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Androgenic steroids have been implicated in the development of sex differences in Xenopus laevis frogs. In order to determine
when neurons first acquire the ability to concentrate androgen, we prepared autoradiograms of CNS in developing frogs following in-
jection of tritiated dihydrotestosterone (DHT). X. laevis tadpoles and juveniles from stage 60 to 2 months post-metamorphosis (PM)
were injected with [*H]DHT. Brain and spinal cord autoradiograms from these animals were examined for the presence of labelled
cells. The pattern of [PH]DHT labelling in stage-64 tadpoles and in PM juveniles was similar but not identical to that seen in adults.
Heavily labelled cells were seen in the motor nucleus of cranial nerves IX and X, medullary reticular formation, a presumed sensory
nucleus of cranial nerve V. pretrigeminal nucleus of the dorsal tegmental area of the medulla, laminar nucleus of the torus semicircula-
ris, anterior pituitary, ventral thalamus and anterior spinal cord. The vestibular sensory nucleus of cranial nerve VIII was the only area
that concentrates DHT in adults but did not contain labelled cells in young animals. No [H)DHT-labelled cells were found in stage-60

tadpoles. The onset of androgen concentrating capability in X. laevis CNS thus probably occurs between stages 60 and 64,

INTRODUCTION

The gonadal androgens, testosterone and DHT,
are powerful mediators of male sex behavior®17.22, [n
South African clawed frogs, Xenopus laevis, castra-
tion of sexually active adult males eliminates both
major sex behaviors, calling and clasping, while ad-
ministration of testosterone or DHT to castrates re-
stores both behavior patterns'?.'6:42. Many behav-
ioral effects of androgens are believed to be due to
action on steroid-sensitive target areas in the
brain*!".2, Autoradiographic studies have identified
labelled cells in specific CNS nuclei after administra-
tion of radioactive testosterone's and DHT' to adult
male and female X. laevis. These androgen-target
nuclei include those participating in the control of
.male-specific sex behaviors!342,

We are interested in the developmental processes
that mediate sexually dimorphic behavior in adults.
Androgen affects the development of muscles’ and
motor neurons? that control male sex behaviors. We
wish to determine how CNS areas implicated in the
control of sex behaviors are affected by hormones

during development. Steroid hormones are presum-
ed to act through cellular mechanisms that involve
their selective accumulation and retention within
cells®. The present investigation used autoradiogra-
phy to study the ontogeny of DHT concentrating ca-
pability in X. laevis CNS. A number of studies have
used biochemical assays to determine the levels of
androgen receptors in brain regions during devel-
opment$.19.24.4041 However, only a few workers™-%
have used the more anatomically precise autoradio-
graphic approach to investigate the ontogeny of an-
drogen-concentrating neurons. Radiolabelled DHT
was used here to identify cells containing androgen
receptor. Unlike testosterone, DHT is not metabo-
lized to estradiol in the brain?23132 and we can thus
be confident that DHT-concentrating cells revealed
by autoradiography are androgen-specific. To our
knowledge, this is the first time autoradiography has
been used to investigate the development of CNS an-
drogen sensitivity over time. Determining (1) what
CNS targets are sensitive to DHT during devel-
opment and (2) when during development these tar-
gets first gain the ability to concentrate DHT, are
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necessary steps in understanding developmental
mechanisms underlying neural control of male-spe-
cific behavior patterns.

MATERIALS AND METHODS

Animals

Twenty-four Xenopus laevis tadpoles and juve-
niles from stage 60 (ref. 27) to two months PM were
used in this study. We examined 6 tadpoles at stage
60 (3 males, 3 females), 5 at stage 64/65 (3 males, 2
females), 3 female frogs at 2 weeks PM, 2 males and 2
females at 1 month PM and 3 males, 3 females at 2
months PM. Animals were obtained from Nasco (Ft.
Atkinson, WI).

Administration of PH]DHT

All of the PM animals were gonadectomized one
week prior to [*H]DHT injection to clear any circu-
lating androgen which might compete with labelled
steroid. Sex was identified by visual inspection of the
gonads in situ under a dissecting microscope. The su-
prarenal glands were removed from these animals at
the time of sacrifice and were examined histological-
ly for the presence of remnant or regenerated gona-
dal tissue. Premetamorphic frogs were not gonadec-
tomized because their immature gonads are difficult
to locate and, in pilot experiments, few survived sur-
gery. All animals were injected with 5 uCi/g b. wt. of
1,2,4,5,6,7,16,17-[*H]DHT (New England Nuclear,
spec. act. 200 C/mM). Immediately prior to injec-
tion, the [PH]DHT was re-crystallized from benzene-
ethanol and redissolved in a 1:1 solution of ethanol
and 0.65% saline. PM and stage-64/65 animals were
injected in the dorsal lymph sac and stage-60 tad-
poles were injected i.p.

Autoradiography

Animals were allowed to survive for 2-2'2 h after
injection and were then deeply anesthetized with
0.25% MS-222 and chilled in crushed ice. Brains
were quickly removed, frozen in powdered dry ice
and mounted on cryostat chucks. The brains were
then cut into 10-um horizontal sections in a Bright
cryostat at -22 °C under safelight illumination. Ev-
ery third section was picked up on Kodak NTB-2 nu-
clear track emulsion-coated slides.

Four additional animals (stage-48 tadpoles) were

freeze-mounted whole on chucks and 6 um trans-
verse and horizontal sections through the entire body
were prepared. Autoradiograms revealed some la-
belled cells in the head mesenchyme but cell localiza-
tion was difficult due to poor tissue preservation. We
therefore prepared 46 additional embryos and tad-
poles from stages 1164 by lightly fixing in 10% for-
malin and sinking in 15% sucrose before sectioning.
While excellent morphology was obtained, we saw
no labelled cells in the brains of fixed/sucrose-in-
filtrated stage-64 tadpoles; unfixed/uninfiltrated
tadpole brains at stage 64 yielded autoradiograms
with many labelled cells. No negative chemographic
artifacts were apparent in fixed/sucrose-infiltrated
sections. The failure to obtain expected labelled cells
under fixation/sucrose infiltration suggests steroid
loss from the tissue possibly due to receptor denatu-
ration. Estradiol and testosterone steroid autoradio-
graphy has been successfully accomplished in ro-
dents, however, with light aldehyde fixation and su-
crose infiltration®.

Sections were allowed to air dry in the dark and
were then stored with desiccant in sealed, light-tight
boxes at 4 °C. A third of the slides from each animal
was exposed for 4, 6 or 8 months. Slides were devel-
oped for 1 min in Kodak D19 at 16 °C, rinsed in Ko-
dak liquid hardener for 30 s, fixed in two changes of
Kodak fixer for a total of 12 min and rinsed in tap wa-
ter for 30 min. Brain autoradiograms were counter-
stained with cresyl violet. Whole-body autoradio-
grams were counterstained with hematoxylin-eosin.

Autoradiographic controls

Controls for positive and negative chemographic
artifacts® were prepared from brain sections of a
stage-60, a 2-week and a 2-month PM animal and
from whole-body sections of a stage-48 tadpole.
These animals were not injected with [*H]JDHT but
were processed for autoradiography at the same time
as, and in an identical manner to, radioactive frog tis-
sue, Non-radioactive tissue from all 4 control animals
was picked up on emulsion-coated slides as controls
for artifactual grain reduction and on light-exposed
slides as controls for fading of the latent image. Nei-
ther chemographic effect occurred.

Analysis of autoradiograms
All sections were systematically scanned at 400%



with a Zeiss compound microscope for the presence
of [3H]DHT-labelled cells. A labelled cell was de-
fined as one in which the number of reduced silver
grains over the cell nucleus met or exceeded a crite-
rion of 5x background. In most cases, labelling was
obvious by visual inspection. In the few instances
when labelling was close to criterion levels, the num-
ber of reduced silver grains over the cell in question
was compared with a background count obtained by
averaging the number of grains in 5 adjacent cell-
sized areas of neuropil, All brain sections containing
labelled cells were drawn with the aid of a micropro-
jector and the location of each labelled cell was indi-
cated. The distribution and anatomical location of la-
belled cells were examined with the aid of these

- drawings and the neuroanatomical descriptions of
Kelley'3, Nikundiwe and Nieuwenhuys? and Simp-
son et al.38,

RESULTS

Brain autoradiograms

Examination- of autoradiograms revealed heavy
[*H]DHT labelled cells in specific nuclei of brains
from all animals, stage-64/65 to 2-month PM (Table
I). Labelled cells were observed in n. IX-X, medul-
lary reticular formation, a presumed n.Vs, pretrige-
minal nucleus of the DTAM, LTOR, APIT and VT
(Fig. 1). The same areas were labelled in males and
females. Gonadal tissue remnants with recognizable
ova or spermatids were found in 3 animals (one male
and one female 2-month-PM and in one 2-week-PM

TABLEI

[PH]DHT labelled cells in the brain of X. laevis between stage 60
and 2 months PM.

-, no labelled cells; +. few labelled cells; ++, moderate num-
ber of labelled cells; + ++, many labelled cells; 0, no data.

Nucleus Stage  Stage 2 weeks 1 month 2 month
60 64/65 PM PM PM

n IX-X - +++ +++  +++ e+t

Ri - ++ ++ +++  +++

VEST - - - - -

n.Vs - +++  +++ e+ +++

DTAM - ++ ++ ++ +4+

LTOR - ++ ++ ++ ++

APIT - +++ +++ 0 +++

vT - + + + +
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Fig. 1. Drawings of representative horizontal 10-um sections
through the brain of a stage 64-X. laevis tadpole. Anterior is to
the right. Sections are presented in dorsal-to-ventral order.
Cell groupings seen after cresyl violet staining are outlined.
The locations of [*H)DHT labelled cells in stage-64 to 2-month-
PM animals are indicated by black dots. Shading indicates the
extent of [PH]DHT labelling in adult LTOR, VEST and
DTAM. A: label in lateral part of laminar torus. B: no label in
the vestibular sensory nucleus of cranial nerve VIII. C: sparse
label in VT and label only in the anterior part of DTAM. Heavy
label in a presumed n. V (D), n. IX-X and the Ri (E), and
APIT (F). :
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female) when the animals were sacrificed for autora-
diography. No difference in brain labelling was noted
between these animals and those in which gonadecto-
my was complete. No label was seen in the brains of
any of the stage-60 tadpoles (Table I). [*H]DHT ac-
cumulation in stage-64/65 to 2-month-PM brains will
be described in a caudal-rostral sequence.

Cranial nerve nucleus IX-X

Many heavily labelled motor neurons were seen in
n. IX-X (Fig. 2). This nucleus extends posteriorly
from the insertion of cranial nerves 1X and X at the
level of the obex until a point just rostral to the motor
columns of the spinal cord. Labelled neurons oc-
curred throughout the rostrocaudal extent of motor
n. IX-X. Most of the cells in this nucleus are located
in a long column in the white matter of the caudal me-
dulla. Labelled motor neurons were also found in a
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group of more anteromedial n. IX-X cells located at
the lateral edge of the medullary grey.

Inferior reticular formation

Two groups of scattered labelled cells were seen in
the medial caudal medulla. One group of cells was
found immediately medial to the n. IX-X motor neu-
rons in the lateral grey and the other group occupied
a more dorsolateral position in the medial grey.
These areas correspond to the dorsolateral and dor-
somedial parts of the Ri?%#, respectively. Many
more labelled cells were seen in the reticular forma-
tion in 1- and 2-month-PM animals than were seen in
stage 64/65 or 2-week-PM (Table I).

Sensory nuclei of cranial nerves
A compact group of labelled small cells was seen in
the rostral medulla (Fig. 2). These cells are located in

Fig. 2. Photomicrographs of autoradiograms of [*H]DHT concentrating cells. Exposure time for all autoradiograms was 6 months.
Cells are counterstained with cresyl violet. Scale bar is 10 um and applies to all photomicrographs. A: motor neurens of cranial nerve
n. IX-X in a 2-week-PM female. B: labelled APIT cells in a stage-64 male. C: labelled n.Vs cells in a 2-week-PM female. D: labelled

DTAM cells in a 2-week-PM female.



the white matter, ventrocaudal and lateral to the mo-
tor nucleus of cranial n.V (Fig. 1), at the level of the
entrance of cranial nerves VII and VIII. These cells
probably correspond to the presumed sensory nucle-
us of cranial n. V3.3 an area that concentrates
[*H]DHT in adult Xenopus laevis. No labelled cells
were ever seen in the area of the vestibular nucleus of
cranial nerve VIII'}, an area that also contains
[*H]DHT-labelled cells in adults.

Dorsal tegmental area of the medulla

Some heavily labelled cells were consistently
found in the anteromedial part of DTAM (Table I
and Fig. 2). DTAM is located ventral to the cerebel-
lum in the dorsal tegmentum. In horizontal section,
this nucleus occupies a position lateral to the cerebral
aqueduct and medial to the nucleus isthmi and the
secondary visceral nucleus,

Laminar nucleus of the torus semicircularis

The torus semicircularis is a large mesencephalic
structure located dorsal to the tegmentum that ex-
tends posteriorly from the tectal ventricle. The
LTOR occupies the most rostral third of the torus
and extends for 5 or 6 laminae caudal to the tectal
ventricle. Some labelled cells were always found in
the lateral portion of LTOR (Fig. 1).

Anterior pituitary
After [3H]DHT injection large numbers of heavily
labelled cells were seen in the pars distalis of the pitu-

itary (Fig. 2).

Ventral thalamus

Only a few labelled cells were seen in the thalamus
and they did not occur in every animal; 3 cells were
seen in a 2-month-PM animal, one in a 1-month-PM
frog, one each in two 2-week-PM frogs and one each
in two stage-64/65 tadpoles.

Labelling in the anterior spinal cord

Two-10 labelled large motor neurons were seen in
the brachial enlargement of the spinal cord in every
2-week, 1-month- and 2-month-PM animal. Only one
labelled brachial motor neuron was seen in one stage-
64/65 tadpole. These motor neurons concentrate an-
drogens in adults*!2 and have been implicated in the
control of clasping by males during amplexus®. An
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occasional labelled small cell was seen in the dorsal
spinal grey and a few scattered labelled spinal motor
neurons were seen caudal to the brachial enlarge-
ment.

DISCUSSION

Our results suggest that the onset of androgen con-
centrating ability in X. laevis CNS occurs just prior
to metamorphosis. We found that the pattern of
[*H]DHT labelling in stage-64/65 tadpoles and in PM
juveniles was similar but not identical to that seen in
adults. Nu [*H]DHT labelled cells were found in
stage-60 tadpoles. Sensitivity to androgen thus most
probably arises between stage 60 and stage 64.

Comparison of stage-64 and adult labelling patiern
Labelling in the motor nucleus of n. IX-X and in
APIT of stage-64 tadpoles was identical to that seen in
adult Xenopus3. There were, however, differences in
either the number or location of labelled cells in all of
the other DHT-sensitive areas. There were fewer la-
belled cells in the reticular formation at stage 64/65
and at 2 weeks PM than there were at 1 month and 2
months PM (see Table 1). This was the only nucleus
that showed a gradual increase to an adult number of
labelled cells during the developmental period stud-
ied. Though adult-like numbers of labelled cells are
evident in motor n. IX-X, APIT and the presumed
n.Vs, the location of n.V is more lateral and caudal in
the young animals studied here than in adults. Label-
ling in DTAM and LTOR follow a different pattern.
The numbers of labelled cells in these areas do not
change between stage 64 and 2 months PM, but re-
main at less than adult levels. However, labelling in
both areas is restricted to only a part of the nucleus
(see Fig. 1); DHT sensitivity in cells in the rest of
DTAM and LTOR must develop later on. There
were many fewer labelied cells in the ventral thala-
mus of the animals studied here than are found in
adults, although even in adults this area does not
have many labelled cells'?. Increase in the number of
DHT concentrating cells in this area must also occur
later in development. Labelling in the ventral thala-
mus was extremely sparse in this study. A total of
only 8 labelled cells were seen in 6 animals out of the
24 animals examined. In contrast, all 10 adults exam-
ined by Kelley'3 had labelled cells in this area.
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A striking difference in our results was the absence
of labelling in the vestibular sensory nucleus of cra-
nial nerve VIII, an area that contains numerous
[*H]DHT concentrating cells in adults'. That this
area was the only one showing a complete lack of la-
belling up to 2 months PM raises the possibility that
androgen sensitivity here arises very late in devel-
opment.

Onset of androgen sensitivity

All stage-64/65 tadpoles had many heavily labelled
cells in androgen-target brain nuclei. None of the
stage-60 tadpole brains exhibited any DHT-concen-
trating neurons. The most straightforward interpre-
tation of this result is that androgen-target neurons
first develop the capacity to accumulate detectable
quantities of DHT at some point between stage 60
and stage 64. It is possible, however, that we did not
detect any labelled cells in stage-60 animals because
of competition from endogenous androgen. Neither
stage-60 nor stage-64 tadpoles were gonadecto-
mized. Yet stage-64 tadpoles had many labelled cells
indicating that the mere presence of the testes is not
sufficient to preclude labelling. One might argue that
stage-60 tadpoles are producing very high levels of
androgen, higher than those seen in stage-64 tad-
poles or in PM frogs whose gonadectomies were not
complete (both of the latter groups had many DHT-
labelled cells). We are currently examining androgen
titers at this time in development. It is, of course,
possible that stage 60 tadpoles display low levels of
androgen receptor which cannot be detected using
autoradiography. Cytosolic assays reveal a low level
of estrogen receptors in whole fetal mouse brain one
to two days before receptors can be visualized in spe-
cific brain nuclei by autoradiographic methods®-!!,
We also considered the possibility that the intraperi-
toneal injection route (stage 60) is inferior to the dor-
sal lymph sac (stage 64 and older) in making hormone
available to the CNS. However, intraperitoneal in-
jections in Rana pipiens yield many androgen-con-
centrating cells's.

Comparison with rodents

Autoradiographic studies of the ontogeny of hor-
mone receptors in the CNS have been primarily con-
ducted on rodents. Most of these investigations are
single time-point assays of the location of hormone

concentrating cells. The pattern of testosterone-con-
centrating cells and estradiol-concentrating cells in
two-day-old female rat brain’-3637 and of estrogen
concentrating cells in 16-day-old fetal mouse CNS¥»
is-similar to that in adults. Two-week-old male chick
brain also shows adult-like [*H]testosterone label-
ling?s. Our results agree with these in that we saw la-
belling approximating the adult pattern in stage-
64/65 tadpoles and in juvenile frogs.

Longer term autoradiographic studies of the devel-
opment of hormone-concentrating capability have
been limited to estrogen®!!12l. A recent paper by
Keefer and Holderegger!! described the ontogeny of
estrogen receptors in mice. Their results with [*H]es-
tradiol parallel our results with [*H]DHT in many
ways. They found that estrogen-containing cells ap-
peared in most brain areas late in development (em-
bryonic day 14) and that the number of labelled cells
in most areas reached adult levels by embryonic day
17. Four out of 14 brain nuclei remained at very low
subadult levels, however, and two areas showed no
labelling at birth. We found that in X. laevis,
[*H]DHT concentrating cells also appear late in em-
bryonic development (between stage 60 and 64) and
that the number of labelled cells quickly reaches
adult levels in most nuclei. Numbers remain low only
in the ventral thalamus while one nucleus (vestibular
of VIII) never shows labelling by two months PM. It
thus appears that the overall ontogenetic pattern of
estrogen sensitivity in mouse brain and of androgen
sensitivity in Xenopus frog brain is quite similar; both
arise rapidly during the later stages of embryonic de-
velopment.

Development of hormone sensitivity

In all vertebrates examined to date, steroid hor-
mone-concentrating cells in CNS represent a restrict-
ed subset of brain and spinal cord neurons. The ge-
netic and/or ontogenetic factors responsible for the
expression of steroid receptors in these particular
cells are unknown. One possibility is that the appear-
ance of receptors in androgen target neurons is a
completely hormone-independent developmental
event. A second possibility is that steroid target neu-
rons first begin to express low levels of receptor at
very early stages of development (possibly before the
final mitosis of the neuron’s ‘birthday’) but that expo-
sure to hormone at a particular developmental stage



upregulates receptors to the point where they be-
come detectable using autoradiographic or biochemi-
cal methods. The latter notion is congruent with re-
cent findings on the development of sexually dimor-
phic telencephalic nuclei in zebra finch brain. Adult
male zebra finches have more androgen-concentrat-
ing neurons in certain brain nuclei than do females!.
Male chicks display a rise in estradiol levels at hatch-
ing'0. Exposure of females to estadiol shortly after
hatching leads to a male-like number of androgen-
concentrating neurons when females are exposed to
androgen as adults®. A parallel regime of hormone
treatment (early estrogen, late androgen) also causes
females to engage in an otherwise exclusively male
behavior, song8.

Unlike the telencephalic androgen targets of zebra
finches, there is no gross sexual dimorphism in the
percentage of androgen-concentrating neurons in
adult Xenopus laevis brain!*15, As reported here, the
sexes also do not differ in their developmental history
of expression of androgen receptors. Even the laryn-
geal motor neuron nucleus, whose cells in adults are
highly dimorphic in number® and in dendritic extent!
appears to have equivalent proportions of [*H]DHT-
accumulating neurons in both sexes of developing
and adult frogs. Biochemical measurements of an-
drogen receptor levels in laryngeal muscle, the target
of these motor neurons, reveal that adult males have
3-4x more receptor than do adult females¥. Adult
female levels are not upregulated to that of males by
androgen treatment™ suggesting that sex differences
in receptor level of adult X. laevis do not reflect
sex differences in circulating androgens but are in-
stead the permanent result of a developmental pat-

ABBREVIATIONS

APIT anterior pituitary

CB cerebellum

CNS central nervous system

DHT dihydrotestosterone

" DTAM  dorsal tegmental area of the medulla
LTOR laminar nucleus of the torus semicircularis
n.Vs sensory nucleus of cranial nerve V
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tern of hormone secretion. In X. laevis CNS, howev-
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receptor levels between stages 60 and 64 in response
to endogenous hormone secretions.

Critical periods in sexual differentiation

One characteristic of CNS sexual differentiation is
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sues. The opening of such critical periods could be set
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P preoptic area
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Ri inferior reticular formation

T- thalamus

TE telencephalon

VEST vestibular nucleus of cranial nerve VIII
vT ventral thalamus
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