tion was considered day 0 of gestation.

Chloramphenicol (CAF hemysuccin-
ate, solution containing S0 mg of chlor-
amphenicol per milliliter) was adminis-
tered to the pregnant mothers or to the
newborn pups. For the rats in group A,
50 mg of chloramphenicol per kilogram
of body weight per day was injected
subcutaneously into the mothers from
days 7 to 21 of gestation. Since chloram-
phenicol passes freely through the pla-
cental barrier, one can assume that the
fetuses received roughly the same dose
as the mothers. For the rats in groups B
and C, the chloramphenicol, 50 or 100
mg/kg-day, respectively, was injected
subcutaneously into the newborn pups
for the first 3 days after birth. The rats in
group D served as controls; both the
pregnant rats and their young received
subcutaneous injections of saline.

Weight gain during pregnancy, litter
size, fetal weight, gross malformations of
the fetuses, and weight gain of the off-
spring were recorded. After birth the
litter size was adjusted to eight to ten
pups in order to maintain a'standard
nutritive status, equal numbers of each
sex being left when possible.

At the doses used, chloramphenicol
did not affect the course of pregnancies,
litter size, fetal weight, or postnatal
weight gain; furthermore, no gross mal-
formations were noticed in the offspring
of rats treated with chloramphenicol dur-
ing pregnancy, and there was no mortal-
ity in the groups treated both before or
after birth.

At weaning, rats from each group were
divided into two subgroups of males and
females and, when they were 60 days
old, ten rats were selected at random
from each of the eight subgroups for the
avoidance learning study.

Shuttle boxes divided into two equal
and communicating compartments were
used. The conditioned stimulus was the
sound of a buzzer: if the rat did not cross
the passage between the compartments
within § seconds, the unconditioned
stimulus (an electrical shock of 25V, 1.8
mA) was delivered through the grid floor
of the box. Ten consecutive trials at 40-
second intervals were performed daily
(in the morning, from 0800 to 1200) for 20
consecutive days.

As shown in Fig. 1, the administration
of chloramphenicol both during fetal and
neonatal life impaired the acquisition of a
conditioned avoidance response. The
difference between treated and control
animals was highly significant in all cas-
s, although it was more marked in males
than in females. The pain threshold was
evaluated (hot plate test, temperature of
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the plate 55.5°C) before we conducted
these behavioral tests, and no significant
differences were observed among the
eight groups (mean values ranged from
4.90 = 0.43 to 6.15 = 0.79 seconds).

Since chloramphenicol selectively in-
hibits the protein synthesis in the brain
junctional complexes of mammals (1),
reduced synaptogenesis might play a role
in the learning deficit that we report
here. One cannot exclude the possibility
that the antibiotic interferes with neuron
or glial production or migration, or with
other aspects of brain differentiation.
Metabolic or endocrine changes are oth-
er possible mechanisms for the observed
effects.

Like other agents described as “‘pure
behavioral teratogens’ (2), chloram-
phenicol induces abnormalities in the
behavioral capacities of the offspring,
unaccompanied by weight loss, mortal-
ity, or gross malformations.

Although we cannot extrapolate the
present results to humans, the finding
that chloramphenicol impairs the acqui-
sition of a conditioned avoidance re-
sponse in rats should, in our opinion,
induce clinicians to be even more cau-
tious in the use of this antibiotic during
pregnancy and in infancy. The doses we
used are not far from those given to
patients (25 to 50 mg per kilogram per
day).

ALF10 BERTOLINI
RosanNa PoGGioL:
Institute of Pharmacology, University
of Modena, I-411000 Modena, Italy
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Fetal Female Rats Are Masculinized by Male Littermates

Located Caudally in the Uterus

Abstract. Female rats are masculinized in utero by male littermates sharing the
same uterine horn. Increased anogenital distances in neonatal females and mouni-
ing behavior in adult females are related to the presence of males on the caudal side
of the females in the uterine horn. Contrary to current beliefs, interamniotic diffusion
may not be responsible for the exchange of masculinizing agents among fetuses.
Since uterine blood flow in the rat is from the direction of the cervix toward the
ovary, masculinizing hormones secreted by fetal males may be carried via the uterine
vasculature to female littermates located further downstream.

Normal female rats occasionally dis-
play male-like mounting patterns (/). In-
deed, under various treatment condi-
tions some female rats show the motor
pattern of ejaculating males (2). The ca-
pacity of normal females to exhibit male
sexual behavior apparently depends on
prenatal exposure to androgen, since
such behavior potentials are reduced
markedly by prenatal treatment with an-
tiandrogenic drugs (3, 4).

A major source of androgen in fetal
females is believed to be the male litter-
mates. Female rats developing between
two males in utero have longer anogeni-
tal distances (an androgen-sensitive mor-
phological measure) at birth and higher
frequencies of mounting in adulthood
than females located three positions
from the nearest male (¢, 5). Clemens (5)
proposed that interamniotic diffusion of
androgen from contiguous male fetuses
masculinized neighboring females. Sim-
ple interamniotic diffusion should yield
gradations of masculinization in direct
proportion to distance from males in

utero, but equivalent masculinization oc-
curred in females separated from the
closest male by another female and those
contiguous to one male (4, 5). This dis-
crepancy suggested that diffusion across
adjacent amniotic membranes might not
be the mechanism of intrauterine ex-
change of androgen among fetuses. An
alternative mechanism is offered by the
uterine vasculature.

The rat has a separate vascular system
for each uterine horn, with both the
arterial and venous flow proceeding from
the cervical end toward the ovary (6).
The uterine vein and artery in the rat
parallel one another and are in close
apposition (Fig. 1). This organization of
the uterine vessels prompted the sugges-
tion that the luteolytic effect exerted by
the uterus on the ovary in the rat may be
mediated by substances that pass direct-
ly from the venous drainage into the
arterial supply (6). Using a similar line of
reasoning, we proposed that the venous
drainage from male fetuses introduces
substantial amounts of androgen into the
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venous circulation of the uterus. The
proximity of the uterine vein and artery
may allow hormones to pass into the
arterial flow that supplies blood to fetus-
es located downstream from androgen-
producing males. If these fetuses are
females, partial masculinization of an-
drogen-sensitive tissues should occur.
The present study supports this hypothe-
sis; that is, the relative location of male
and female fetuses with regard to the
direction of flow within the uterine vas-
culature is a better predictor of masculin-
ization of female rats than is contiguity
per se.

The female offspring of 17 Sprague-
Dawley rats (Madison. Wisconsin), 67 to
76 days old at the time of mating, were
studied. Animals were housed in a tem-
perature-controlled  vivarium (about
23°C), maintained on a reversed cycle of
12 hours of light and 12 hours of dark-
ness (lights out at 8 a.m.).

The animals were mated between 3

and 4 p.m. The day of impregnation was -

defined as day 0 of gestation. All litters
were delivered by cesarean section on
the morning of day 22 of gestation (7).
The female was killed by cervical dislo-
cation, and the uterine horns were re-
moved intact through a midline incision
in the abdomen. The pups were removed
individually, laid out according to. uter-
ine position, cleaned, and weighed to the
nearest 0.01 g. Anogenital distances
were measured to the nearest 0.04 mm
from the posterior base of the phallus to
the anterior edge of the anus by use of a
dissecting microscope with a micrometer
eyepiece. Each pup was identified by
injecting India ink into a paw; the pup
was nursed by a newly parturient rat
whose litter had been removed. The fe-
male offspring were weaned at 23 days of
age and housed two or three per cage. A
second experimenter marked the ear of
each animal with a number not corre-
sponding to the paw mark; this was done
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Fig. 1. Ventral view of the
uterine horns and accompany-
ing vasculature of a pregnant
rat. The arrows indicate the
direction of blood flow in the
ovarian vein and artery, One
female in each uterine horn is
classified according to the
contiguity and caudal male
methods. We would predict
that the MFF-0M female
would be less masculinized
than the FFF-2M female. (By
the ovarian male method, the
MFF-0M female would be
classified M2 and the FFF-2M
female classified M0.)

to ensure that the investigator scoring

behavior would have no knowledge of

the uterine position.

All females were ovariectomized bilat-
erally at 60 to 65 days of age. One week
after surgery, the animals were given 10
pg of estradiol benzoate intramuscular-
ly, and 43 hours later 1.0 mg of proges-
terone. Behavioral testing did not ac-
company the first series of hormone in-
jections. This hormone regimen of a sin-
gle injection of estradiol benzoate
followed by progesterone was given
once a week for the next 3 weeks; a test
of female behavior was conducted 5
hours after progesterone administration.
Behavioral testing consisted of allowing
a sexually active male to adapt to the
testing arena for 5 minutes and then
introducing an experimental female. The
test was terminated when the female had
received ten mounts. A lordosis quotient
(the number of lordoses divided by the
number of mounts, times 100) was calcu-
lated for each of the three tests.

Tests for masculine behavior were ini-
tiated 2 weeks after the tests for female
behavior. Each experimental animal was
allowed a 5-minute adaptation period to
the arena, after which an estrous female
(8) was admitted for 20 minutes. Mount-
ings accompanied by pelvic thrusting
were recorded. After the first test, all
females received daily injections of 250
g of testosterone propionate for 14 con-
secutive days. Tests for mounting behav-
ior were given every 3 or 4 days during
testosterone treatment, for a total of four
tests; these tests and the one given be-
fore testosterone treatment resulted in
five tests for each animal.

The data were grouped in three ways
(Fig. 1). The contiguity classification (4,
5) was used to assign animals to one of
the following groups: females that devel-
oped in utero directly between two fe-
males (FFF), females that developed be-
tween one male and one female (MFF),

and females that developed between two
males (MFM). The caudal male classifi-
cation grouped females according to
whether they had zero (OM), one (1M),
or two or more (2M) males located cau-
dal (upstream to the direction of uterine
blood flow) to themselves in the uterine
horn. Finally, the data were grouped
according to the number of males located
on the ovarian (downstream) side of the
female (MO, M1, or M2). The caudal and
ovarian classification systems did not
require that males be adjacent to the
female (9).

Fisher tests were performed on the
proportion of females responding with
male behavior (10) in each of the three
classification groupings. A definitive pat-
tern emerged when the data on mascu-
line behavior were organized according
to the number of males on the caudal
side (Table 1). A smaller percentage
(P < .05) of OM females mounted than
either IM or 2M females. There was a
significant difference in frequency of
mounting among 0M, 1M, and 2M fe-
males (H = 6.5, corrected for ties;
P < .04) (II1). Comparisons between
groups showed that the frequency of
mounting was lower for OM females than
it was for the 1M (Mann-Whitney U test;
P < .03) and 2M (P < .05) groups; 1M
and 2M females did not differ. Classify-
ing females according to the number of
males located on the ovarian side yielded
no significant differences on any mea-
sure of male behavior.

Analysis by the contiguity classifica-
tion showed that a higher proportion of
MFM than FFF females mounted
(P < .04), but no other comparison was
significant. Although the frequency of
mounting appears to be lower for the
FFF group than it is for the MFF and
MFM groups, differences between
groups were not statistically significant
(H = 1.1, corrected for ties), possibly
because of the low power of the statisti-
cal comparisons that resulted from the
small number of responding FFF ani-
mals. Two-way analyses of variance
(days by uterine position) showed no
significant differences within any classi-
fication system (12) for the mean lordosis
quotients (Table 1).

Morphological measures obtained at
the time of delivery (Table 1) showed
significant differences in body weight
when the females were classified accord-
ing to the number of males located on the
caudal side of them in the uterine horn
(F = 8.384; d.f. = 2, 89; P < .001); OM
females were heavier than females in
both the 1M (Newman-Keuls test;
P < .01) and 2M (P < .05) groups. The
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Table 1. Measures of lordosis quotient (L.Q) and mounting behavior in female adults and of anogenital distance (AG) and body weight (BW) taken
on the day of delivery. Values are means =+ standard error: Percentage mounting indicates females exhibiting two or more mounts in all tests of
masculine behavior. Differences in sample size between female behavior and masculine behavior tests reflect attrition because of mortality. The
caudal male classification designates females with zero (0M), one (1M), or two or more (2M) males located caudal, but not necessarily adjacent,
to them in the uterine horn. The ovarian male classification designates females with zero (MO0), one (M1), or two or more (M2) males located on
the ovarian side of them in the uterine horn. The contiguity classification designates females flanked by two females (FFF), by a male and a
female (MFF), or by two males (MFM) in the uterine horn.

Percentage Mounts AG BW AG/BW
Group N LQ N mounting (No.) N {(mm) (® (mm/g)
Caudal male
oM 24 88 =3 22 32 7.9 £3.0 37 1.06 = 0.02 5.82 = 0.09 0.183 = 0.004
1M 9 98 = 1 8 75* 22.0 = 9.47 26 1.02 = 0.02 4,94 = 0.23% 0.215 = 0.008%
2M 16 92 + 4 15 67* 24,4 + 7.4*% 29 1.07 + 0.02 5.35 = 0.15* 0.207 = 0.006%
Ovarian male
MO 13 93 =3 12 50 153 £ 6.3 28 1.07 = 0.02 5.45 £ 0.17 0.201 = 0.007
M1 25 90 = 3 23 52 16.3 £ 5.1 42 1.03 = 0.02 5.28 £ 0.16 0.202 = 0.006
M2 11 92 £S5 10 50 15576 22 1.08 + 0.03 5.64 = 0.13 0.193 = 0.006
Contiguity
FFF 13 91 =3 12 33 45+25 20 1.00 = 0.03 5.65 = 0.21 0.181 = 0.007
MFF 20 88 x4 19 42 189 £ 6.3 39 1.08 + 0.02 527 = 0.16 0.210 = 0.006*
MFM 8 97 £2 7 86* 19.3 £ 8.9 15 1.05 £ 0.02 5.44 = 0.15 0.194 = 0.007

*Significantly different from OM or FFF group, P < .05,

latter groups did not differ significantly
from each other (13). Direct contiguity of
-male littermates did not significantly af-
fect body weight. Although there were
no significant group differences in ano-
genital distance within any of the classifi-
cation systems, body weight and anogen-
ital distance were correlated significantly
(r = .407; P < .001). To obtain a mea-
sure of anogenital distance that was not
confounded by group differences in body
weight, the ratio of anogenital distance
to body weight was computed for each
animal. This yielded a significant effect
on the classification by the number of
males on the caudal side (F = 6.998;
d.f. = 2, 89; P < .01); the ratio of ano-
genital distance to body weight was
smaller in the OM females than in either
the 1M or 2M group (P < .01). The latter
groups did not differ. Contiguity to males
also was significant (F = 3.971;d.f. = 2,
71; P < ,025) in that MFF females had
higher ratios of anogenital distance to
body weight than FFF females (New-
man-Keuls test; P < .0S), but no other
group comparisons were significant.
There were no significant differences on
any measure of morphology if the data
were grouped according to the number of
males on the ovarian side.

There was considerable overlap in the
composition of the FFF and OM groups
(75 percent of FFF females belonged to
the OM group). Similarly, females in the
1M and 2M groups contributed heavily
(87 percent) to the composition of the
MFM group. The MFF females, howev-
er, were distributed among all three of
the caudal male subgroups, and this
group is therefore particularly important
in determining the relative merits of the
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two mechanisms proposed to mediate
exchange of hormones among fetuses.
While every female in the MFF group
was directly contiguous to one male in
utero, they differed in whether any males
were located on the caudal side. We
found that MFF females with no males
caudal to them had lower ratios of ano-
genital distance to body weight
(t=2.212;df. =37, P < .05 onday 1
(N =19; mean = 0.196 = 0.007) than
did females with one or more males
caudal to them (N = 20; mean =
0.223 = 0.010). In addition, the frequen-
cy of mounting for MFF females with a
male on the caudal side (N = 7; mean =
33.3 = 13.7) was higher (Mann-Whitney
U test; P < .05) than that for MFF fe-
males with a male only on the ovarian
side (N = 12; mean = 10.5 = 4.9),

This study supports reports (4, 5) that
the morphology and adult behavior po-
tentials of female fetuses can be mascu-
linized by hormones released by males
sharing the uterus. The masculinizing
agent, although not identified in the pres-
ent study, is presumed to be testosterone
(14, 15). Contiguity of male and female
fetuses is not sufficient to produce mas-
culinization of females. Intrauterine mas-
culinization of females requires the pres-
ence of a male caudal to females within
the same uterine horn. A single male on
the caudal side appears to be as effective
in inducing masculinization as are two or
more.

Female mice located between two
males have longer neonatal anogenital
distances, exhibit later vaginal opening,
are more aggressive, mark with urine at a
higher rate, and have higher fetal testos-
terone titers than females developing be-

tSignificantly different from OM group, P < .03.

#Significantly different from OM group, P < .0l.

tween two females (15, 16). These find-
ings are consistent with the mechanism
we are proposing, since there is consid-
erable overlap when females are classi-
fied as belonging to the FFF and OM
groups or the MFM and IM or 2M
groups. The MFF group is critical for our
theory, since it contains females with
and without males caudal to them. Our
study indicates that the morphology and
behavior of females with a contiguous
male on the ovarian side but no males on
the caudal side closely resemble those of
FFF females, whereas MFF females
with males caudal to them, even when
they are not contiguous, are as masculin-
ized as the MFM group (/7). Since the
amniotic sacs of MFF females in these
two categories are in equally close con-
tact with the amniotic sacs of males, the
masculinizing agent cannot be passing
via diffusion through amniotic mem-
branes. The exchange may be effected
through the proximity of the venous and
arterial vessels that serve the uterus and
the fetuses.

RoOBERT L. MEISEL*
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Reformation of Organized Connections in the Auditory

System After Regeneration of the Eighth Nerve

Abstract. Binaural cells in the superior olive normally have identical frequency
sensitivities when acoustically stimulated via either ear. The precision with which
central connections are reformed after auditory nerve regeneration can be deter-
mined by comparing the frequency sensitivities of the two binaural inputs to these
cells. Three months after cutting the nerve and subsequent regeneration in the
leopard frog, binaural cells once again have well-matched frequency sensitivities.
Thus, the specificity of central connectivity that characterizes the auditory system in
normal animals is restored after regeneration.

A striking feature of the vertebrate
nervous system is the specificity with
which connections between neurons are
made (7). The auditory system is exem-
plary in this regard. Each auditory nerve
fiber is ‘‘tuned” so that at low stimulus
intensities it will respond to a tone of a
characteristic frequency, namely the fi-
ber’s best excitatory frequency (BEF),
whereas at higher tonal levels it responds
to a broader frequency band. The thresh-
old of the fiber, plotted as a function of
tonal frequency and intensity, represents
its tuning curve and is consequently V
shaped. Within the vertebrate central
auditory system at least up to the mid-
brain, many neurons maintain V-shaped
excitatory tuning curves (2), which are
almost as narrowly tuned as those in the
auditory nerve itself (3—6). This preser-
vation of frequency selectivity suggests
that nerve afferents with very different
BEF’s do not innervate the same central
cell. Binaural cells, which receive input
from both ears, provide further evidence
of precise interconnections within the
central auditory system. In response to
tones, binaural cells, whether excited by
both ears (E-E) or excited by one ear and
inhibited by the other (E-I), usually ex-
hibit similar best frequencies for both
ears (4, 6). Thus, similarly tuned affer-
ents from both sides of the brain must
converge systematically onto a common
target cell.

To gain insight into how these highly
precise connections may be made, we
have developed a preparation based on
the regenerative properties of auditory
nerve fibers in anurans (frogs and toads).
The VIIIth nerve of amphibians, unlike
that of mammals (7), is able to regenerate
back into the central nervous system
after its fibers have been severed (8). We
have exploited this phenomenon to study
the characteristics of tuning curves of
central auditory neurons after reinnerva-
tion. It is critical to know whether the
regenerating afferents return to specific
cells, or whether the afferent fibers de-
termine the innervation pattern among
themselves, independently of the identi-
ty of the postsynaptic cells. This ques-
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tion can be approached by studying the
similarity of the best frequencies from
the two ears for binaural cells. Since
most binaural cells in the anuran’s cen-
tral auditory system have similar fre-
quency sensitivities when stimulated by
either ear (5, 6), the tuning curve derived
from the side with the intact nerve can
serve as a marker to indicate the best
frequency for the original innervation. If,
after reinnervation, binaural cells have
matching best frequencies again, it
would suggest that the regenerating af-
ferents have remade contact with their
former postsynaptic cells. On the other
hand, if the best frequencies of the bin-
aural cells are largely mismatched, re-
generating fibers would seem not to have
returned to their original target cells
within the dorsal medullary nucleus, but
to have sorted out independently of the
identity of the postsynaptic cell.

For our electrophysiological study, we
selected the superior olivary nucleus, a
second-order auditory nucleus, as our
recording site. In anurans this nucleus
receives its dominant excitatory input
from the contralateral dorsal medullary
nucleus, the presumed homolog of the
mammalian cochlear nucleus, which in
turn receives input from its ipsilateral
VIIIth nerve (6, 9) (Fig. 1A). Binaural
cells are reliably encountered in the an-
uran’s superior olive (6). Adult leopard
frogs (Rana pipiens) were anesthetized
with MS-222, and the VIIIth nerve on
one side was exposed through the roof of
the mouth. With a tungsten microhook,
the nerve was totally severed from the
brain at the point where it penetrated the
medulla. The animals were then housed
in individual tanks at 20°C and allowed to
recover for 3 months or longer. No at-
tempt was made to control the acoustic
environment. Ambient noise levels in the
recovery tanks were generally around 72
dB sound pressure level (relative to 20
wN/m?) and included energy from 50 Hz
to 4kHz, which encompasses the fre-
quency range of hearing of this species
10).

During recording, the animals were
anesthetized with Nembutal (sodium
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