opposite striatum. Another group (N =
6) of rats received sham surgery (/4) in
the striatum opposite to the side of the
behavioral preference. After recovery
from anesthesia, all rats with lesions
rotated in the direction ipsilateral to
the lesion for several hours after sur-
gery; spontaneous rotation was entirely
absent one or more days after surgery.
Three days after surgery, rats were
tested in the T-maze again. All rats with
lesions had side preferences ipsilateral
to the lesion, that is, in the same di-
rection as the initial postoperative ro-
tation; all rats with sham surgery
had side preferences in the same di-
rection as they had a week earlier.
The relation of spatial preferences to
rotation was also confirmed in normal
rats. Another group (N = 18) of naive
rats were tested first in the T-maze,
then injected with d-amphetamine sul-
fate (1.0 mg/kg), and placed in an
apparatus (I15) designed to measure
rotation automatically. When placed
in such a spherical rotometer, rats
rotate consistently (that is, to the same
direction when tested at different times)
after this dose of d-amphetamine (5).
In the present case, rats preferentially
rotated in the direction of the spatial
preferences determined in the T-maze
(16). These results, as well as others
showing that d-amphetamine enhances
spatial preferences (I7), suggest that
rotation is a stereotyped form of spatial
behavior.

In conclusion, the present study
provides evidence that rats have a small
hemispheric asymmetry in nigrostriatal
chemistry which may be related to a
behavioral bias of possibly broad sig-
nificance. This conclusion argues against
the generally accepted notion that only
man has hemispheric asymmetries
(that is, cerebral dominance). The
results reported here may eventually
be relevant to an understanding of
neurological phenomena and disorders
in man characterized by unilateral or
asymmetric disturbances of function.
Regardless of such possibilities, it is
important that a relation between a
neurochemical index of brain function
and behavior can be demonstrated.
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Enduring Learning Deficits and Cerebral Synaptic Malformation
from Exposure to 10 Parts of Halothane per Million

Abstract. Chronic exposure of rats to 10 parts of halothane per million during
early life produced later deficits in learning a shock-motivated light-dark discrim-
ination and a food-motivated maze pattern, correlated with enduring synaptic
membrane malformation in cerebral cortex. Adult exposure had no effect.
Halothane may provide a useful analytical tool for study of brain. The
behavioral-ultrastructural techniques also suggest a standard for assessing the
safety of trace toxicants with central nervous system effects.

The possible toxic effects of anes-
thetic gases on chronically exposed sur-
gical personnel have been of increasing
concern in recent years (/). We have
chosen to study halothane, which, used
in conjunction with nitrous oxide, is
the most widely employed inhalation
anesthetic in the United States. Am-
bient concentrations of halothane are
found to average 10 parts per million
(ppm) in the operating theater. The an-
esthesiologist, stationed near the ex-
haust of the patient’s breathing circuit,
may be exposed to a much higher con-
centration (2). ‘

Two different toxicology questions
exist for this situation. First, behavior-
al deficits might occur during the acute
exposure of the operating team to halo-
thane. Bruce et al. (3) found that 4
hours of exposure to 15 ppm halothane
(with 500 ppm nitrous oxide) produces

significant deficits in cognition, percep-
tion, and motor reaction. Such de-
creases in capacity during surgery are
of obvious concern. The second ques-
tion, and the one we addressed, was
whether chronic exposure to 10 ppm
halothane produces lasting behavioral
deficits and damage to the central ner-
vous system. Such deficits could place
an undue burden upon the lives of
the surgical team members. Various
studies have suggested that anesthesiol-
ogists and operating room nurses may
suffer long-term, physiological effects
(4). However, no data exist on possible
behavioral deficits from chronic halo-
thane exposure.

We examined the effects of halothane
on rats exposed chronically, either dur-
ing early development, adult life, or
both. To obtain sensitive behavioral
measures, we utilized two relatively dif-
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Fig. 1. Errors in learning as a function of
conditions of exposure to halothane. The
UU group was unexposed; the UD group
was exposed from day 60 of age on; the
DU group was exposed from conception
to day 60; the DD group was exposed
from conception on. Testing was begun
at 130 to 150 days of age.

ficult learning tasks, chosen with re-
gard to the consistent finding that acute
halothane exposure produces deficits in
memory registration (5).

In the present study, Sprague-Dawley
rats were divided into one control
group (UU) and three experimental
groups exposed to a range of 8 to 12
ppm concentrations of halothane/air, 8
hours a day, Monday through Friday
of each week. The three experimental
groups were as follows: the DU group
was exposed throughout early develop-
ment (from conception to day 60 of
age); the UD group was exposed from
day 60 of age through the behavioral
testing (a period of 75 to 105 days);
and the DD group was exposed
throughout both age periods. Two con-
trolled environment chambers of the
University of Wisconsin Biotron were
used, maintaining a constant tempera-
ture (26°C), relative humidity (50 per-
cent), and normal oxygen and CO, con-
centrations. In the treatment chamber,
during the light phase of a 12-hour
light-dark cycle, halothane was intro-
duced into the fresh air supply input
via a calibrated Drager vaporizer, and
concentrations were monitored by gas
chromatography (6).

In the first experiment, 12 naive rats
from each of the four treatment groups

40+

30+ Experiment 1 { }

I

-
Y d

0{Experiment 2 1 L

Mean error trials to criterion
€
s
e
8

w w (311} DD
Conditions

were uscd. Half the subjects in each
group were tested beginning at 130
days of age and half were tested be-
ginning at 150 days of age; results
were the same for both age groups.
Thirty trials every other day were given
on a light-dark discrimination task in
an automated Y-maze utilizing electric
foot shock escape or avoidance, as
described in (7). One or more errors
on any one trial counted as one ‘“er-
ror trial.” Criterion was 90 percent cor-
rect responses on any one training ses-
sion. Mean error trials to criterion for
each of the four groups were found

by a one-way analysis of variance to
demonstrate a significant effect (F =
6.38, d.f. = 3/44, P < .01). Subsequent
analysis by Fisher’s Least Significant
Difference, or LSD, test (8) revealed
that the 30 percent increase in error
trials made by the DU and DD groups
was significant (Fig. 1).

To test the generality of the effects
seen in the first experiment, a spatial
discrimination task for appetitive re-
inforcement was chosen for the second
study. This maze, developed by Daven-
port et al., has been shown to be sen-
sitive in detecting learning deficits in
hypothyroid rats (9). Ten naive rats
from each of the four treatment groups,
140 to 145 days of age at the begin-
ning of the study, were tested on prob-
lem T-6 of the test series. Error trials
to criterion were scored via closed cir-
cuit television. Criterion was four out
of five errorless trials, with each sub-
ject given a maximum of 48 trials, all
run in one testing session. A one-way
analysis of variance indicated that the
mean error trials to criterion (or for
the total of 48 trials for those subjects
that failed to reach criterion) for the
combined DU and DD groups (mean
= 29.50) was significantly higher than
for the combined UU and UD groups
(mean =22.05) (F=4.61, df. =
1/36, P < .05). As can be seen in the
lower panel of Fig. 1, the mean error
trials for the individual groups follow
the same pattern as in experiment 1.
Furthermore, whereas only one of the
20 subjects in the UU and UD groups
failed to reach criterion within 48
trials, nine of the 20 subjects in the
DU and DD groups failed to do so. A

Fig. 2. (a) Synaptic complexes, ﬂbrmai_ne_onatal rat.

ote e ety and ckns " e posynaptic densities )

B

(Xx45,000). (b) A large synaptic terminal from halothane-treated neonatal rat showing reduction and absence of the postsynaptic
densities at the synaptic junction (arrows). The presynaptic vesicles were apparently normal (20,000).
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chi-square analysis revealed this dif-
ference as significant (x2 = 9.06, P <
.05).

The data in both experiments indi-
cate that early exposure to halothane
in trace amounts causes apparently
permanent learning deficits, since these
deficits occurred in rats last exposed
75 to 90 days prior to the beginning of
behavioral testing (group DU). Be-
cause exposure to halothane only after
day 60 of age produced no behavioral
deficits in either learning task (group
UD), the critical exposure period ap-
pears to be that of early development.
Correlative to the pattern of behavioral
deficits, tissue samples from the su-
perior parasagittal cerebral cortex of
rats exposed to 10 ppm halothane from
conception to parturition showed elec-
tronmicroscopic evidence of neuronal
degeneration, as well as the permanent
failure of formation of the synaptic
web and postsynaptic membrane den-
sity in 30 percent of the postsynaptic
membranes (Fig. 2); only slight neuro-
nal damage was evident at the elec-
tronmicroscopic level in rats exposed
to 10 ppm halothane as adults (I0).

The above results reveal that expo-
sure to very low concentrations of
halothane throughout the period of
major growth in the rat is sufficient to
produce subsequent enduring deficits
in learning tasks. The nature of the
deficit is not revealed by these studies,
but these findings raise the question as
to whether or not pregnant women
should avoid chronic halothane expo-
sure even at trace levels of 10 ppm as
a precaution against possible enduring
damage to the brain of the fetus.

The present behavioral data provide
no indication of damage in the adult
rat exposed to 10 ppm halothane.
However, the exposure period was only
approximately 90 days. Assuming that
our electromicroscopic data indicate a
susceptibility of developing synapses,
and assuming that the plasticity of
adult brain in registering new learning
involves synaptic changes, then longer
exposure times, increased halothane
concentration, or behavioral tasks more
specific to memory registration might
reveal deficits.

The results of this study provide an
example wherein exposure to trace
levels of a potential toxicant produced
no gross evidence of physiological or
behavioral damage. Even under light
microscopy, various organs, including
the brain, appeared normal. Only at
the ultrastructural level did morpho-
logical damage become manifest.

16 AUGUST 1974

Furthermore, the evidernce of synaptic
and other neurological damage in the
central nervous system may or may not
have been accompanied by functional
deficits, and only by behavioral testing
could this be resolved. It is interesting
that behavioral tests have proven here
to be as sensitive as electronmicros-
copy for detecting damage from ex-
posure to a trace level of toxicant, In
assessing the health burden of trace
pollutants, at least those potentially af-
fecting the central nervous system, it
is clear that ultrastructural and be-
havioral data will need to be specifi-
cally sought as the most sensitive ap-
proach to determine exposure levels
consistent with health and safety.
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Interpreting the Failures to Confirm the Depression of
Cerebellar Purkinje Cells by Cyclic AMP

Our proposal (1, 2) that 3’,5’-adeno-
sine monophosphate (cyclic AMP)
might mediate the action of norepi-
nephrine (NE) on cerebellar Purkinje
cells has been challenged by Lake and
Jordan (3). Our proposal evolved from
the reported increases in cyclic AMP
synthesis produced by NE in cerebellar
slices (4) and our observations that
iontophoretic application of cyclic AMP
would mimic the depressant effects of
NE on the discharge rate and pattern
of Purkinje cells (/) and that phospho-
diesterase inhibitors would potentiate
the depressant actions of NE and of
cyclic AMP (7, 2). Subsequently, we
showed that both NE and cyclic AMP

hyperpolarized Purkinje cells (5, 6),
and that identical hyperpolarizations
were produced by stimulating the NE
pathway arising in the nucleus locus
coeruleus (7, 8). In addition, we
showed that the proportion of Purkinje
cells which reacted to an immunocyto-
chemical method for the detection of
cyclic AMP increased five- to ten-fold
after stimulation of the locus coeruleus
or topical application of NE (9).
Lake and Jordan challenged our hy-
pothesis on three grounds. (i) They,
like Godfraind and Pumain (10), were
unable to depress the same frequency
of Purkinje cells with cyclic AMP as
we were. (ii) They (3) discount our
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