervous system of the neonatal rat (88). As the central
nervous system develops gradually and completely with age, the adverse effect
of cocaine would be possibly counteracted and compensated compared to rats
just after birth. Thus, perturbations of fetal rat brain cell development may also
be a factor contributing to the adverse effect of cocaine on the ability to
autoresuscitate successfully.

The plasma levels of cocaine in dams increased with doses and decreased

along with gestation. It is possibly because of the increase of maternal body



49

weights during this period. The levels of cocaine in rat pups at the doses of 0
and 50 mg/kg/day were below the limit of detection at three postnatal ages and
around 35 ng/mL at the dose of 100 mg/kg/day. That the plasma cocaine
accumulated through breast milk in these rat pups at those two low doses might
be metabolized completely may account for it. The accumulating rate of plasma
cocaine in rat pups from milk at the highest dose exceeded the rate of
metabolism so that certain amount of cocaine remained in that group. In
addition, since the limit of detection of plasma cocaine was around 20 ng/mL, it
is also possible that there was certain amount of cocaine in plasma in the rats
at the two low doses that could not be detected. Therefore, the effect of
cocaine on autoresuscitation was most likely to be attributed to the prenatal
influence of cocaine on fetuses.

Perinatal exposure to cocaine decreased the control heart rate in 1-2 day old
pups but only at the highest dose. As postulated above, the plasma level of
cocaine in pups after birth kept constant within every dose group. Therefore, it
is possible that some prenatal adverse effects of cocaine at high dose played a
role in it. They might induce intense vasoconstriction with a resulting increase
in blood pressure that remained existence after birth. The decrease in heart
rate may have resulted from activation of the arterial baroreceptors. Vagal
innervation of the heart is functional in the first postnatal day in this species

(89).
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The results of my experiments provide insight into how maternal cocaine
abuse may place offspring at an increased risk of SIDS. As previously
discussed, an inability to recover from prolonged sleep apnea has long been
postulated as a factor in SIDS (50, 90) and that recovery from sleep apnea is
thought to occur early as a result of arousal from sleep or later as a result of
hypoxic gasping when it is known as “autoresuscitation” (50). Given the results
of previous human studies (40) that maternal abuse with cocaine perturbed the
maturation of respiratory control and impaired the respiratory function of the
infants resulting in disruption of postnatal respiration, and my results that
perinatal exposure to cocaine impairs the ability of rat pups to autoresuscitate
during repeated exposure to hypoxia, | speculate that maternal abuse with
cocaine places infants who have apnea at increased risk for severe hypoxia
and death. The underlying phenomenon may be an impairment of protective

responses that terminate apnea and restore normal tidal ventilation.
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5.0 CONCLUSIONS

My experiments show that perinatal exposure to cocaine impairs the ability of
newborn rats to autoresuscitate. This, however, occurs only at the highest dose
of cocaine. Perinatal exposure to cocaine doesn’t shorten the time to last gasp.

Thus, my data support the hypothesis that perinatal exposure to cocaine
impairs the protective responses that newborn rats exhibit during exposure to
hypoxia as may occur during episodes of sleep apnea. But my data don't
support the hypothesis that perinatal exposure to cocaine impairs the protective

responses of older rats.
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