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ABSTRACT Medial amygdaloid tissue, taken from female
rats immediately after birth, was transplanted into the anterior
chamber of the eye in adult ovariectomized host rats in order to
elucidate the influence of estrogen on synapse formation without
contribution of neural afferents. After injections of estradiol ben-
zoate or oil vehicle to the hosts for 20 successive days, the grafts
were processed for semiquantitative electron microscopic study
to examine synaptic density in the neuropil. The number of syn-
apses on dendritic shafts vs. dendritic spines was not significantly
different in the control group. In contrast, in the grafts exposed
to estrogen, shaft synapses occurred more frequently than spine
synapses. Synaptic density on shafts was significantly greater in
these grafts than that in the controls, although the density on
spines did not differ between the two groups. These data show that
estrogen affects the medial amygdaloid neurons themselves and
specifically facilitates the formation of dendritic shaft synapses in
ocula Our previous report raises the possibility that the specific
increase of shaft synapses induced by sex steroids is involved in
the process ofsexual differentiation ofneuronal networks from the
inherently feminine pattern to the.masculine pattern in the medial
amygdala. Therefore, the present findings may provide evidence
that sexual differentiation, triggered. by sex steroids is accom-
plished by intrinsic factors in the neurons of the medial amygdala.

Recent studies indicate that sex steroid hormones modulate and
promote neuronal maturation and neurite growth (1-4) in cer-
tain brain regions that belong to a sex steroid-concentrating
neuronal system (5). Furthermore, synaptogenesis can be fa-
cilitated by estrogenic action in the hypothalamic arcuate (6) and
medial amygdaloid nuclei of early postnatal rats (7). The pres-
ence of a sex difference in synaptic organization and its depen-
dence on the neonatal hormone environment also has been re-
ported in these nuclei (8-10) and the preoptic area (11).

Our data have shown (7, 9) that the medial amygdala is one
of the representative regions where sexual differentiation in
synaptic pattern is brought about in males by the organizational
action of sex steroids; otherwise, the feminine pattern of neu-
ronal circuitry develops (7, 9). However, it is unclear whether
extrinsic or intrinsic influences are of major importance in per-
mitting the emergence ofsexually dimorphic connections in this
region, which includes both the medial amygdaloid neurons and
some of the afferent fiber systems (12-16) containing receptors
for sex steroids (5).

Here we used the intraocular transplantation ofmedial amyg-
daloid tissue of the newborn rat. to analyze the possible influ-
ence of estrogen on the development of the synaptic pattern
when isolated from afferent fiber systems.

MATERIALS AND METHODS
Medial amygdaloid tissue taken from female pups of Sprague-
Dawley rats (Japan Charles River Inc.; Atsugi, Japan) imme-
diately after parturition was transplanted homologously into the
anterior chamber ofthe eye ofadult host females (age 8-10 wk).
As described by Olson and Malmfors (17), the eyes of anesthe-
tized hosts ovariectomized 2-5 days earlier were treated with
atropine, and a small incision was made through the cornea. A
tissue fragment consisting mainly of the medial amygdaloid nu-
cleus dissected out from the brain of a decapitated pup was put
into the anterior chamber of the eye through the corneal slit by
means ofa fine pipette under a dissection microscope. The hosts
were injected subcutaneously with oil vehicle or 2 pkg of estra-
diol benzoate (Teikoku Hormone Mfg.) dissolved in 0.1 ml of
sesame oil for 20 successive days from the day of grafting.
On the day after the last injection, the anesthetized hosts

were perfused with 1% glutaraldehyde/1% paraformaldehyde/
0.1 M phosphate buffer solution, and the grafts were removed
from the anterior chamber of the host's eye, postfixed with 2%
(vol/vol) osmium tetroxide in the phosphate buffer, and. de-
hydrated and embedded as described by Palay and Chan-Palay
(18). Eleven grafts derived from the hosts injected with oil and
13 grafts from those given estrogen were processed for semi-
quantitative electron microscopic study. For evaluation of the
density of dendritic synapses, the procedures described in our
previous papers (7, 9) were modified. Synapses on dendritic
shafts (shaft synapses) and synapses on dendritic spines (spine
synapses) were differentially counted- on 120 electron micro-
graphs taken randomly from a single. ultrathin section of the
middle part of each graft. Photographs (X10,000, enlarged to
x21,000 for counting) taken of the neuropil were coded so that
the experimental conditions would be unknown. The number
ofsynapses in each graft was converted into the density per field
of 5,000 gam2. Statistical analysis was made by Student's t test.

In order to examine the sympathetic catecholaminergic in-
nervation into the grafts from the host's iris, a number of hosts
were intraperitoneally given 5-hydroxydopamine (20 mg/kg of
body weight; Sigma) four times over a period of 48 hr (19) from
the day of the last injection of estrogen or oil. Five hr after the
last dose, the hosts were perfused under anesthesia, and four
grafts in each group were processed for electron microscopic
observation. In addition, four or three grafts in estrogenized or
control groups, respectively, were dissected out with their at-
tached irises from hosts that had received intraperitoneal in-
jection of nialamide, a monoamine oxidase inhibitor (250 mg/
kg of body weight; Sigma), 5 hr earlier to increase catechol-
amine content in sympathetic fibers and, their terminals. They
were processed for the Falck-HillArp method (20) and examined
by fluorescence microscopy.

* To whom reprint requests should be addressed.

7024

The publication costs ofthis article were defrayed in part by page charge
payment. This article must therefore be hereby marked "advertise-
ment" in accordance with 18 U. S. C. §1734 solely to indicate this fact.



Proc. NatL Acad. Sci. USA 79 (1982) 7025

RESULTS
Twenty-one days after transplantation, the grafts were oval or
flattened in shape and continuous with the host's iris, being well
vascularized. The ultrastructural features of the neuronal and
glial cell bodies and the intertwined neuropil consisting of den-
dritic, axonal, and glial processes (Fig. 1) were apparently iden-
tical to those of tissues in situ. Numerous synaptic contacts were
found on the dendritic shafts and spines and neuronal somata.
These observations indicate that the medial amygdala of neo-
natal rats can successfully survive and grow in oculo.
The number of dendritic synapses in a field of 5,000 Amm2

ranged from 452 to 1,105 in 11 grafts obtained from the hosts
given oil and from 549 to 1,065 in 13 grafts derived from the
hosts treated with estrogen. The size ofthe tissue was inconstant
at the time of grafting. This might be one of the critical factors
in variability of synaptic density among grafts. However, it ev-
idently increased when compared with that in the medial amyg-
daloid nucleus of 1-day-old females, and the mean number was
almost comparable to that ofnormal adult females reported ear-
lier (7).
The present work focused on the distribution ofthe dendritic

synapses. As shown in Fig. 2A, the number of synapses was not
different from those on the dendritic shafts and on the spines
in any graft in the control group. Interestingly, however, the
number of shaft synapses was larger than that of spine synapses
in 12 out of 13 grafts exposed to estrogen through the hosts (Fig.
2B). The mean synaptic density on the shafts in these 13 grafts
(mean ± SEM, 456 ± 25) was significantly greater than that in
the 11 grafts in the control group (348 ± 31, P < 0.01), whereas,
in the mean synaptic density on the spines, there was no sig-
nificant difference between the estrogenized (308 ± 22) and
control group (384 ± 34). Therefore, we suggest that treatment
with estrogen through the hosts promoted synaptogenesis on
the dendritic shafts in the medial amygdaloid grafts. However,
the formation of spine synapses does not seem to be influenced
by estrogen. The mean shaft/spine ratio of postsynaptic ele-
ments in the estrogenized grafts (1.5 ± 0.09) was significantly
larger than that of the oil-treated grafts (0.9 ± 0.03, P < 0.001).

Because the grafts became well fused with the host's iris, rich
in sympathetic fibers, it was possible that these fibers grew into
the grafts and made synaptic contacts with neuronal elements
in the grafts. However, only a few synapses (ranging from one
to seven per 5,000 Ium2) containing granular vesicles labeled
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FIG. 1. Electron micrograph of an intraocular medial amygdaloid
graft of the control group. Somatic synapse (white double arrows), den-
dritic shaft synapse (white arrow) on dendritic shafts (D), and dendritic
spine synapses (white arrow) on dendritic spines (S) are seen in inter-
twined neuropil. N: Neuronal nucleus. (Bar = 2 g±m.)

with 5-hydroxydopamine, which were regarded as catecholam-
inergic boutons (19), were found in the neuropil in the middle
part of the grafts. The incidence of catecholaminergic synapses
did not change even after the direct application of 5-hydroxy-
dopamine into the anterior chamber of the hosts' eyes in our
preliminary study. Furthermore, the medial amygdaloid grafts
were devoid of fluorescent fibers except for a few fibers arising
from the catecholaminergic plexus of the iris in the basal part
ofthe grafts, even after nialamide treatment. From the electron
and fluorescent microscopic observations, there seemed to be
no significant contribution of iridic catecholaminergic fibers to
the synapse formation in the grafts in either estrogenized or
control groups.

FIG. 2. Number of dendritic syn-
apses per field of 5,000 pm2 in the neu-
ropil of the middle part of the intra-
ocular medial amygdaloid grafts
obtained from the host injected with oil
vehicle (A) or 2 pg of estradiol ben-
zoate (B) for 20 successive days. The
values of dendritic shaft synapses (O)
and of dendritic spine synapses (i) are
shown in each graft in the order of in-
creasing number. The number at the
bottom of the pair of bars indicates the
shaft/spine ratio of postsynaptic
elements.
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DISCUSSION
The present results indicate that intraocular grafts ofthe medial
amygdala develop and have complex neuronal connections sim-
ilar to those of the medial amygdaloid nucleus in situ (7). Be-
cause the incidence of synapses labeled with 5-hydroxydopa-
mine was quite low, the participation ofiridic catecholaminergic
fibers does not seem to be significant in quantifying synaptic
density. According to the report by Fallon et al. (21), the medial
amygdala is inherently innervated by few catecholaminergic
fibers. The situation may be different from the cerebral cortex,
which receives a considerable adrenergic input in situ (22); in
this case, iridic sympathetic fibers innervate intraocular cortical
grafts (23).

In the present study, estrogen facilitates specifically the for-
mation of dendritic shaft synapses in the developing medial
amygdala in oculo. This is in good accordance with our previous
study in situ (7). It is likely that the medial amygdaloid neurons
responsive to sex steroids (5) are the target of estrogen in the
ectopic condition because the neuronal estrogen receptors can
be detected in the embryonic hypothalamus grafted in the cho-
roidal pia (24) and in the neonatal preoptic/hypothalamic tis-
sues cultured in vitro (2). A possible explanation for the pre-
dominance of shaft synaptogenesis in response to the organi-
zational action of estrogen in the medial amygdala both in situ
and in the ectopic site is that the synaptic distribution is gov-
erned largely by intrinsic factors that cause the organotypical
development of the medial amygdaloid neurons. According to
a Golgi study on dendritic morphology in intraocular hippocam-
pal grafts (25) and autoradiographic analysis ofthe time schedule
of neurogenesis in the embryonic cerebral cortex transplanted
to tectal or cortical regions (26), organotypical programs similar
to those observed during normal development operate in ec-
topic neural tissues. The present report provides electron mi-
croscopic evidence for organotypical development of synaptic
organization in the ectopic medial amygdala. If this is the case,
it may imply the presence of a considerable number of intra-
nuclear connections within the medial amygdaloid nucleus.
We have reported that the synaptic organization in the me-

dial amygdaloid nucleus was sexually dimorphic, and the di-
morphism was attributed to a specific and permanent increase
ofshaft synapses in neonatal male rats in response to sex steroids
(9). In the present study, treatment with estrogen through the
host animals caused neuronal networks to mimic the masculine
medial amygdala in the graft tissues from newborn females.
Therefore, these data suggest that sexual differentiation trig-
gered by sex steroids is achieved by intrinsic factors in the neu-
rons of the medial amygdala. Because the extraamygdaloid af-
ferents (13, 14, 16, 27) and intraamygdaloid connections arising
from the basomedial or posterior cortical nuclei (12, 15) could
be eliminated by the intraocular transplantation in the present
experiments, the postsynaptic elements on the shafts seemed
to be a possible candidate on which the effect of estrogen is
manifested. Recently it has been reported that a-bungarotoxin-
binding capacity in the posterior medial amygdala ofthe mouse
is sexually dimorphic and permanently modified by neonatal sex
steroid manipulation (28). It is of interest to consider the pos-
sible correlation between sexual differentiation of the synaptic
organization and neonatal activation of postsynaptic elements

by sex steroids. However, the possibility cannot be excluded
that the presynaptic elements of the connections in the medial
amygdaloid neurons also are involved in the process ofestrogen-
induced synaptogenesis. There is evidence suggesting that es-
trogen facilitates axonal growth in the preoptic/hypothalamic
tissues in vitro (2). It is not clear whether glial components
might contribute to the organizational responses ofthese neural
substrates to estrogen.

Finally, findings on sexual differences caused by the orga-
nizational actions of sex steroids have been accumulating not
only in the amygdala but also in the preoptic area (11, 29), hy-
pothalamic arcuate nucleus (8, 10), and spinal cord (30). The fact
that all ofthe sexually dimorphic regions belong to a sex steroid-
concentrating neuronal system (5, 30) reinforces the possibility
that sex steroids directly exert an influence on each of these
regions and elicit the organotypical dimorphism.
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