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Toxicity of Mild Prenatal Carbon Monoxide Exposure

Abstract. Rats prenatally exposed to a low concentration of carbon monoxide
which results in carboxyhemoglobin levels equivalent to those maintained by human
cigarette smokers, show reduced birth weight and decreased weight gain. Neuro-
behavioral and biochemical testing of the offspring reveals lower behavioral activity
levels through the preweaning period, altered central catecholamine activity, and

reduction in total brain protein at birth.

Irreversible central nervous system
damage reflected in widespread necroses
and ultrastructual changes (/), altera-
tions in cerebral energy production or
metabolism (2), and depression of neu-
rotransmitter synthesis or turnover (3)
have all been reported following acute
hypoxic or anoxic exposures. Such find-

ings are useful in predicting the pattern
of neurological changes that may result
from asphyxia accompanying obstetric
procedures and cerebrovascular acci-
dents. Comparatively little is known
about the effects of chronic hypoxia at
levels relevant to human experience.
This may result from natural causes such

Table 1. Growth rate of preweanling rats exposed prenatally to CO [150 parts per million (ppm)]
or to air. Values are given as mean =+ standard error of the mean (S.E.M.).

Body weight (g)

Treatment
Day 1 Day 4 Day 10 Day 14 Day 21
Air 5.77 = 0.05 9.68 = 0.2 21.82 = 0.34 27.16 = 0.6 45.81 = 0.77
CO 5.49 £ 0.05 8.16 = 0.17f  18.19 = 0.45* 24.40 + 0.42f  39.90 + 1.5*

*Significantly different from comparable control group at P < .01.

parable control group at P < ,05.

tSignificantly different from com-
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Fig. 1. Open-field activity lev-
els of rats exposed prenatally
to CO concentrations of 150
parts per million (ppm) or to
room air. Subjects 1 and 4
days old were injected with L-
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dopa (100 mg/kg) at time zero.
Subjects 14 and 21 days old
were not injected. Activity
was averaged across 10-min-
ute intervals for a 1-hour peri-
od.
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as high altitude and man-made causes
such as chronic carbon monoxide expo-
sure induced by cigarette smoking and
industrial sources. We have concen-
trated on the effects of CO exposure dur-
ing the prenatal period. Carbon monox-
ide readily crosses the placenta, and mild
maternal exposures in animals result in
decreased fetal oxygen partial pressures
in the descending aorta and inferior vena
cava (4). Rats and rabbits prenatally ex-
posed to high-altitude conditions or to
CO show a variety of abnormalities at
birth, including reduced birth weight (5—
7), heart hypertrophy (7, 8), and reduced
brain protein levels suggestive of smaller
neurons (9). There is evidence, too, that
mild prenatal CO exposure in rabbits
may be teratogenic (5). The long-term
consequences of these effects as well as
their functional significance have not
been elucidated. Moreover, studies of
central nervous system toxicity follow-
ing chronic CO exposure are lacking.

Maternal cigarette smoking and domi-
cile at high altitude are major causes of
chronic prenatal hypoxia. Both condi-
tions represent important risk factors,
having been associated with excess pre-
natal mortality (/0, 11), premature (pre-
term) birth (10-12), and decreased birth
weight (10, 13). Experimental evidence
(5) confirms that these sequelae are re-
lated to the hypoxic exposure in a dose-
related manner regardless of the source
of hypoxia (CO or diluting air with nitro-
gen). We report here that chronic pre-
natal exposure of rats to CO has behav-
ioral, neurochemical, and physiological
consequences which last well beyond
birth and that these effects are measure-
able at CO levels approaching those ex-
perienced by offspring of mothers who
smoke.

Adult female Long-Evans hooded rats
were maintained in the laboratory with
continuous access to food and water, a
diurnal light cycle (12 hours light, 12
hours darkness), and room temperature
at 22°C. The rats were bred and, after a
sperm-positive vaginal smear, were
transferred to exposure chambers for the
duration of gestation. Spectrophotomet-
ric measurements (/4) were used to veri-
fy that maternal carboxyhemoglobin
(HbCO) concentrations of 15 percent re-
sulted among the subjects exposed to
CO. By comparison, human cigarette
smokers show HbCO concentrations
ranging from about 1 to 16 percent (/5).

Within 12 hours after birth the subjects
were removed from the exposure cham-
bers and placed in a normal air environ-
ment. The neonates were counted,
weighed, and examined for superficial
deformities. Litter sizes were then ad-
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justed to eight pups per litter and the ne-
onates scheduled for (i) brain protein de-
termination on day 1 (N = 32); (ii) be-
havioral tests on day 1 (N = 24), 4
(N = 20), or 14 or 21 (N = 16); or (iii)
assays of whole brain concentrations of
the catecholamines dopamine (DA) and
norepinephrine (NE) on day 1 (N = 48)
or 4 (N = 40). These assays were of in-
terest because acute hypoxia in adult
rats and also neonatal asphyxia have
been shown to interfere with monoamine
synthesis (3).

Offspring of mothers exposed to CO
showed slightly (5 percent) although not
significantly lower birth weights than
normal neonates, but differences in body
weight became progressively greater
throughout the preweaning period (Table
1) and did reach statistical significance at
4 days of age (Student’s z-test, t = 8.24,
P < .01). We did not observe differences
in number of pups per litter or mortality
rate on day 1 (Table 2); no cases of gross
teratogenesis were seen in either group.

Our initial determination of functional
consequences of prenatal CO exposure
consisted of tests of locomotor activity
in an electronic (Stoelting) activity moni-
tor (16). We were anxious to examine ne-
onatal animals at the youngest possible
age since we did not know whether any
behavioral effects of CO might be transi-
tory. To measure activity in 1- and 4-
day-old rats, we injected the subjects
subcutaneously with the catecholamine
precursor L-dopa (100 mg/kg) immediate-
ly before the 1-hour session. Earlier re-
ports (/7) have shown that such treat-
ment greatly increases central DA and
NE concentrations and elicits vigorous
crawling, head rearing, and swimming-
like movements in animals too young to
maintain such activity spontaneously.
After testing, the subjects were decapi-
tated and the brains rapidly removed and
frozen over Dry Ice for subsequent
fluorimetric determinations of DA and
NE levels (/8). The assays were per-
formed on four samples of six pooled
brains at 1 day of age and on five samples
of four pooled brains at 4 days of age.
The results were compared with those
for the same number of samples taken
from saline-injected controls. Subjects
14 and 21 days old were tested without
injection and neurochemical data are not
included for these subjects.

Activity levels were consistently re-
duced among the CO-exposed neonates
at all ages tested (Fig. 1). Subjects ex-
posed to CO and injected with L-dopa (1
and 4 day olds) showed a similar time
course in their behavioral response to
the drugs but failed to attain activity lev-
els as high as those of the neonates ex-
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Table 2. Birth weight, litter size, and day-1
mortality of rats prenatally exposed to CO
(150 ppm) or to air. Values are given in col-
umns 3 and 4 as mean + S.E.M.

day 4). This relationship (Table 3) held
even if amine concentrations were calcu-
lated with respect to total brain protein
concentrations. No differences in whole

To  brain NE, 5-hydroxytryptamine, or 5-hy-
Num- g Live tal droxyindoleacetic acid were found be-
irth num- .

Treat- ber ([ iong pups ber tween these groups. Among saline-
ment  of (2 per of treated rats, no significant differences in
litters itter  gead monoamine concentrations were found

PUPS  petween the CO- and air-exposed sub-

Air 27 5.77 £ 0.05 10.6 = 0.56 17 jects at either day 1 or day 4 (Table 3).
(60) 26 5.49 = 0.05 10.7 £ 0.59 20 Further, the differences in amine levels

posed to air. At 14 days of age, CO- and
air-exposed neonates showed similar ac-
tivity levels during the first 30 minutes of
testing. Thereafter, CO subjects showed
substantially less activity than controls.

Analyses of variance carried out at
each age confirmed that CO- and air-ex-
posed subjects differed in activity levels
at 1 (F =6.8322, P<.05), 4 (F=
5.9907, P < .05), and 14 days of age
(F = 4.8224, P < .05). While 21-day-
old rats prenatally treated with CO were
less active than control subjects, this dif-
ference did not reach significance
(F = 2.4563, P > .05).

The activity levels of 1- and 4-day-old
rats injected with L-dopa seemed to be
related to whole brain DA concentra-
tions. After L-dopa treatment, signifi-
cantly more DA was found in the brains
of air-exposed than of CO-exposed rats
at both 1 and 4 days of age (+ = 3.682,
P < .0l at day 1; ¢ =2.942, P < .05 at

between 1- and 4-day-olds, expressed on a
per gram basis, did not reach statistical
significance. Thus, observation of neu-
rochemical deficits in our newborn sub-
jects exposed prenatally to low CO con-
centrations apparently requires the dis-
ruption of resting-state conditions. Both
the depression in open-field activity and
the differences in utilization of exog-
enous L-dopa in 1- and 4-day-old sub-
jects indicate changes in central nervous
system function associated with prenatal
CO exposure.

We also compared brain protein levels
in 16 newborn rats prenatally exposed to
CO or to air. The subjects were decapi-
tated and their brains rapidly removed
and frozen at —90°C before spectro-
photometric assay by the phenol reagent
method (/9). We found a markedly lower
brain protein level in CO neonates than
in air controls (¢ = 3.867, P < .01), al-
though absolute brain weight did not dif-
fer between groups (r < 1.0) (Table 4).

To our knowledge, mild CO exposure
has not previously been shown to pro-

Table 3. Whole brain catecholamine levels in rats prenatally exposed to CO (150 ppm) or to air.
Fluorometric assays were performed on pooled tissue samples from 1- and 4-day-old subjects 60
minutes after saline or L-dopa injection. Statistical comparisons were made between air and CO
groups within each age and drug condition. Values are given as mean = S.E.M.

Catecholamine content (ug/g)

Treatment Day 1 Day 4
DA NE DA NE

Saline

Air 0.158 = 0.04 0.072 = 0.02 0.083 = 0.02 0.045 = 0.02

CO 0.108 = 0.02 0.099 = 0.02 0.133 = 0.02 0.071 £ 0.02
L-Dopa (100 mg/kg)

Air 547 = 1.62 0.092 = 0.02 2.96 + 0.06 0.127 £ 0.02

CO 3.01 = 0.81* 0.112 = 0.03 2.23 +0.21% 0.123 + 0.03

*Significantly different from comparable control group at P < .01.

t+Significantly different from com-
parable control group at P < .05,

Table 4. Whole brain protein concentrations in 1-day-old rats prenatally exposed to CO (150
ppm) or to air. Values are given as mean + S.E.M.

Treat- Body weight Wet brain Wet'brain Brain protein
ment (3] weight (mg) weight/ (mg/g)
body weight
Air 5.94 + 0.17 233.0 = 6.40 39.98 + 0.68 81.77 + 2.46
CO 5.53 = 0.24 243.9 + 6.83 43.76 + 0.80* 63.36 + 4.08*

*Significantly different from comparable control group at P < .01.
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duce functional deficits. Our findings in-
dicate, however, that the fetal organism
is particularly sensitive to chronic CO
exposure and may be impaired at levels
of exposure similar to those found
among cigarette smokers. Cigarette
smoke contains roughly 3 to 5 percent
CO (20) and inhalation of tobacco smoke
is the major source of HbCO in the gen-
eral population. Cigarette smokers have
an average HbCO concentration of ap-
proximately 5 percent (/5), but the level
ranges from about 1 to 16 percent in indi-
viduals, depending on occupation, smok-
ing habits (frequency and inhalation pat-
terns), and ambient CO concentrations
(15). In nonsmokers HbCO levels aver-
age approximately 0.5 percent and rarely
exceed 2 percent (/5). Carboxyhemoglo-
bin levels also tend to be somewhat ele-
vated during pregnancy, reflecting en-
hanced endogenous CO production (4).
"Our results suggest that indices of ma-
ternal cigarette smoking such as en-
hanced neonatal mortality and reduced
birth weight reflect only the most readily
measurable effects of this toxin; the po-
tentially more serious consequences of
altered central nervous system function
and biochemistry early in life or, per-
haps, permanently are only now begin-
ning to be discovered by use of animal
models.
LAURENCE D. FECHTER
ZOLTAN ANNAU
Department of Environmental Health
Sciences, Johns Hopkins University,
Baltimore, Maryland 21205
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Developmental Neuroethology: Changes in Escape

and Defensive Behavior During Growth of the Lobster

Abstract. The changes in relative efficacy of two incompatible behaviors was in-
vestigated during growth of the lobster, Homarus americanus. In larval and early
Jjuvenile stages, physiological and morphological factors favor use of the escape re-
sponse over defensive behavior. In large animals, defensive behavior is preferred
almost exclusively to escape behavior unless the claws are lost. The interaction of
escape and defensive behavior is modified by neural and morphological factors,
which are dependent on the stage in the life cycle of the organism.

One of the goals of neuroethology (/)
is to determine the physiological sub-
strates for behavior. Within the past dec-
ade, a number of studies have provided
an excellent foundation for this emerging
field (/—4). Most of these studies have
been of invertebrates, primarily mol-
lusks and arthropods because these ani-
mals have relatively simple nervous sys-
tems and relatively simple behaviors. In
general, the approach has been to take
one or a few simple behavioral acts, de-
termine the neural structures controlling
the behaviors, and then determine the in-
teractions among the elements involved.
However, these studies have generally
focused on the substrates of a simple be-
havior (3) or the interaction of several
behaviors (4) in adult animals. Other in-
vestigators have pursued the changes in
a single behavior during growth and de-
velopment (2). However, these studies
have rarely been concerned with corre-
lating both neural and morphological
substrates with changes in behavior. We
have examined both physiological char-
acteristics and allometric relationships
among various components of two in-

compatible behaviors of the lobster—es-
cape and defense—from the larval stages
to sexual maturity. During this period of
growth, the components of these behav-
iors develop and differentiate consid-
erably: the animal clearly favors escape
early in its life cycle but defensive be-
havior in the later stages. Furthermore,
certain physical characteristics, which
determine the efficacy of these behav-
iors, exhibit transitional stages that oc-
cur during the same stage of devel-
opment.

The primary flight response of the lob-
ster is the well-known tail flip escape re-
sponse common to the reptantian crusta-
ceans (5, 6). The tail flip results from the
contraction of the large abdominal flexor
muscles and serves to propel the animal
backwards. The behavior is mediated by
two pairs of giant interneurons, the me-
dial giants (MG) and the lateral giants
(LG), as well as by nongiant inter-
neurons (7—/1). We have studied two as-
pects of escape behavior during growth
of lobsters. We calculated (i) the time for
the action potential in the medial giant
axon to propagate the length of the ani-
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