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SYNOPSIS. We have demonstrated and partially characterized putative estrogen and androgen
receptors from mouse hypothalamus for a range of perinatal ages. For the first time, estrogen
and androgen receptors from embryonic mouse and rat hypothalamus are described and
characterized; they display similar parameters as the receptor proteins of adult mice and
rats. The ontogeny of these proteins is discussed in the context of models for the control of
the "critical period" of sexual differentiation of the brain.

The androgen-binding proteins, presumed to be receptors, are compared for
hypothalamus and kidney and for the androgen-resistant mutant mouse, testicular
feminization (Tfm). The putative receptor forms that are observed help to define the
possible function of brain androgen receptors during sexual differentiation.

Development and modification of DNA-cellulose chromatography for the affinity
separation of steroid receptors of brain is described. The methods allow complete
separations of receptor proteins from non-receptor, steroid-binding proteins and sub-
sequent analysis of the resultant receptors.

INTRODUCTION

Sex steroids, including androgens and
estrogens, help direct the sexual differen-
tiation of the brain. Mediation of these
developmental events and subsequent
adult functions may require several mac-
romolecules. Elucidation of possible
mechanisms for these processes depends
in part on descriptions of putative hor-
mone receptors within the "critical period"
of steroid responsiveness. By using DNA-
cellulose affinity chromatography, we have
been able to analyze the very low levels of
sex steroid receptors that exist in develop-
ing mouse brain. We now apply this
methodology to embryonic tissues and
consequently can propose possible
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mechanisms for steroid function through-
out the perinatal period.

Information on the putative androgen
receptor has been strengthened by the
availability of a mutant with deficient re-
ceptor (Fox, 1975c). Since the mutant ani-
mal possesses some residual receptor, we
report on the nature of this activity for two
tissues in the mouse.

ESTROGEN AND ANDROGEN RECEPTORS IN

EMBRYONIC AND NEONATAL RODENT BRAIN

Chromatography of receptors on DNA-cellulose

We have fractionated and characterized
mammalian DNA-binding proteins by
affinity chromatography with columns of
DNA-cellulose (Fox and Pardee, 1971;
Herrick and Alberts, 1976). Taking advan-
tage of the affinity for DNA of several
steroid receptor proteins (Yamamoto and
Alberts, 1972; Yamamoto e/ a/., 1974), we
adapted this method for the analysis and
comparison of uterine and hypothalamic
estradiol receptors (Fox and Johnston,
1974). Not only has DNA-cellulose
chromatography yielded qualitative and
quantitative data and concentration of
steroid receptors, but it also provides a
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526 FOX ET AL.

matrix for studying the dynamic process-
ing of receptor forms (Fox, 1911a J), 1 978).
As some of these in vitro parameters corre-
late (Fox, 1977/)) with in vivo characteristics
(Linkie, 1977), it is significant that in vitro
DNA-binding of glucocorticoid receptors
correlates genetically with nuclear accumu-
lation which occurs in vivo (Yamamoto el
al., 1974).

With this technology, we previously
identified and characterized both estrogen
and androgen receptors in cytosol extracts
of hypothalamus/preoptic area of three to
four week old mice (Fox and Johnston,
1974; Fox, \975a,r; Wieland and Fox,
1976; Fox, \911a,h,c, 1978; Wieland el al.,
1978). The fractionation of androgen and
estrogen receptors in hypothalamic cytosol
extracts is illustrated in Figure la. To

demonstrate these receptors, :lH-labelled
extracts are chromatographed sequentially
on columns of Sephadex G-25 (not shown)
and then DNA-cellulose (Fig. la). Steps of
higher ionic strength elute the 3H-
testosterone- and :'H-estradiol-labelled re-
ceptor proteins, respectively, from the
DNA-cellulose. While approximately 90%
of the androgen-labelled material elutes
with 130 mM Nad, the estrogen-labelled
material elutes with concentration steps of
Nad at and above 210 mM. Thus, both
putative receptors can be demonstrated
and separated from one another on these
columns.

The :iH-labelled material that flows di-
rectly through the columns in the 50 mM
NaCl wash includes two components (Fig.
la). The first is radioactivity that is bound
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FIG. 1. Adherence of androgen and estrogen recep-
tors to DNA-cellulose. Two extracts, each containing
ten mouse hvpothalamus-preoptic areas, were pre-
pared as in Wieland et al. (1978). One was labelled with
10 n\t 'H-testosterone, the othei with 10 n\J 'H-
estradiol. The extracts were freed of unbound hor-
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was then split into two equal portions. One portion
was applied to DXA-cellulose (a), the other to cel-
lulose columns (b). After a washing with low salt
buffer, receptors were eluted from the DNA-cellulose
columns l>\ incteasing the salt concentration in the
indicated step-wise manner (Fig. la).
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STEROID RECEPTORS IN BRAIN DEVELOPMENT 527

non-specifically or with low affinity to
non-receptor macromolecules and does
not adhere to DNA-cellulose. The second
is a fraction of receptors that does not
bind. Greater than 90% of the hypo-
thalamic androgen receptor does bind
typically to DNA-cellulose (Wieland et
al., 1978) while 50% of the estrogen recep-
tor from hypothalamus binds to DNA-
cellulose (Fox and Johnston, 1974; Fox,
1977a,/)). Furthermore, the binding of
these receptors to DNA-cellulose is DNA-
dependent. Virtually none of the 3H-
labelled material adheres to the control
columns of cellulose (Fig. lb).

Demonstration and characterization of em-
biyonic estradiol receptor.

We achieved the first direct demonstra-
tion and fractionation of neonatal estradiol
receptors by fractionation on DNA-
cellulose (Fox, \975a,b). This procedure
separates the 3H-estradiol-bound receptors
from a competing perinatal estradiol-
binding protein, called a-fetoprotein
(AFP). Although AFP is present in high
amounts and effectively competes with
specific estradiol receptor for available
3H-estradiol in crude cytosol extracts, this
low affinity estradiol-binding protein does
not adhere to DNA-cellulose. When crude
cvtosol extracts, containing both specific
estradiol receptor and AFP, are labelled
with 3H-estradiol and fractionated on
DNA-cellulose, only the estradiol receptor
complex is selectively retained by the
DNA-cellulose. Following elution, this re-
ceptor characteristically sediments at ap-
proximately 4S on sucrose density gra-
dients.

Experimental data obtained in this fash-
ion, along with hormone-binding (Barley^
al., 1974) and autoradiographic studies
(Sheridan et al., 1974), suggest the pres-
ence of typical adult-like estradiol recep-
tors in brain tissue of neonatal mice.
Furthermore, our data show that in the
presence of AFP the receptor's apparent
affinity for estradiol is reduced relative to
that of the adult, and explains why dem-
onstration of such receptors from young
rodents had not been achieved earlier
(Fox, 1975/)).

Extending the application of DNA-
cellulose affinity chromatography, we have
demonstrated for the first time that adult-
like estradiol receptor proteins exist in
embryonic rat and mouse hypothalamus
and other brain tissue (Vito and Fox, 1977;
and manuscript in preparation). Two
technically different approaches have been
used to demonstrate, fractionate, and
characterize embryonic estradiol recep-
tors.

One approach involves labelling unfrac-
tionated cytosol extracts with near-
saturating concentrations of non-
radioactive estradiol. This insures that
even in the presence of AFP, specific es-
tradiol receptor also binds hormone.
These extracts are then fractionated on
DNA-cellulose, to which estradiol receptor
adheres, while unbound estradiol and es-
tradiol bound to AFP wash through. Col-
umns containing specific estradiol receptor
are now filled with a ten nano-molar solu-
tion of 3H-estradiol and incubated at an
elevated temperature (30°C). This allows
the receptor-bound, non-radioactive es-
tradiol to "exchange" with the 3H-
estradiol. The now radioactively-labelled
estradiol receptor is eluted and recovered
in the standard fashion. Subsequent
analysis of these receptor preparations by
sucrose density gradient sedimentation re-
veals a macromolecular complex typical of
adult estradiol receptor. Therefore,
"affinity-exchange" chromatography (Vito
and Fox, 1977) has successfully dem-
onstrated typical estradiol receptor in
embryonic rodent brain.

A second and more quantitative ap-
proach has also been used to characterize
embryonic brain estradiol receptor. It is
similar to the previous one in that both
methods exploit the affinity of DNA-
cellulose for embryonic estradiol receptor
to fractionate it from AFP. In this method,
however, the receptor is labelled directly
with 3H-estradiol in the absence of compet-
ing AFP and without the necessity of an
exchange reaction. Under conditions of
low ionic strength, unlabelled cytosols are
directly chromatographed onto DNA-
cellulose, the AFP is washed away, and
then the estradiol receptor retained by the
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528 FOX ET AL.

column is labelled with :!H-estradiol at 4°C.
Using this technique, estradiol receptor

from embryonic (2 days prior to birth) and
adult hypothalamus/preoptic area (30 days
after birth) are qualitatively very similar
when eluted from DNA-cellulose by a
linear concentration gradient of NaCl
(Fig. 2a). Furthermore, embryonic es-
tradiol receptor prepared in this manner
sediments as a 4S species during sucrose
density gradient analysis (Fig. 2b), typical
of estradiol receptor from adult
hypothalamus and of the embryonic recep-
tor demonstrated by "affinity-exchange"
(above). Additional experiments (Vito and
Fox, manuscript in preparation) reveal
that embryonic and adult estradiol recep-
tors exhibit virtually identical hormone
affinities and specificities.

Ontogeny of estrogen and androgen receptors

DNA-cellulose has provided the first di-
rect demonstration and partial fractiona-
tion of estradiol receptors in both em-
bryonic and neonatal hypothalamus. We
also report for the first time the presence
of low levels of androgen receptor in em-
bryonic as well as neonatal (Fox, I975a,b,c)
mouse hypothalamus. Clearly the quantita-
tive detection of both these receptors is
highly dependent on the technical ap-
proaches that are available. For estradiol
receptor, account has to be made for inter-
ference by AFP or perhaps other proteins
in perinatal tissue (Fox, 19756; Vito and
Fox, 1977). For androgen receptors, extra
care must be taken to obtain conditions for
maintaining optimal hormone binding

LLJ
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FIG. 2. Elution from DNA-cellulose of estradiol re-
ceptor proteins from hypothalamus/preoptic area of
embryonic (o o) and adult (• • ) mouse brain and
analysis by sucrose gradient sedimentation, a. Cytosol
extracts, labelled with 3H-eslradiol, were fractionated
on DNA-cellulose with a linear concentration gradi-
ent of NaCl. b. Embryonic hormone receptor com-
plexes, prepared as in Figure 2a, were sedimented in a
5%-209£ linear sucrose gradient containing 0.40 M
NaCl. Eluted estradiol receptor characteristically be-
haves as a 4S-Iike protein rclati%e to the internal
fluorescent marker, dansyl-BSA.
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STEROID RECEPTORS IN BRAIN DEVELOPMENT 529

(Fox, 1975c). DNA-cellulose chromatog-
raphy helps to achieve both these goals.

Based on the data summarized here, we
tentatively depict the ontogenic pattern of
androgen and estrogen receptors for
perinatal mouse hypothalamus (Fig. 3). It
is now evident that both types of receptors
are present in hypothalamus before birth.
Increases in levels of receptor relative to
tissue weights and protein contents appear
to differ for the two types. It may prove, as
this study now suggests, that the androgen
receptor is present at rather low levels
prior to birth and increases throughout the
perinatal period at a significant rate. In
contrast, the estrogen receptor may be
present at significant levels quite early in
the embryo and gradually increase in con-
centration. Additional data for young
postnatal mice (Attardi and Ohno, 1976) is
consistent with this quantitative difference
in ontogenic patterns for the two recep-
tors.

ONTOGENY OF PUTATIVE

RECEPTORS FOR STEROIDS

-5

E-R

10
I

20

BIRTH

DAYS OF AGE

FIG. 3. Appearance in embryonic and neonatal
mouse hypothalamic cytosol extracts of receptor mac-
romolecules specific for estrogens (E-R) and andro-
gens (A-R). This current approximation summarizes
data based in large part on DNA-cellulose
chromatography of extracts labeled with either 17/3-
estradiol or with the androgens, testosterone or 5a-
dihydrotestosterone. The profiles are arbitrarily
normalized to respective pre-pubertal (three weeks
old) levels for emphasis of the perinatal period and
are not meant to depict the exact shapes of the curves.
This figure illustrates the relative rates of increase for
these two specific receptor types. Previous studies
(Fox, I977r) indicate that at three weeks of age and
older, the absolute level of estrogen receptor in
hypothalamus is about double the level of androgen
receptor. To date, the cytosol levels of binding for
estrogens and androgens appear the same for both
females and males.

CHARACTERIZATIONS OF PUTATIVE ANDROCEN

RECEPTORS

Having demonstrated the existence of
the presumed receptor proteins for both
estrogens and androgens in embryonic
and neonatal hypothalamus of mouse, the
next task is to determine the functions of
these macromolecules. Specifically, are
they true hormone receptors, and do they
mediate the effects of specific steroids? If
one or both of them do function in this
manner, at what ages and times are they
functional? For example, does the exis-
tence of either the estrogen or the andro-
gen receptor in embryonic brain indicate
that cellular responses to these specific sex
steroids occur, or might these mac-
romolecules appear in tissues prior to
other components required for respon-
siveness to steroids?

To gain insights into possible
mechanisms for steroid action, we have
compared steroid-binding macromolecules
in separate tissues, in a specific mouse
mutant, and in a primate. Previously, we
noted differences in DNA-binding proper-
ties of estrogen receptors from hypothala-
mus and uterus (Fox and Johnston, 1974).
Subsequently, these differences were
shown to correlate with reported in vivo
differences (Linkie, 1977) for the behavior
of estrogen receptors in those two tissues
(Fox, I977a,b). It is hoped, therefore, that
the biochemical descriptions of estrogen
and androgen receptors from diverse
sources will lead to understanding their
diverse processes in vivo.

Androgen receptors from normal hypothalamus
and kidney

When eluted from DNA-cellulose with a
linear concentration gradient of NaCl, the
androgen receptors from hypothalamus
and kidney exhibit quite different profiles
(Fig. 4). The patterns indicate that all of
the receptor from hypothalamus is rep-
resented in the kidney by a corresponding
species. The resolution obtained is
sufficient to suggest that kidney contains
an additional species of androgen receptor
(eluting between 180 and 260 mM NaCl)
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FIG. 4. Chromalography of hypothalamic and kidney
androgen receptors on DNA-cellulose. Extracts of
mouse hypothalamus (• •) or kidney (o o)
were incubated with 10 nM :'H-dihydrotestosterone,
applied to columns of denatured DNA-cellulose
containing 50 mM NaCI, and washed with at least 12
column volumes of 50 mM NaCI buffer. Columns
were then eluted with a linear concentration gradient
of NaCI ranging from 50 to 400 mM.

thai may be, at mosl, a minor component
of hypothalamus.

This difference recalls a comparable
contrast in patterns for the estrogen recep-
toi' from hypothalamus and the peripheral
tissue, uterus. Under these same condi-
tions of DNA-cellulose chromatography,
one major species is found in hypo-
thalamus, whereas a different species
is prominent in uterus, as determined by
sedimentation analysis (Fox and Johnston,
1974). These two species correspond to the
major and minor DNA-elution peaks de-
picted for hypothalamic estrogen receptor
in Figure 2a. In contrast, the higher salt
eluting peak (Fig. 2a) is the major compo-
nent of uterine estrogen receptor.

We have discovered conditions for con-

verting estrogen receptors from the
hypothalamic form to the uterine form
(Fox, 1977r;,/;; 1978). Experiments are
progressing in our laboratory to determine
whether an analogous relationship exists
for the major species of androgen recep-
tors from hypothalamus and kidney.

Residual Tfm receptor in hypothalamus and
kidney

For our earliest studies of androgen-
binding macromolecules in mouse
hypothalamus (Fox, I975rt) a mutant was
analyzed as a control for the genetic spec-
ificity of this activity. High affinity andro-
gen binding is deficient in cytosol extracts
of the androgen-resistant mouse mutant,
testicular feminization (Tfm) (Fox, 1975r,
1977c; Wieland el al., 1978). The de-
ficiency of this protein in animals that are
resistant to androgen is consistent with its
functioning in the mediation of androgen
responses.

Those studies revealed, however, that a
detectable level of residual binding activity
(10 to 15% of normal levels) exists for Tfm.
This residual activity also adheres to
DNA-cellulose and resembles the normal
receptor in both sedimentation parameters
and affinity for androgens (Wieland and
Fox, 1976).

Some studies of this androgen-resistant
mutant suggest that it may manifest certain
responses to androgens. Given the possibil-
ity that the residual androgen receptors in
the mutant may mediate these responses,
we have undertaken to define this binding
activity in detail (Wieland el al., 1978). In
turn, this analysis may help to determine
definitively whether the Tfm lesion causes a
complete androgen-insensitivity or an im-
complete "resistance" to certain androgen
responses. Among the possible descrip-
tions of this residual mutant activity are the
following: I) The Tfm activity may be a low
amount of the normal androgen receptor.
2) Normal animals may contain a minor
androgen receptor species, which is "un-
masked" in this mutant by the absence of
the major component. 3) The Tfm activity
may be an altered protein.

To compare androgen receptors from
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STEROID RECEPTORS IN BRAIN DEVELOPMENT 531

HYPOTHALAMUS

"Om/Y

130mM 210 mM 130mM 210 mM

NaCI (CONCENTRATION)

FIG. 5. Comparison of DNA-binding for normal and
Tfm/Y androgen receptors. Extracts of normal and
Tfm/Y hypothalamus and kidney were labelled with
3H-DHT, applied to DNA-cellulose columns, and
washed as in Figure 4. Receptors were then eluted by
sequentially increasing the NaCI concentration in the
elution buffer to 130 mM and 210 mM. Heights of
bars represent net activity recovered with each step.

normal and Tfm mice, we examined their
DNA-binding properties (Fig. 5). In both
tissues, a major fraction of the normal
receptors elutes with 130 mM NaCI and
the remainder elutes with 210 mM NaCI.
These step-wise elutions conform to the
pattern expected from Figure 4. The be-
havior of the Tfm activity differs from
normal for both hypothalamus and kid-
ney; all of the Tfm activity elutes with 210
mM NaCI. It remains to be determined
conclusively whether the Tfm activity is a
normal or an altered receptor protein and
whether this different behavior is a charac-
teristic intrinsic to the hormone-binding
protein.

Androgen-binding macromolecules in extracts
from the rhesus monkey, Macaca mulatta

Characterizations of the putative andro-
gen receptors from the mouse and rat have
been broadened by comparing their prop-
erties in different tissues such as hypo-
thalamus and kidney with those of the
residual activity for the androgen-resistanl
mutant, testicular feminization (Tfm). The
androgen-binding activity from all tissues
studied has similar high affinities (within
two- to three-fold) for both testosterone
and dihydrotestosterone and is easily
blocked by estradiol (Bullock and Bardin,
1974; Fox, 1975fl,f). For estradiol the ap-
parent inhibitory constant is within ten-
fold of the androgen affinity (Attardi et «/.,
1976). To try to determine the significance
of these affinities we have examined
androgen-binding macromolecules in ex-
tracts from the rhesus monkey.

Judging by DNA-cellulose chromatog-
raphy and sedimentation criteria, we have
not yet convincingly identified androgen
receptors for extracts of rhesus brain tis-
sues. We have, however, obtained evidence
for significant quantities of high-affinity
androgen-binding macromolecules (Table
1). This activity binds both dihydrotestos-
terone and testosterone and, furthermore,
this binding can be blocked by steroidal
estrogens. Similar activities have been de-
tected in hypothalamus, cerebellum and

TABLE 1. Specificity of androgen binding in rhesus hypolhaUimus.

Labeled steroid Competitor % Binding*

3H-Dihydrotestosterone

3 H-Testosterone

Dihydrotestosterone
Testosterone
Estradiol

Testosterone
Dihydrotestosterone
Estradiol

100
0
1

10

100
0
7

24

• Extracts of hypothalamus were labelled with 5 nM :'H-androgen. Competing non-radioactive steroids were
included at 1000 nM (x 200). The % binding (Fox, 1975c) is normalized to 100 for the non-competed
sample. The 100% values represent 8.2 x 10"15 moles bound dihydrotestosterone per mg protein
(714cpm) and 7.9 x 10~15 moles bound testosterone per mg protein (409cpm), respectively. These
specificities, obtained for old rhesus females (approximately 20 years old), are typical of all the
experiments. However, for younger females (approximately 7 years old) we obtain 45 x 10 IS moles bound
androgen per mg protein (4640cpm).
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532 FOX ET AL.

cerebrum for dihydrotestosterone (with a
KD of 0.5-0.6 X 10-9M).

A similar activity was detected for ex-
tracts of these same brain regions (and
other tissues) by analysis with LH-20 col-
umns (Ivan Lieberburg, Neil Maclusky,
Lewis Krey and Bruce McEwen, personal
communication). These investigators
found virtually the same activity in samples
of rhesus serum (diluted 100-fold). Since
the tissue blocks contain some contaminat-
ing serum, they calculate that this activity
may be fully accounted for by the serum
content. This conclusion is consistent with
rhesus experiments conducted at the Wis-
consin Regional Primate Research Center
by William Bridson (manuscript submitted
for publication). Using polyacrylamide
methods, Bridson has extensively studied
the physiological parameters of plasma
binding by dihydrotestosterone, testos-
terone and estradiol. He finds similar re-
sults as for sex steroid binding globulins
reported for other primates (King and
Mainwaring, 1974).

Given these results and the presence of
blood in the tissue blocks we examined, it is
probable that the androgen binding we
report here for rhesus is also a plasma-
binding component. In probing the
molecular basis for the multiple affinities
of the rodent putative androgen receptor,
this protein may prove illuminating since it
can also bind dihydrotestosterone and tes-
tosterone and be blocked by estradiol.
More important technically, however, may
be the requirement to remove this compo-
nent in further searches for a possible
androgen receptor for primate brain,
perhaps in the way that removal of AFP
facilitated fractionation of the rodent es-
trogen receptor from perinatal rodent ex-
tracts.

INVOLVEMENT OF STEROID RECEPTORS IN' SEXUAL

DIFFERENTIATION OF BRAIN

The role of estradiol as a mediator of
androgen effects during sexual differentia-
tion of the brain continues to be
documented and is strongly supported, as
described in this symposium. Our descrip-
tions of estradiol receptors, their interac-
tions with DNA, and their conversions to
"nuclear" forms, define mechanisms by
which perinatal estrogens, derived from
androgen, may operate. However, dem-
onstration of androgen conversions to
estrogens and subsequent binding to es-
trogen receptors does not preclude the
involvement of direct androgen receptors
in the complete process of androgen medi-
ation. Evidence that the neonatal effects of
exogenous testosterone can be blocked
either by the estrogen antagonist MER-25
(McDonald and Doughty, 1973/74;
Doughty and McDonald, 1974) or by the
antiandrogen, cyproterone acetate (Woll-
man and Hamilton, 1967; Arai and Gor-
ski, 1968) suggests that both estrogens
and androgens may be necessary as ligands
for neonatal response to androgen. These
and other arguments (Fox, 1975c; Attardi
and Ohno, 1976) raise the question: Do the
receptor-like androgen-binding proteins
detected in hypothalamus function in
normal as well as experimentally elicited
masculinization?

Available evidence does not definitively
specify the function of the presumed
hypothalamic androgen receptor. With the
goal of testing their plausibilities, we con-
sider several possible functions (Table 2).

The events of sexual differentiation may
require both estrogen and androgen re-
ceptors (Table 2,A) as has been discussed

TABLE 2. Possible functions of the androgen receptor in sexual differentiation.

A. Participates in conjunction with the estrogen receptor
B. Participates singly for certain events
C Participates onlv in adult responses
D. Signals the end of the c ritical period
F.. Serves other functions than as a "receptor"
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above. While available data (aptly sum-
™ marized in the symposium) strongly impli-

cates the estrogen receptor, evidence for
the androgen receptor is much less com-
plete. Subtler methodologies than those
available for examining the estrogen re-
ceptor may be required for detecting an-
drogen receptor involvement. This may be
especially true if effective levels of andro-
gen binding in developing brain are very
low or occur in very few cells. It is also
possible, however, that androgen receptors
may be required alone for some
physiologic functions (Table 2,B). Such
events might be revealed as investigators
elucidate and detail more fully the
biochemical and morphological responses
to androgen during the "critical period."

Since the "critical period" may contain
different points of steroid responsiveness,
both A and B in Table 2 could occur.
Several lines of evidence suggest that mul-
tiple responses to steroid do occur during a
period extending from several days before
birth until approximately ten days after
birth for rats (Barraclough, 1968). Consis-
tent with these responses to exogenous
steroids are observations on the sexual
behavior of normal female rats and
mice. These female rodents exhibit in-
creasing degrees of male-type behavior as
a result of their proximity in utero to male
embryos (Clemens, 1974; Gandleman et
al., 1977; Gerall, 1978). Presumably these
graded behaviors reflect prenatal responses
to exogenous androgens. In contrast, neo-
natal castration of male rats results in their
lacking certain male characteristics while
exhibiting female characteristics. If andro-
gens were only needed at a single point
during the "critical period" and if the
"critical period" includes embryonic life,
then castrated males ought to be already
masculinized at birth. Therefore, either
androgen must be present postnatally for
masculinization, or the essential triggering
in the "critical period" may be a multi-
point process.

The appearance of androgen receptors
in embryonic and neonatal hypothalamus
may precede their functioning in adult
behavior (Table 2,C). However, if their
appearance perinatally rises as sharply as

is suggested in Figure 3, it may be that
they function at the interface between the
"critical period" and more mature
periods. A signal for the end of the "cri-
tical period" might be required for
"fixing" sexual differentiation, and this
signal might involve the level of androgen
receptor that appears at this time (Table
1,D).

Finally, we and others use the term
"steroid receptors" loosely to label a class
of macromolecules with properties of high
affinities for specific steroids and charac-
teristic sedimentation behaviors. Definitive
proof does not exist, however, that any of
these are truly "receptors," e.g., direct
mediators of primary steroid response.
Even if the evidence for several other
steroid receptors may be increasingly con-
vincing, we do not know that the presumed
receptor for androgens, with its multiple
selectivities, functions as they do. Thus the
study of these proteins in diverse
tissues—particularly informationally rich
ones, such as in the neuroendocrine
axis—may help to enlighten us in this
research.

In considering the relative functions of
estrogen and androgen receptors (discus-
sion of Table 2), several notions about the
critical period surface. Not only may there
be several trigger points for steroid re-
sponsiveness in the critical period, but for
each event of sexual differentiation, a
two-point process may be required; trig-
gering events may have to be "fixed" by a
later event. Stated differently, after a deci-
sion is made between female and male
states during sexual differentiation, a
specific, additional signal may be necessary
to prevent a change in this decision.

Several components that may comprise
the "critical period" of sexual differentia-
tion are depicted in Figure 6. Emphasizing
aspects of timing, are two contrasted mod-
els for defining the end of the "critical
period." Multiple points (vertical lines) for
steroid responsiveness are represented in
both. The earliest periods of effective re-
sponse to steroid may define the beginning
of the "critical period." However, the end
of the "critical period" may be especially
important for maintaining differentiated

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/ic
b
/a

rtic
le

/1
8
/3

/5
2
5
/2

0
3
8
0
1
7
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



534 FOX ET AL.

MECHANISMS FOR TIMING OF "CRITICAL PERIOD"
FOR BRAIN SEXUAL DIFFERENTIATION

UNDIFFERENTIATED DIFFERENTIATED

A)LOSS OF PLASTICITY
BY ACCUMULATING COMPLEXITY d

B) SPECIFIC MAINTENANCE
OF DIFFERENTIATED STATE

AGE

STEROID-TRIGGERED EVENTS

COMPLEXITY

MAINTENANCE

FIG. 6. Speculative models for timing of the beginning, progression, and end of the "critical period" for
sexual differentiation of brain.
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states. Accordingly, a specific active
mechanism may exist to marshall in the
"differentiated" state.

Mechanism A) in Figure 6 indicates a
critical period that ends due to obstruction
by competing structures and processes.
Accumulating complexities of events may
interfere with the potential for plasticity,
even though the mechanisms for steroid
responsiveness might remain. Therefore,
with this mechanism, plasticity ceases
merely as a consequence of other events.
However, interruption of those com-
plexities or events might allow the brain to
regain plasticity. In contrast, mechanism
B) invokes specific maintenance of the dif-
ferentiated state; in a sense, this is directed
and continuous inhibition of the potential
for plasticity. As suggested in Table 2 (part
D), steroids may function in such a process.
Insufficient maintenance, such as the re-
moval of the active agent, could recall a
state of plasticity. The actual physiology
might be described best by a combination
of A) and B).

Two series of experimental observations
illustrate the ideas presented in Figure 6.
The first concerns inhibition of female
sexual behavior (lordosis) by the intact
septum and the potential for recalling the
critical period in adults (Nance et al.,
19776). Female rats receiving septal lesions
as adults exhibit increased behavioral sen-
sitivity to estrogen when tested several
weeks later (Nance et al., 1974, 1975a).
However, chronic doses of testosterone
propionate following these lesions at-
tenuate the increase in sensitivity (Nance et
al., 19776). Unlike females, adult male rats
normally exhibit little lordosis behavior.
However, when given septal lesions, ac-
companied either by extended estrogen
exposure (Nance et al., 19756) or the im-
position of a hypothyroid state (Nance et
al., 1977a), operated males subsequently
tested several months later also display a
full lordotic response to estrogen. Con-
sequently, such males acquire as adults the
behavior of females and neonatally cas-
trated males. If lordosis is considered as
one example of a behavior which is sexu-
ally differentiated during the "critical

period," then this effect can be taken to
represent a recall of that "critical period."

On the one hand, this lesion may allow
plasticity by interrupting anatomical en-
tities (Fig. 6, mechanism A). Steroid and
thyroid hormones may control the expres-
sion of the lesioning effect by regulating
the ability or inability of the inhibiting
anatomical entities to recover function
(Nance et al., 1977a). On the other hand,
androgen may prevent plasticity by a
specific maintenance mechanism (Fig. 6,
mechanism B); hence, the lack of facilita-
tion of lordosis in both lesioned females
given androgen and in lesioned males with
no concurrent administration of hormone.
Estrogen and thyroid deficiency may an-
tagonize this androgen response, thus al-
lowing plasticity and consequently func-
tion, thereby allowing altered differentia-
tion.

A second line of experimentation indi-
cates that the end of the critical period is
variable. Hypothyroidism was shown to
lengthen the period during which andro-
gen could significantly induce persistent
estrus in rats, whereas injections of
thyroxine reversed the effect (Kikuyama,
1969). In a separate study (Phelps and
Sawyer, 1976), effects of early androgen
administration on lordosis were reduced
by thyroxine injection. Thyroxine may
have acted by influencing the end of the
critical period. Such effects could occur
either by general effects on maturation
(Fig. 6,A) or by a specific mechanism for
fixing the differentiated state by a hormon-
ally dependent mechanism (Fig. 6,B).

We believe that the distinction em-
phasized by contrasting mechanisms A and
B (Fig. 6) is a useful one if it suggests
specific new experiments. By providing
alternate and testable processes for the
control of a "critical period" it may pro-
mote considerations that the "critical
period" is both alterable and perhaps,
recallable. Understanding the possible roles
of hormones in controlling plasticity and its
potential may permit impositions of opti-
mal physiological states for redirection
and recovery of functions in mature
animals.
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