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ABSTRACT. Newborn infants exposed to cocaine near
birth display a wide range of neurologic abnormalities, but
the mechanism or mechanisms for these injuries remain
unknown. We studied the cercbral effects of a single acute
dose (4 mg/kg; n = 7) and multiple binge doses (4 mg/kg
hourly for 5 h; n = 7) of i.v. cocaine in unanesthetized
newborn (5 % 1 d old) sheep. We measured cerebral blood
flow, mean arterial blood pressure, arterial blood gases,
and cerebral O, metabolism. Measurements were made at
baseline; 30 s; and 5, 15, and 60 min after a single injection
of cocaine in the acute group and at the same time intervals
after the Sth dose of cocaine in the binge group. CBF
increased by 98 *+ 68% (mean * SD) at 30 s after a single
acute dose and by 97 * 94% at 30 s after the Sth of five
hourly binge doses. Although it returned to baseline by 5
min in the acute group, cerebral blood flow remained
elevated 5, 15, and 60 min after the Sth cocaine dose in the
binge group. At 30 s, mean arterial blood pressure in-
creased by 57 % 21% in the acute group and 46 * 15% in
the binge group. In both groups, mean arterial blood pres-
sure remained elevated at 5 min. Although no change
occurred in cerebral O; metabolism in the acute group, an
increase in cerebral O, consumption (7.4 * 1.3 mL/100 g/
min versus 5.5 * 1.1 at baseline) was observed at 5 min in
the binge group. Thus, injection of cocaine as a single acute
dose or after multiple binge doses results in acute cerebral
vasodilation and hypertension in newborn sheep. Acute
cerebral vasodilation, when combined within hypertension,
may partially explain the pathogenesis of cocaine-associ-
ated neonatal neurologic abnormalities. (Pediatr Res 35:
339-343, 1994)

Abbreviations

CBF, cerebral blood flow
CMRO;, cerebral oxygen consumption

Neurologic complications after prenatal and postnatal cocaine
exposure have been well described (1, 2). In newborns, these
complications range from increased muscle tone and irritability
to seizures and cerebral infarction. Although the properties of
cocaine as a potent vasoconstrictor of peripheral vessels are well
known (3), conflicting reports exist concerning the effects of
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cocaine on the cerebral circulation. There are reports demonstrat-
ing cerebral vasoconstriction (4, 5) and vasodilation (6). Further-
more, little systematic data exist concerning effects of cocaine
on CBF and metabolism in the newborn. In addition, cocaine is
frequently consumed in binges in which the drug is used repeat-
edly until both the addict and supply are exhausted. Fischman
et al. (7) reported the development of acute tolerance both to the
cardiovascular and subjective effects of cocaine in human addict
volunteers. We tested the hypothesis that newborn cerebral re-
sponses to repeated binge doses of cocaine differ from responses
to a single acute dose.

MATERIALS AND METHODS

Subjects. Fourteen newborn sheep (mean age, 5 = 1 d, 9 male)
were used for the study; seven (mean weight, 4.5 * 0.6 kg)
received a single 4 mg/kg i.v. dose of cocaine hydrochloride, and
seven (mean weight, 5.0 = 1.4 kg) received five hourly 4 mg/kg
doses. Three additional animals (mean age, 4 = 1 d; mean weight,
4.6 = 0.9 kg) were studied for 5 h to demonstrate the stability of
this unanesthetized animal preparation. All surgical and experi-
mental procedures were approved by our Institutional Animal
Care and Use Committee.

Surgical preparation. Newborn sheep were brought to the
animal care facility with their ewes on the day before study. The
animals were given 450 000 units of procaine penicillin intra-
muscularly before surgery. All cutancous sites of entry were
prepared with alcohol and betadine solution. The sheep were
anesthetized with pentobarbital (15 to 20 mg/kg) via a catheter
placed percutaneously in the external jugular vein. Additional
doses of pentobarbital (1 to 2 mg/kg) were administered as
needed.

Polyvinyl chloride catheters were then placed into the left
ventricle and brachiocephalic artery (via the axillary arteries) and
into both femoral arteries and a femoral vein. The catheters were
flushed and filled with heparinized saline (10 IU/mL), sutured
to the skin, and placed in a pouch attached to the abdomen.

The sagittal, coronal, and lambdoid sutures were identified,
and a shallow burr hole was drilled over the sagittal suture
approximately 0.5 cm anterior to the lambda. The sagittal sinus
was identified and the overlying dura punctured with a no. 19
gauge necedle. A polyvinyl chloride catheter was then inserted
into the sagittal sinus, and its tip was positioned anterior to the
confluence of the sinuses to minimize contamination from ex-
tracerebral venous blood. The catheter was then flushed and
filled with heparinized saline and sutured securely to the scalp.
The sheep were then weighed and allowed to recover in the
laboratory until they could stand and suckle; they were then
returned to their mothers. The next day the sheep were brought
back to the laboratory. Recovery from anesthesia and surgery
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was assessed by clinical examination, suckling behavior, and
measurement of baseline arterial blood gas and pH values, glu-
cose and lactate concentrations, and hematocrit value. These
physiologic parameters were consistent with previous studies
from our laboratory in anesthetized or sedated newborn sheep
who had undergone surgery | d previously.

Physiologic measurements. Blood flow was measured by the
radiolabeled microsphere technique (8). Approximately 1 X 10°
microspheres (0.4 mL), labeled with '**Gd, '"In, !'3Sn, '®Ru,
9Nb, or *Sc (DuPont-New England Nuclear, Boston, MA),
were injected into the left ventricle for a 0.5-min period. A
reference blood sample was withdrawn from the brachiocephalic
artery at a rate of 2.53 mL/min beginning | min before injection
and continuing for 1.5 min after the injection was completed.
The injections of microspheres were not associated with changes
in heart rate or blood pressure.

At autopsy, the brain was removed at the base and divided at
the cephalic border of the pons. Blood flow was measured
separately for cerebrum, cerebellum, and brain stem (pons and
medulla). Radioactivity in tissue samples was determined with a
model 5530 gamma counter (Packard, Downers Grove, IL). All
reference blood and tissue samples contained more than 400
microspheres.

Blood samples for pH, arterial CO, partial pressure, arterial
O, partial pressure, O, saturation, hemoglobin concentration,
and hematocrit were withdrawn into heparinized syringes. Res-
piratory blood gas values and pH were measured at 39.5°C with
a model ABL 30 blood gas analyzer (Radiometer America,
Westlake, OH). Oxygen saturation and hemoglobin concentra-
tion were measured with a model OSM-3 Hemoximeter (Radi-
ometer America). Arterial hematocrit was measured by the mi-
crohematocrit technique. Arterial blood pressure and heart rate
were continuously monitored (model 2400, Gould Instruments,
Oxnard, CA) throughout the experiment.

Levels of cocaine and its metabolites were measured in arterial
blood collected in tubes containing 0.1 mL of enzyme inhibitor
(equal parts of a saturated sodium fluoride solution and a 10%
solution of glacial acetic acid) per 2.0 mL of blood. The blood
was mixed with the inhibitor and centrifuged, and the plasma
were stored frozen (—70°C) until analyzed. Analysis for cocaine
and its metabolites was performed by electron impact gas chro-
matography-mass spectrometry (multiple ion monitoring) after
extraction with solid-phase extraction cartridges as described by
Cone et al. (9). Deuterated internal standards were used for
quantitation. The assay gave a linear response across a concen-
tration range of 5-250 ug/L and had a limit of detection of 1.0
ug/L. The limit of quantitation by this assay was 5.0 ug/L for
each analyte.

Plasma epinephrine and norepinephrine concentrations were
measured by HPLC with electrochemical detection as described
by Nishijima et al. (10). Whole blood (5 mL) was collected in a
tube containing 50 uL EDTA, and the plasma was frozen at
—70°C until analyzed. Samples were purified by alumina absorp-
tion. Epinephrine and norepinephrine were oxidized at 650 mV
(versus Ag/AgCl) on a bioanalytical systems’ vitreous carbon
working electrode. An integrator quantified catechols by internal
standardization. The sensitivity of the assay was 20 ng/L.

Experimental protocol. On the day of the study (24 h after
surgery), the animals were brought to the laboratory and placed
in wooden crates. Six measurements were made during the study.
For each measurement, blood samples were drawn first, and then
microspheres were injected into the left ventricle while a refer-
ence sample was withdrawn from the brachiocephalic artery.
Two baseline measurements were obtained.

Three groups of animals were studied: acute (n = 7), binge
(n = 7), and time-controls (n = 3). In the acute group, blood
flow was measured at 30 s and at 5, 15, and 60 min after i.v.
injection of 4 mg/kg of cocaine hydrochloride (Sigma Chemical,
St. Louis, MO). In the binge group, 4 mg/kg of cocaine hydro-
chloride was injected at hourly intervals for 5 h. Blood flow
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measurements were made at 30 s and at 5, 15, and 60 min after
the S5th dose. We chose a dose of 4 mg/kg for several reasons.
First, pilot data showed that newborn cocaine levels at 5 min
after a 4 mg/kg dose were similar to cocaine levels obtained in
our laboratory in maternal and fetal sheep 5 min after a 2 mg/
kg dose (11). Second, the newborn cocaine levels at 5 min were
60% higher than human cocaine levels reported 30 min after a
moderate (40 mg) cocaine dose (20). Third, pilot studies did not
reveal any untoward side effects (seizures, fatal arrhythmias) with
this dose. In the time-control group, six measurements were
made hourly over a 5-h period; no injections were given.

Samples for determination of cocaine and catecholamine levels
were drawn before administration of cocaine and at 5 and 15
min after injection. In the binge group, these levels were obtained
at 5 and 15 min after the 5th dose of cocaine.

At the end of the study, the sheep were anesthetized with
pentobarbital and killed with an overdose of saturated KCI
solution. Catheter positions were verified. The brain was re-
moved, weighed, and dissected for analysis of regional blood
flow.

Data analysis and calculations. Organ blood flow was calcu-
lated as follows: cpm organ/cpm ref X reference withdrawal rate
(mL/min), where cpm organ and cpm ref represent radioactive
cpm in the organ and reference samples, respectively. CMRO,
was calculated as follows: (CaO, — CvO,) X CBF, where CaO,
and CvO; represent arterial and venous oxygen content, respec-
tively. Cerebral oxygen transport was calculated as CaO, X CBF.
Cerebral fractional oxygen extraction was calculated as follows:
CMRO; + O, transport. Vascular resistance was calculated as
MAP = blood flow, where MAP is mean arterial pressure.

Differences within groups were tested by one-way analysis of
variance for repeated measures. If the F test indicated signifi-
cance, differences between individual means were tested with the
Newman-Keuls test. Logarithmic transformations were used
when the SD increased with the mean value. An unpaired ¢ test
was used to identify differences between groups. Significance was
set at p < 0.05. All results are expressed as mean * SD.

RESULTS

Regional brain blood flows and vascular resistance are shown
in Figures 1 and 2. In the acute group, a single 4 mg/kg i.v.
injection of cocaine resulted in a 98 + 68% increase in CBF at
30 s. Five minutes after injection, CBF returned to baseline.
Coinciding with the increase in CBF at 30 s was a decrease in
cerebral vascular resistance. In the binge group, five hourly 4
mg/kg injections of cocaine resulted in a 97 *+ 94% increase in
CBF 30 s after the final dose. This increase was sustained 5, 15,
and 60 min after injection. Changes in brain stem and cerebellar
flow paralleled changes in CBF, with the greatest increase seen
in cerebellum at 30 s. In the binge group, cerebral vascular
resistance decreased at 15 and 60 min after injection. In com-
paring acute and binge groups, flow measurements at baseline,
30 s, and 5 min were not different. In the binge group, however,
brain blood flow compared with baseline remained greater in
brain stem and cerebellum at 15 and 60 min.

Data on CMRO, are shown in Table 1. CMRO; was not
altered after a single acute dose. In the binge group, however,
CMRO:; and oxygen transport increased compared with baseline
at 5 min. In both groups, fractional oxygen extraction was
unchanged.

Cardiovascular variables, arterial blood gases, and hematocrit
values are shown in Table 2. In both groups, mean arterial
pressure increased at 30 s. This increase was sustained at 5 min
and returned to baseline by 15 min. Heart rate was unchanged
(p=0.08, 30 s versus baseline) in both groups. Although arterial
pH in the acute group decreased, no change occurred in arterial
blood gas measurements in the binge group. Hematocrit was
unchanged in both groups.

Plasma norepinephrine and epinephrine levels are shown in
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Fig. 1. Regional brain blood flows after single (acute) and multiple
(binge) doses of cocaine (4 mg/kg each dose). Values expressed as mean
+ SD; n = seven acute, n = seven binge. *, P < 0.05 compared with
baseline. 1, p < 0.05 acute compared with binge.

Table 3. In the acute group, an increase occurred in both nor-
epinephrine and epinephrine at 5 min after injection. In the
binge group, an increase in norepinephrine occurred at 5 and 15
min after the final injection, whereas epinephrine levels were
only elevated at 5 min. When the two groups were compared,
the binge group had higher catecholamine levels than the acute
group at 15 min.

Plasma cocaine, benzoylecgonine, and ecgonine methyl ester
levels are shown in Table 4. Although cocaine levels rose at 5
min after injection in both groups, metabolism was rapid, and
cocaine levels were not significantly different from baseline by
15 min. Cocaine was rapidly metabolized to ecgonine methyl
ester in both groups. Levels of both metabolites in the binge
group were higher than the acute group at 5 and 15 min.

Over a 5-h study period, the three time-control animals showed
no changes in CBF, cerebral oxidative metabolism, heart rate,
blood pressure, arterial blood gases, or hematocrit.

DISCUSSION

The most important findings of this study are as follows: /)
i.v. cocaine given in a single acute dose or multiple binge doses
increased CBF at 30 s; in the binge group this increase was
sustained for 60 min; 2) in the binge group, the increase in CBF
was accompanied by an increase in CMRO; at 5 min; and 3) the
binge group showed no development of acute tolerance to the
systemic vasopressor effects of cocaine.

Although cocaine’s ability to constrict peripheral blood vessels
is well known (3), little systematic data exist concerning cocaine’s
effect on the cerebrovascular system. Dohi ¢z al. (6) found that
cocaine produced vasodilation when applied directly to cat cer-
ebral arterioles. This vasodilator response was blocked by i.v.
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Fig. 2. Cerebrovascular resistance (CVR) after single (acute) and mul-
tiple (binge) doses of cocaine (4 mg/kg each dose). Values expressed as
mean * SD; n = seven acute, n = seven binge. *, p < 0.05 compared
with baseline,

propranolol. Sharkey et al. (12) found that i.v. cocaine increased
local CBF associated with an increase in local cerebral glucose
use in certain regions of rat brain. They concluded that it was
unlikely that vasospasm was the primary mechanism underlying
cocaine-induced cerebrovascular accidents. In human infants,
Van de Bor et al. (13) demonstrated an increase in CBF velocity
measured by pulsed Doppler cranial ultrasonography in infants
born to mothers who abused cocaine. Other authors have re-
ported cocaine-induced cerebral vasoconstriction. Albuquerque
et al. (4, 14) demonstrated vasoconstriction in piglet pial arteri-
oles exposed to cocaine and its metabolites. Madden and Powers
(5) described spasm of isolated cat cerebral arteries exposed to
cocaine and its major metabolites. In another in vitro model,
Schreiber et al. (15) found vasoconstriction of isolated lamb
cerebral arteries when they were exposed to cocaine and its
metabolite benzoylecgonine. Some of these conflicting data may
reflect species differences, differences in method, anesthesia tech-
nique, or some combination of these three.

In this study, cocaine may have increased CBF with vasodila-
tion by one of three mechanisms. The first potential mechanism
is a substantive increase in blood pressure exceeding the limits
of cerebral autoregulation. Arnold et al. (16) demonstrated that
global brain blood flow was independent of mean arterial blood
pressure over the range of 45 to 82 mm Hg in newborn lambs.
The degree of hypertension observed in our experiments after a
single acute dose of cocaine (67 to 104 mm Hg) is above these
limits of autoregulation. Therefore, the hypertension may have
resulted in an increase in CBF. However, we still found a
significant and sustained increase in CBF in the binge group
when blood pressure remained well within the limits of autoreg-
ulation. Thus, we believe hypertension alone cannot explain the
increase in CBF. However, if forced vasodilation of cerebral
vessels caused by acute hypertension resulted in vascular endo-
thelial damage, normal autoregulatory responsivity of the vessels
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Table 1. Comparison of CMRO-, oxygen transport, and fractional oxygen extraction afier single (acute) and
multiple (binge) doses of cocaine*

Time after cocaine injection (min)

Baseline 5 15 60

Acute

CMRO; (mL/100 gm/min) 58+13 64%12 5.6+22 6.1 £1.7

Oxygen transport (mL/100 gm/min) 125+ 3.2 153+ 3.4 122452 12.1 £ 3.8

Fractional oxygen extraction 0.47 £ 0.08 0.42 £ 0.05 0.46 £ 0.1 0.51£0.1
Binge

CMRO, (mL/100 gm/min) 5.5+ 1.1 7.4 + 1.3t 6.2+ 1.1 6.2+1.0

Oxygen transport (mL/100 gm/min) 1.7+ 1.4 17.2 £ 3.5¢ 16.1 £ 3.4 14.3 £4.1

Fractional oxygen extraction 0.47 = 0.06 0.43 £ 0.07 0.40 = 0.07 0.45+0.05

* Values expressed as mean + SD; n = seven acute, seven binge.
1 p < 0.05 compared with baseline.

Table 2. Mean arterial blood pressure, heart rate, arterial blood gas values, and hematocrit after single (acute) and
multiple (binge) doses of cocaine*

Time after cocaine injection (min)

Baseline 0.5 5 15 60
Acute
MAP (mm Hg) 67 £ 11 104 = 12} 88 £ 11t 72+6 65+ 16
Heart rate (beats/min) 186 + 38 228 £ 24 191 £+ 30 182 + 18 172 £ 29
pH 7.43 +0.03 7.37 £ 0.05t 7.38 £ 0.06%1 7.38 £ 0.06%
Paco, (kPa) 5+0.5 6+0.7 5+08 5+0.8
Pao; (kPa) 13+ 1.7 13+ 1.6 13+£1.3 13+£0.8
Hematocrit 0.31 £0.07 0.27 £0.07
Binge
MAP (mm Hg) 68 = 10 2+ 8% 88 + 14t 7110 59+ 11
Heart rate (beats/min) 171 + 34 212+ 26 201 # 41 209 + 42 197 + 60
pH 7.41 £ 0.03 7.38 £ 0.05 7.38 £0.04 7.40 £ 0.03
Paco, (kPa) 6+0.8 5+09 6+09 5+1.2
Pao; (kPa) 12+0.9 13+£2 12+25 11+24
Hematocrit 0.33+0.07 0.29 = 0.05

* Values expressed as mean + SD; n = seven acute, seven binge. MAP, mean arterial blood pressure; Pacoa, arterial CO; partial pressure; Pao,,

arterial O, partial pressure.
1 p <0.05 compared with baseline.

Table 3. Epinephrine and norepinephrine levels (ng/L) after
single (acute) and multiple (binge) doses of cocaine*

Time after cocaine injection

(min)
Baseline 5 15

Acute

Epinephrine 123 £ 87 301 £ 107+ 138 £ 129

Norepinephrine 554 £ 722 880 * 537+ 525 +£488
Binge

Epinephrine 172 £ 136 558 + 499¢% 473 + 640%

Norepinephrine 593 +£494 1812 = 1160+ 1633 + 113111

* Values expressed as mean + SD; n = six acute, seven binge.
t p < 0.05 compared with baseline.
t p < 0.05 acute compared with binge.

may also have been affected. A second potential mechanism
involves an increase in cerebral metabolism. CBF and cerebral
metabolic requirements are usually closely coupled. (17) CMRO;
is 5 to 6 mL/100 gm/min in unanesthetized newborn lambs,
(18) and our baseline values were similar. We found an increase
in CMRO; and oxygen transport in the binge group at 5 min.
Although we did not measure glucose use, London er al. (19)
demonstrated that cocaine stimulated regional cerebral meta-
bolic rate for glucose in cocaine-naive rats. Similarly, Sharkey er
al. (12) found an increase in cerebral glucose consumption and
CBF after acute cocaine exposure in the rat. Their study dem-
onstrated no evidence that cocaine exerted a direct action on the

cerebral vascular bed without exerting changes in cerebral met-
abolic activity. Although London et al. (20) later demonstrated
a cocaine-induced reduction in regional cercbral metabolic rate
for glucose in the human brain, inconsistencies may have re-
flected differences in species, method, or prior drug history. It
may be that changes in cerebral metabolism represent a dynamic
process that depends on the chronicity of drug exposure. Our
data do not concur with a previous report of cerebral vasocon-
striction associated with a fall in CMRO; in newborn piglets.
(21) Several factors may account for this: /) species differences
(newborn lambs have more mature brains than piglets); 2) dif-
ferences in anesthesia (the fall in CMRO,; was demonstrated in
a group of animals anesthetized with morphine); or 3) differences
in experimental protocols. The mechanism or mechanisms by
which cocaine increases CMRO, are not known but may relate
to alterations in cerebral norepinephrine levels. Cocaine inhibits
reuptake of norepinephrine, leading to increased levels at the
synaptic cleft (22). In both groups, we found a marked increase
in plasma norepinephrine levels after administration of cocaine.
MacKenzie et al. (23) demonstrated that increases in central
norepinephrine significantly increased CMRO,; and CBF in ba-
boons. In our study, the increase in plasma norepinephrine levels
was more marked and sustained in the binge group. Similarly,
higher central norepinephrine levels might explain the differences
we found in CMRO, and CBF between the two groups. A final
possible mechanism for the increase in CBF may be by a direct
or indirect effect on the cerebral vascular bed by cocaine or one
of its metabolites. These mechanisms have yet to be explained.
Madden and Powers (5) demonstrated that certain cocaine me-



CEREBRAL RESPONSES TO COCAINE

343

Table 4. Cocaine metabolite levels (ug/L) after single (acute) and mudtiple (binge) doses of cocaine*

Time after cocaine injection (min)

Baseline 5 15

Acute

Cocaine 0+0 316 £ 170% 9+ 12

Benzoylecgonine 0+0 116 + 136} 84 + 52

Ecgonine methyl ester 16 +£ 22 1491 + 349+ 1278 + 226+
Binge

Cocaine 0x0 675 + 468+ 174 = 196

Benzoylecgonine 0x0 553 £ 22611 538 £ 31411

Ecgonine methyl ester 40 £ 55 2765 + 4261t 2769 + 61611

* Values expressed as mean + SD; n = seven acute, seven binge.
t p < 0.05 compared with baseline.
1 p < 0.05 acute compared with binge.

tabolites induced vasoconstriction in isolated cat cerebral arter-
ies. In their study, however, ecgonine methyl ester, the primary
metabolite found in sheep, produced vasodilation. Dohi et al.
(6) found that pial vessel vasodilation observed in cats was
blocked by propranolol. They therefore hypothesized that the
vasodilatory effects of cocaine appeared to be mediated, at least
in part, by mechanisms that depend on stimulation of S-adre-
nergic receptors.

The metabolism of cocaine in sheep differs from the metabo-
lism of cocaine in human beings. First, it is very rapid; in human
beings the ty, of a single dose of i.v. cocaine in plasma is 48 min
(24), and in our animals it was less than 10 min. Second, unlike
human beings, in whom the major metabolite is benzoylecgo-
nine, in sheep cocaine was primarily metabolized to ecgo-
nine methyl ester. Fischman ez al. (7) and Teeters et al. (25)
reported the development of acute tachyphylaxis to cocaine in
human beings and cats, respectively. They hypothesized that the
reduction in the vasopressor effect of cocaine after repeated doses
was due to the depletion of endogenous norepinephrine stores.
It is unclear why we did not observe this phenomenon in new-
born sheep; however, it may reflect differences in cocaine metab-
olism or species variation in the ability to replenish endogenous
norepinephrine stores.

In summary, cocaine causes acute cerebral vasodilation, and
this effect is prolonged after multiple doses. Although the mech-
anism or mechanisms for this increase in CBF remain unknown,
they may be related in part to a cocaine-induced elevation in
cerebral norepinephrine with a subsequent increase in CMRO,.
Although it is not known whether infants who are exposed to
cocaine have responses similar to newborn sheep, acute cerebral
vasodilation, when combined with increases in blood pressure,
may partially explain the pathogenesis of cocaine-associated
intracranial hemorrhages.
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