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Abstract

The diversity in vertebrate reproductive patterns provides natural experiments
that yield new insights into behavioral endocrinology. Discussed here is the gen-
crality of the concept of an organizing sex during sexual differentiation. In its
present form the Organizational Concept emphasizes hormonally induced
organization of the male phenotype, with the female phenotype being the ncu-
tral or default condition. Does this concept extend to vertebrates lacking geno-
typic sex determining mechanisms? The answer appears to be No. In species
with temperature-dependent sex determination, each embryo has an equal prob-
ability of developing into either a male or a temale; there is no heritable genetic
predisposition for sex determination. In species with behavior-dependent scx
determination, sex-change occurs during adulthood as a result of perceived
alterations in the social environment. In parthenogenetic species, only female
individuals exist, yet they display both malc-hike and female-like *sexual’ behav-
iors. In contrast to the contemporary view of the Organizational Concept, let us
assume that the male pattern is derived and imposed upon the ancestral female
pattern. If this perspective is taken, several avenues of study arc identified: (i)
the importance of sexual similaritics; (ii} extending the principle of comptemen-
tarity of sexual behaviors to the brain; (iii) temperature modulation of sexual dif-
ferentiation, and (iv) the role of the brain in sex determination.

not correlated with testis development in a variety of non-

brates {separate sexes in separate individuals}, gonadal scx
is determined by specific chromosomes inherited from the
parents at fertilization {fig. 1, top pancl). This is reterred to
as genotypic sex determination (GSDY). There have been
remarkable advances in molccular genetics over the last
two years, resulting in the identification of the testis deter-
mining genc {SRY) on the Y chromosome in mice and
man. SRY-like genes have been found in a variety of verte-
brates, but their involvement in testis determination is not
apparent. Indeed, comparative studies indicate that SRY is
a large family of transcription factors and their presence is

mammalian vertebrates [Tiersch et al., 1991, 1992].
Steroid hormones produced by the differentiated gonad
arc known to sculpt the differences between male and
female, but they are not believed to be involved in sex
determination [Wilson et al., 1981]. This modifying action
of hormones during carly development is referred to as the
organizing action of sex steroids. Evidence of this fact
comes from studics with a variety of eutherian mammals
(but not metatherian mammals [Renfree, 1993]), demon-
strating that perinatal castration of genetic males results in
adults having female-typical morphology. physiology, and
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Fig. 1. In the current model of vertebrate

sex determination and sexual differentiation gonadal sex is fixed at fertili-

zation by the union of specific chromosomes (top pancl). Only after the ponad is formed do hormones begin to exert an
influence, sculpting specific structures that eventually will differ between the sexes. Research on reptiles with temper-
ature-dependent sex determination {TSD) indicates that sex determination in TSI specics is fundamentally different in
at least one way (middic pancl). Gonadal sex is not irrevocably set by the genctic composition inherited at fertilization,
but rather depends on which enzymatic and hormone receptor genes arc activated during development by temperature.
Incubation temperature modifies both the temporal and spatial sequence of enzymes and hormone receptors such that
sex-specific hormone milieus created in the urogenital svstem of the developing embryo determine gonad type.
Research on fish with behavior-dependent sex determination (BSD) suggests that social stimuli encountered by the
adult keads to sex change via the brain, acting first on hypothalamic GnRH-producing cells which. in turn. act on neu-
rons that project to the gonads (bottom panet}. The activity of these neurons modifics the endocrine environment within

the gonad, bringing about gonadal transformation.

bchavior, whereas perinatal androgen treatment of genetic
females results in adults with a masculinized phenotype.
This often is referred to the hormonal theory of sexual dif-
ferentiation (hereafter termed the Organizational Con-
cept), which holds that the male is the organized sex, while
the female is the neutral or default sex: in birds the opposite
is believed to pertain.

In 1974 Richard Whalen gathered together the then
already large literature on the role of steroid hormonces in
the sexual differentiation of behavior [Whalen, 1974]. His
article formalized speculation that reached as far back as
the early 1900s that each individual was initially bisexual.
This concept. termed the ‘orthogonal model of sexual dif-
ferentiation’, holds that masculinization and feminization
— the components of sexuality — are not ends of a unitary

dimension but rather separate and independent processes
(fig.2, top panel). Taking advantage of genctic anomalies
and experimental studies with exogenous hormone treat-
ments, it was shown that each individual possesses both
dimensions and it is the relative development of each
dimension that distinguishcs males from females in their
sexual behavior,

Thus, the essential fcatures of the Organizational
Concept then are (i) sex is determined at fertilization
by chromosomes inhcrited from the parents. {ii) maleness
Is a consequence of testicular homonces acting throughout
the body: (i) the female is the neutral or default sex,
whereas the male is the organized sex, and (iv) the dif-
ferentiation of maleness and femaleness is rcflected in
two dimensions (masculinization <+ demasculinization and
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Fig. 2. Two models of sexual differentia- defaminization - g + Feminization
tion. The top panel depicts the orthogonal A‘_f: )
model in which the dimensions of maleness
and femaleness are separate and indepen- Unidimensional Model

dent. This model applies to GSD species. The
bottom panel depicts the unidimensional
model in which maleness and femaleness are
at opposite ends of the same continuum. This
model may apply to TSD species.

feminization < defeminization), both residing within each
individual.

Only comparative studies will inform us of the generality
of the Organizational Concept. In this regard atypical or-
ganisms can be especially useful, for their unusual adapta-
tions illustrate altermative solutions to particular problems.
Also, they ‘often force one to abandon standard methods
and standard points of view" with the result that, ‘in trying
to comprehend their special and often unusual adaptation,
one often serendipitously stumbles on new insights’ [Bar-
tholomew, 1982]. For example, in the present context, we
now know the hormonal theory of sexual differentiation is
not universal to vertebrates or even to all mammals. In mar-
supial mammals some somatic features (€.g., the pouch and
scrotum) develop independently of hormones, under direct
genetic control [Renfree, 1993]. This raises the question of
whether the Organizational Concept can be applied to ver-
tebrates that exhibit other modes of sexual inheritance?

Some gonochoristic vertebrates can be grouped collec-
tively as having environmental sex determination. These
vertebrates lack heritable chromosomes that determine
gonadal sex. Instead, sex is determined after fertilization
either by the environment in which the embryo develops or
by the environment in which the adult lives. The first
instance is common in oviparous reptiles where the incuba-
tion temperature of the egg determines gonadal sex. In
temperature-dependent sex determination (TSD), incuba-
tion temperature modulates the steroid hormone microen-
vironment of the developing gonads to determine gonadal
sex (fig. 1, middle panel). The second instance, behavior-
dependent sex determination (BSD), is common in many
coral reef fishes where the social environment determines
gonadal sex. In BSD the individual’s perception of the
social environment is transduced into neural stimuli that
change gonadal sex (fig. 1, bottom panel). In both forms of
environmental sex determination, the individual (embryo

Masculinlzation c

= ) Feminization

or adult} is equipotent and can develop either into a male
or into a female.

Another mode of reproduction found in vertebrates is
parthenogenesis. Parthenogenetic species consist only of
individuals possessing a female phenotype; males are
absent or exceedingly rare. There are two forms of parthe-
nogenesis known in vertebrates: facultative or male-depen-
dent parthenogenesis and obligate or true parthenogenesis,
In facultative parthenogenesis the sperm initiate embryonic
development and the parthenogen must mate with the
male of a closely related sexual species: in hybridogenesis
the male genome combines with the maternal genome in
the zygote, whereas in gynogenesis, the male genome does
not combine and the embryo develops under the influence
of the maternal genome entirely. In obligate parthenogen-
esis only female individuals exist, and there is no need for
the parthenogen to mate with males to initiate embryonic
development.

I will first sketch the state of our knowledge of each of
these forms before addressing the question of whether the
Organizational Concept be applied to such species.

Temperature-Dependent Sex Determination

Egg temperature during the middle of embryogenesis
determines sex in all crocodilians, many turtles, and some
lizards, a process known as temperature-dependent sex
determination (TSD) [Bull, 1980; Ewert and Nelson, 1991;
Wibbels et al., 1992]. This effect of temperature is not due
to differential mortality and is permanent, extending
through adulthood [Bull, 1987; Guizke and Crews, 1988].
Further, sex chromosomes have not been observed in any
of the many species known to have TSD, although they are
found in other reptiles [Bull, 1980]. Lastly, the effect of
temperature is easily demonstrated in the laboratory and
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Joanen, 1982; Bull, 1985].

Temperature operates in an all-or-none fashion; at
intermediate temperatures the sex ratio varies rather than
intersexes being formed [Wibbels et al., 1991a]. Temper-
ature acts by modifying the temporal and spatial distribu-
tion of enzymes and hormone receptors. Hydroxysteroid
dehydrogenase and aromatase enzyme levels are greatest
during the period of sex determination. Interestingly, these
enzymes are not present in the gonad, but are concentrated
in the adrenal and mesonephros, tissues directly proximate
to the developing gonad [Merchant-Larios et al., 1989;
Thomas et al., 1992]. Temperature also modifies the
expression and quantity of estrogen receptor (ER) in the
adrenal and mesonephros [J. Bergeron, T. Wibbels and D.
Crews, observ.]. Thus, the resulting temperature-specific
steroid microenvironment [Dorizzi et al., 1991; Thomas et
al., 1992; White and Thomas, 1992] is the proximate cue
that determines gonadal sex.

It is widely assumed, although there is suggestive evi-
dence to the contrary [George and Wilson, 1988], that in
GSD species steroid hormones play no role in sex determi-
nation and application of exogenous steroid hormones do
not alter the primary sex ratio. If estrogen (E) is adminis-
tered to the eggs of reptiles with TSD, while they are being
incubated at a temperature that normally produces only
males, all of the hatchlings will have ovaries [Bull et al.,
1988, Crews et al., 1989, 1991]. Not only does E share the
same window of sensitivity as temperature, but incubation
temperature and hormones synergize; less E is required to
produce females as the all-female temperature is ap-
proached. This suggests that steroid hormones operate as
the physiological equivalent of incubation temperature
[Wibbels et al., 1991b]. The sexual competence of estrogen-
determined females is comparable to normal temperature-
determined females in all respects [D. Crews, observ.].

Since sex is determined by temperature, could the tem-
perature that produces one sex be more potent than the tem-
perature that produces the opposite sex, operating essen-
tially as an organizing/default system? Both male-producing
and female-producing temperatures appear to have a similar
potency [Bulletal., 1990]. Instead, the effect of temperature
is cumulative. Switching eggs from a temperature that pro-
‘duces one sex to a temperature that produces the opposite
sex late in the temperature-sensitive period will have no
effectunless the second temperature is more extreme than is
normally necessary [Bull et al., 1990; Wibbels et al., 1991b].

Steroid hormones are not similar in potency however,
Although E can override the effects of an all-male produc-
ing temperature, androgens or their agonists do not over-
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Administration of testosterone (T), dihydrotestosterone
(DHT) or synthetic androgen receptor agonists to eggs
incubated at a temperature that normally produces only
females have consistently failed to produce males [Wibbels
and Crews, 1992]. But is this finding equivalent functionally
to an organizing vs. neutral temperature? Turtle eggs incu-
bated so as to produce a 50:50 sex ratio are sensitive to both
estrogens and androgens; exogenous E will result in
females, whereas exogenous DHT induces development of
male individuals [Wibbels et al., 1992]. Simultaneous
administration of E and DHT to eggs incubating at this
intermediate temperature results in gonadal hermaphro-
dites [T. Wibbels and D. Crews, unpubl. observ.].

Behavior-Dependent Sex Determination

Behavior-dependent sex determination (BSD) refers to
socially-induced changes in gonadal sex. In simultancous
hermaphredites the social situation directly determines the
behavioral and gametic sex of the individual. Simultaneous
hermaphrodites possess ovotestes and are bisexual in phys-
iology and behavior and they commonly alternate in the
display of behavioral and gametic sex, often while pairing
with a single partner through several spawnings or the
entire breeding season; it is rare for an individual to self-fer-
tilize with the single exception to this rule being Rivulus, a
small brackish water fish [Demski, 1987]. In sequential her-
maphrodites the sex change is usually long-lasting and in the
final stage, permanent. In sequential hermaphrodites, indi-
viduals are either first-male-and-then-female (protandry) or
first-female-and-then-male (protogyny). In some species
there may also be some individuals that never change sex.

Exogenous hormone treatment will cause a functional
sex reversal in many fish species (in both directions), but this
transformation takes weeks to complete. Thus, it is unlikely
that sex-change in hermaphroditic fish is induced by steroid
hormones. In a simultaneous hermaphrodite the time scale
is simply too rapid to involve classical nuclear forms of ste-
roid hormone receptors (see below). Even in sequentially
hermaphroditic fish, the change in sexual behavior (whether
from female-to-male or male-to-female) often is seen within
minutes or hours after mating or removal of the dominant
male (or female), yet detectable shifts in hormonal profiles
do not occur until many days or weeks later; gonadal change
takes weeks or months [Robertson, 1972; Demski, 1987;
Reinboth, 1988; Warner and Swearer, 1991]. Indeed, years
of intensive study have failed to show any role of steroid hor-
mones in the initiation of sex-change [Reinboth, 1988].
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Parthenogenesis

There are lizards that reproduce by obligate partheno-
genesis rather than by sexual means. These species, which
descended from gonochoristic ancestors having GSD, con-
sist now of only female individuals. In obligate partheno-
genesis there is no need to mate with males of closely re-
lated sexual species to initiate embryonic development as
occurs in gynogenesis and hybridogenesis (male-dependent
parthenogenesis). In obligate parthenogenesis, the pres-
ence of males or a dependence on sperm {as in male-depen-
dent parthenogenesis) are not necessary for reproduction.
The sexual ancestral species of unisexual whiptail lizards
(genus Cnemidophorus) is believed to have an XX:XY sex
determining system [Bull, 1978], and incubation temper-
ature has no detectable effect on sex determination in
Cremidophorus lizards [Crews, 1989a).

Parthenogenetic whiptails exhibit behaviors that appear
identical to the mating behavior of related sexual species
[Crews and Fitzgerald, 1980; Crews, 1989b]. This ‘sexual’
behavior is under hormonal control [Crews, 1989b] and
scrves some of the same functions as does sexual behavior
in sexual species, most notably the facilitation of environ-
mentally induced ovarian growth [Crews et al., 1986]. Fur-
ther, the same brain regions that control mounting and
receptive behavier in sexual whiptail lizards [Rozendaal
and Crews, 1989; Wade and Crews, 1991a] regulate male-
like and female-like ‘sexual’ behavior in unisexual whiptail
lizards [Mayo and Crews, 1987; Crews, 1989b: Wade and
Crews, 1991a]. The volume of nuclei in these brain areas
[Crewset al., 1990; Wade and Crews, 1991b], as well as the
soma size of individual cells therein [Wade and Crews,
1992] are sexually dimorphic in the sexual ancestral species.
Interestingly, the brains of parthenoforms are uniformly
female-like yet continue to manifest both male-like and
female-like behavioral traits. There is no evidence for
cyclic changes in brain nuclei or in neuron somata size
correlated with changes in ovarian state; preovulatory
(=female-like in behavior) parthenogens are equivalent to
postovulatory (=male-like in behavior) parthenogens.

Does the Organizational Concept Extend to
Vertebrates without Sex Chromosomas?

In its present formulation the Organizational Concept
appears to be restricted to those gonochoristic vertebrates
with GSD. In reptiles with TSD, the physical environment,
rather than the genetic constitution an individual inherits
from its parents, determines gonadal sex. In hermaphro-

ditic fish, where sex changes in the adult organism, can there
even be an organizing or neutral sex? In parthenogenetic
lizards only female individuals exist, yet each individual
exhibits both male-like and female-like ‘sexual’ behaviors.

In its present form the Organizational Concept does not
appear to apply to vertebrates lacking sex chromosomes.
But a slightly broader view would include a¥f vertebrates.
[I wish to emphasize that this alternative view in no way
challenges interpretations already assigned to empirical
data from studies on vertebrates with GSD.]

There are two aspects of this alternative view (fig.3).
The first aspect has to do with evolution. There can be little
doubt that males evolved only after the evolution of self-
replicating {=female) organisms. Males have repeatedly
been gained and lost, but females have remained. When
speaking of mechanisms, therefore, and not outcomes such
as the presence of male and female individuals, consider
the female as the ancestral sex (rather than the neutral sex)
and the male as the derived sex (rather than the organized
sex). Unlike the present Organizational Concept devel-
oped from research largety on mammals, this formulation
assumes that female development is an active process
rather than a passive state. The second aspect has to do
with emphasis. The present Organizational Concept em-
phasizes sex differences, or how males and females dif-
fer. However, if we are to understand fully sex differences,
we must first appreciate the similarities in the neuroendo-
crine mechanisms subserving female-typical and male-typ-
ical sexual behavior.

When we consider this evolutionary sequence of female
first, male second and, secondly, this shift in emphasis from
the differences to the similaritics between the sexes, we see
from another angle this repeated observation that maleness
is imposed upon a female phenotype, not vice versa. In the
atypical vertebrates with ESD discussed here, the trigger
initiating the sex determination cascade is not a genetic sig-
nal like SRY but nongenetic signals derived from other
sources. (Even in protandrous fish Douglas Shapiro [1992]
has concluded that males first pass through a modified
ovarian stage before developing testes.) When the problem
of sexual differentiation is viewed in this manner, the
intriguing possibility emerges that males may be more like
females than females are like males. This brings to mind the
common finding that in mammals it is relatively easy to
masculinize individuals compared to the difficulty of defe-
minizing individuals [Baum, 1987].

This alternative perspective identifies several problems
worthy of study: (i) the importance of sexual similarities;
(ii) extending the principle of complementarity of sexual
behaviors to the brain; (iii) temperature modulation of
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sexual differentiation, and (iv) the role of the brain in sex
determination.

The Importance of Sexual Similarities

Presently the usual method in investigations of sex dif-
ferences is to study the behaviors typical of each sex, or the
neural circuits or the hormones underlying these behaviors.
For example, the focus in most behavioral endocrinology
investigations is the study of mounting in gonadal males or
receptivity in gonadal females, or homotypical behaviors.
Thus, while each circuit has been examined in detail,
this almost always has been done in isolation of its
complement. More study is needed of heterotypical behav-
iors or the display of male-typical behaviors in gonadal
females and the display of female-typical traits in male indi-
viduals,

Is there any evidence that study of similarities between
the sexes would yield new insights? One well documented
example concerns the role of E in the control of sex behav-
ior. In most female vertebrates E secreted by the growing
ovarian follicles activates sexual receptivity. However, in
males T secreted by the testes is aromatized to E in the
brain of sexually active males and, in some species, E is the
active molecule in males as well as in females [Sachs and
Meisel, 1988]; recent evidence with songbirds suggests that
the brain is the primary source of estrogen [Schlinger and
Arnold, 1992].

Another example of sexual similarities in psychoneu-
roendocrine mechanisms may prove to be the role of pro-
gesterone (P) in facilitating hormone-induced sexual
behaviors in both sexes. In many vertebrates P synergizes
with E to facilitate the onset and intensity of receptivity in
females; in species as diverse as rats, hamsters, guinea pigs,
and the green anole lizard, P first facilitates and then inhib-
its E-induced receptivity [Pfaff and Schwartz-Giblin, 1988].
Estrogen promotes the synthesis of oxytocin receptors in
the ventromedial hypothalamus, an area critical to the dis-
play of receptivity, while P facilitates the spread of oxytocin
receptors to behavioral activating areas [Schumacheret al.,
1990]. Oxytocin, along with E and P, plays an important
role in the control of receptivity [Pfaff and Schwartz-
Giblin, 1988]).

Could P have a similar effect in males? It is widely
assumed that progestagens inhibit androgen action in
males. For example in a variety of birds and mammals, as
well as in the green anole lizard [Young et al., 1991], the
administration of exogenous P will inhibit sexual activity in
intact males. Indeed, progestagens are used as a form of
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Fig. 3. Alternative views of sexual differentiation. The top por-
tion depicts the present Organizational Concept as it is used to
describe the sexual differentiation process. The female is regarded as
the neutral or the default sex, whereas the male is regarded as the
organized sex; in sexual differentiation research today, the emphasis is
on the differcnces between the sexes. For reasons detailed in the text,
this paradigm does not apply to vertebrates without sex chromosomes.
The bottom portion depicts an alternative paradigm which combines
the sequence in the evolution of scx and a change in emphasis. That
is, the female is regarded as the ancestral sex, whereas the male is
regarded as the derived sex. In species with genotypic sex determina-
tion, the trigger for male development is represented on the small Y
chromosome, whereas in species lacking sex chromosomes, the trigger
initiating the genetic cascade resulting in male development is non-
genetic. This raises the possibility that males may be more like females
than females are like males. Thus, an important avenue of research is
to explore the similarities between the sexes as well as the differences.

‘chemical castration’ in felony rape conviction to decrease
male libido.

However, all of the studies supporting this generaliza-
tion that P is an antiandrogen and inhibits sexual behavior
in males have relied on pharmacological dosages of P.
What of the physiology of P in mates? Male rats show a pro-
nounced diurnal thythm in P secretion, with the peak in P
levels coinciding with the onset of dark, the period of great-
est copulatory activity [Kalra and Kalra, 1977]. Further,
low dosages of P have been found to be androgenic in in
vitro studies using some secondary sex structures [Bardin et
al., 1984]. In gonochoristic whiptail lizards exogenous P or
synthetic progestin will stimulate sexual behavior in some
castrated males [Lindzey and Crews, 1986, 1988]; in both
the whiptail and the green anole lizard, low dosages of P
will synergize with T to facilitate androgen-induced mount-
ing behavior in castrated males [Young et al., 1991; Lind-
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zey and Crews, 1993]. In situ hybridization studies using
homologous oligonucleotide probes for progesterone
receptor (PR) show large amounts of PR-mRNA in the
anterior hypothalamus-preoptic area (AH-POA) of intact,
sexually active male C. inornarus [L. Young and D. Crews,
unpubl. observ.].

If this finding of an involvement of P in male sexual
behavior is ever to make it out of the comparative endo-
crine literature, I must show that P facilitation of mounting
behavior occurs in male rats. Recent studies indicate that
physiological dosages of P can reinstate mounting behavior
in some castrated male rats, although it is not as effective as
physiological levels of T (table 1). However, administration
of the anti-progestin RU486 to intact males leads to a defi-
cit in sexual behavior; this is not due to an action on andro-
gen-mediated events as castrated males treated with both T
and RU486 show levels of mounting and intromission simi-
lar to those of castrated males treated with T alone [D.
Witt, T. Insell, L. Young, and D. Crews, unpubl. observ.].
Thus, P is both a ‘female’ hormone and a ‘male’ hormone.
If this parallel is valid, the well-known oxytocin facilitation
of mounting behavior in male rats [Aretti et al., 1985] may
also be modulated by P.

Extending the Principle of Complementarity of
Sexual Behaviors to the Brain

Normally, mating is a behavior made possible only by
mutual consent, and if fertilization is to oceur, two individ-
uals must interact in a complementary fashion. This con-
sent is a reflection not only of the satisfactory nature of the
external stimuli provided, but also of the internal milieu
that motivates each individual to seek a partner. Indeed,
the coordination of complementary behaviors between the
sexes is necessary to normal physiological processes
[Crews, 1992; Crews et al., 1992]. Thus, complementary
behaviors are of fundamental importance in vertebrate
reproduction, even in hermaphroditic and parthenogenetic
(all-female) species.

Beach [1979] referred to this as the Principle of Stim-
ulus-Response Complementarity. According to this prin-
ciple, successful mating will occur if and only if both part-
ners are in the appropriate physiological and behavioral
condition and if the behaviors of each partner elicit the
appropriate behavioral response. This can be restated as
two simple phrases. Mounting will not be successful if the
mounted animal is not receptive. A receptive animal will
not be mounted unless there is a willing partner. This
sounds simple, but the principle has broad implications. It

Table 1. Role of progesterone in the control of mounting and
intromission behavior of castrated male rats

Group No. % Mntg % Intro
Intact 7 100 100
Int + RU486 8 63 80
*BL+BL G 0 0
*BL+P 11 64 86
*BL+T 8 75 83
*P+T 7 100 71
*T+RU486 7 n 40

Expressed is percentage of animals mounting in standardized
behavioral tests; % Intro indicates percentage of males that mounted
that also achieved intromission. Hormones administered by a subcuta-
neous silastic capsule that delivered physiological (in the case of pro-
gesterone) or threshold (in the case of testostcrone) levels of the
respective hormones as determined by radioimmunoassay. The exper-
iment was conducted in two replicates; the replicates did not differ and
the results are combined here. *=Castrated males; BL=blank
implant; P=progesterone implant; T = testosterone implant [D. Witt,
L. Young, and D). Crews, unpublished observations.|

is independent of the genetic or gonadal sex of the partici-
pants, positing instead that homotypical stimuli are trans-
duced into heterotypical responses and vice versa. This
means that female (or male) associated responses tend to
evoke masculine (or feminine) responses in both males and
females. The display of ‘sexual’ behavior in all-female par-
thenogenetic species as well as in gonochoristic bisexual
and hermaphroditic species means this behavioral comple-
mentarity, not just sperm and eggs, is fundamental to suc-
cessful reproduction.

Can this principle of behavioral complementarity be
extended to the brain? A number of researchers have
found that the AH-POA, which we know to be involved in
the control of mounting behavior in males, is sexually
dimorphic in size and in the number and type of connec-
tions of individual neurons in these areas. It has been more
difficult to establish a similar relationship for the VMH and
receptivity. The gonochoristic whiptail lizards provide a
particularly good example of such complementary sexually
dimorphic hypothalamic areas [Crews et al., 1990].

It is common to hear, but not easy to find in the primary
literature, that sex differences in behavior are caused by sex
differences in brain structure. This intuitive leap, attractive
as it is, has only been established conclusively for telence-
phalic areas such as the ‘song’ nuclei in passerine birds
[Kelley and Brenowitz, 1992], and the motor neurons in the
spinal cord controlling the penis in mammals [Breedlove,
1992]. A comparable causal structure-activity relationship
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Fig- 4. All vertebrates display complementary sexual behavior patterns. However, they accomplish this by different
means. [Mustrated are the paths to the display of sexually dimorphic behaviors in the various forms of reproduction
exhibited by vertebrates. Even in unisexual species. pseudosexual matings are seen. In both genotypic sex determination
and environmental sex determination, it is important to separate eifects due to the presence (or absence) of specific
chromosomes or environmental factors from the effects of sex hormones. In genotypic sex determination the width of
the arrows connotes early organizational effects of sex hormones on the probability that female-typical behaviors and
male-typical behaviors will be shown by the breeding adult. Since comparable information is not available for the other
forms of reproduction, all lines in other modes of reproduction are of equal width.

in brain and behavior has yet to be demonstrated con-
vincingly for any limbic structure.

In this regard, the parthenogenetic whiptail lizards are
particularly instructive. These animals exhibit complemen-
tary ‘sexual’ behaviors without showing corresponding
changes in the hypothalamic areas known to be involved in
the control of these behaviors [Wade and Crews, 1991b).
Indeed, administration of exogenous androgens either
early in life or later in adulthood, which causes a partheno-
gen to exhibit a male-like phenotype and display frequently
male-like mounting behaviors, has no obvious effect on the

volumes of these brain areas or on the soma size of neurons:

contained therein [Wade et al., 1993). Importantly, the
same results are obtained when comparing these param-
eters between courting and noncourting males of the sexual
ancestral species of similar physiological states [Wade et
al., 1993]. Results such as these raise the possibility that

behavioral dimorphisms need not be determined by struc-
tural dimorphisms in the hypothalamus.

However, as shown in figure 4, while the outcome may
be the same, the mechanims achieving these outcomes
must differ in species that exhibit environmental sex deter-
mination or in parthenogenetic species. In reptiles with
TSD, each individual egg has an equal probability of be-
coming male or female. In simultaneous hermaphrodites,
an individual possesses an ovotestis and releases sperm
(and displays male-typical behavior) or eggs {(and displays
female-typical behavior) alternatively with its mate. In
sequential hermaphrodites the individual develops first as
one sex, complete with the appropriate behavior, and is
then transformed to the other sex and displays the appro-
priate behavior. In the parthenogens, only female individ-
uals occur, yet they exhibit both male-like and female-like
‘sexual’ behaviors.
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Temperature Modulation of Sexual Differentiation

In TSD the genetic constitution inherited from the
parents does not determine gonadal sex. This raises the
question of whether the process of sexual differentiation of
behavior is according to the orthogonal model or whether
sexuality is represented by a single continunm of male <>
female (fig.2, bottom panel). That is, increases in male-typ-
ical traits will be linked to decreases in female-typical traits.
This hypothesis can be tested by studies of species in which
(i) one sex is produced (represented) over a wide range of
temperatures and (ji) incubation temperature is dissociated
experimentaily from gonadal sex. When this is done we see
that temperature can modify sexually dimorphic traits with-
out modifying gonadal sex. Maintaining eggs of the leopard
gecko at relatively low (26 °C) or at very high (34-35 °C)
and ordinarily lethal incubation temperatures produces
only females [Viets et al., 1993]. At intermediate temper-
atures both males and females are produced, but the sex
ratio varies: 30 °C yields a female-biased sex ratio (80:20)
and 32.5 °C yields a male-biased sex ratio (20:80).

'The temperature experienced during incubation has a
profound effect on development of the adult phenotype. For
example, aduit leopard geckos have marked sexual dimor-
phisms in morphology, physiology, and behavior. One sec-
ondary sex character is the specialized secretory pores
located anterior to the cloaca. In males, as well as in females
from male-biased incubation temperatures, these pores are
open, while in females from low, or female-biased incuba-
tion temperature, they are closed. Head size aiso is sexually
dimorphic, with males having wider heads than females.
However, within each sex, the higher the incubation tem-
perature, the wider the head of the adult [Crews, 1988].

As in many mammalian species, male leopard geckos are
the larger sex. At 65 weeks of age (adulthood), a male from a
32.5°Cincubation temperature will weigh about 50 £, where-
as a female from a 26°C incubation temperature will weigh
about 35 g. The temperature experienced during incubation
has a profound effect on both growth rate and adult body
weight (fig.5) [Crews et al., 1993). Females from a male-
biased incubation temperature (32.5 °C) grow larger than
do females from a female-biased incubation temperature
(30 °C), indeed as large and as rapidly as 30 °C males (fig. 5,
top). In mammals, castration carly in life attenuates growth,
whereas ovariectomy has no effect [Wade, 1976]. However, if
the ovaries are removed from female leopard geckos from
26°C incubation conditions on the day of hatching, they will
grow as would a male from a 32.5°C incubation temperature.
The fundamental importance of temperature is seen best in
individuals that receive hormone treatment during embry-

onicdevelopment. Asinother TSD reptiles, administration of
estrogen to the egg insures female development [Bull et al..
1988]. Suchestrogen-determined females growasrapidlyasdo
malesfromthe sameincubation temperature (fig. 5, bottom).

Incubationtempcraturealsomodiﬁesmeendom'inephys-
iologyotfadultleopardgeckos. Aswould beexpected, thereis
adifferencein the nature and pattern of concentrations ofsex
steroids between the sexes. Among females, androgenlevels
are significantly higher, and estrogen levels significantly
lower, in individuals incubated at male-biased incubation
temperatures compared to individuals from a female-biased
incubation temperature [Gutzke and Crews, 1988]. Males
from a female-biased incubation temperature have signif-
icantly higher levels of estrogen than males from a male-bi-
asedincubation temperature [Tousignant and Crews,1992].

In sexually differentiated species, does maleness devel-
op independently of femaleness (and vice versa)? The
Organizational Concept regards the female as the neutral
or default sex and the male as the organizing sex (that is, if
you are not male, you are a female), and maleness and
femaleness as separate and independent dimensions resjd-
ing within each individual. However, even in GSD species
genetic males naturally tend to be masculinized and de-
feminized, which contradicts this premise of the indepen-
dence of sex-typical mechanisms. On the basis of evolu-
tionary theory, Jim Bull predicted that a mutation that is
beneficial to one sex may be harmful to the opposite sex.
William Rice recently has demonstrated in empirical stud-
les that this indeed occurs in fruitflies [Rice, 1992]. This
raises the question of whether, in the brain, specificaily in
the neuroendocrine events that underlie the expression of
sex-typical displays, one mechanism (e.g., that controlling
male-typical behaviors or physiology) interferes with the
adaptive evolution of another mechanism (e.g., that con-
trolling female-typical behaviors or physiology)?

The sexual behaviors of individual geckos from different
incubation temperatures also vary. In this species, attrac-
tivity, the ability of a stimulus animal to elicit high-intensity
courtship from a male, is a female-typical trait. Aggression
toward another individual is a male-typical trait. Females
from a low all-female producing incubation temperature
(26 °C) are highly attractive to males, readily exhibit recep-
tivity when courted, and show no evidence of aggression
toward either male or female stimulus animais. Aggression
begins to be exhibited by females from higher incubation
temperatures, with females from male-biased temperatures
(32.5 °C) being the most aggressive [Flores et al., 1992),
Further, females from higher incubation temperatures
(30.0and 32.5 °C) are significantly less attractive than 26 °C
females, with those from 32.5 °C being the least attractive.
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Taken together these results suggest that both temper-
ature and internal secretions interact in the development of
sexual dimorphisms. The development of sexuality in the
leopard gecko thus may fit a unidimensional model of the
differentiation of sexual behavior rather than the orthogo-
nal model that has proven so useful with GSD species.
These results also show how both prenatal environmental
and endocrine factors can serve to organize the adult phe-
notype. In the leopard gecko a hierarchy of controls exist in
the sexual differentiation process, with incubation temper-
ature being of primary importance and gonadal steroids of
secondary importance.

Bull [1980] proposed that sex determining mechanisms
such as TSD are an evolutionary precursor to GSD mech-
anisms. If true, there should be remnants of TSD-like
mechanisms in GSD species, even though homeotherms
are buffered from changes in temperature. That is, even in
mammals, temperature may be capable of modulating the
organizing action of steroid hormones. We tend to think

that young mammals and birds develop under constant
conditions. However, it is important to realize that even in
mammals, temperatures vary both within individuals (e.g.,
diurnal variation; pregnant vs. non-pregnant states) and
between individuals (e.g., individual differences). Several
laboratories, notably those of Satinoff [1991] and Williams
[1991], find that by altering the temperature slightly the
behavioral capabilities of rat pups are dramatically af-
fected. This finding that temperature can play such an im-
portant role is significant, for it appears that temperature
may be an important but overlooked variable in sexual dif-
ferentiation in GSD species.

The Role of the Brain in Sex Determination
In behavior-dependent sex determination (BSD), an

individual’s perception of the social environment ultimate-
ly changes its gonadal sex (fig.1, bottom panel). What
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mechanism could underlie this transformation? The almost
immediate change in behavior following either spawning
(in a simultaneous hermaphrodite) or the removal of the
suppressing fish (in a sequential hermaphrodite) means
that the brain must be centrally involved in the process of
sex-change. Davis and Fernald [1990] demonstrated that in
a gonochoristic African cichlid fish neurons containing
gonadatropin-releasing hormone {GnRH}) in the preoptic
arca of males change in size according to the individual’s
status (territorial vs. nonterritorial} [see Francis, 1992, for
review|. These same populations of GnRH cells occur in
hermaphroditic fish [Grober and Bass, 1991; Grober et al.,
1991]. These neurons in turn might synapse on other hypo-
thalamic neurons projecting to the gonad.

In all vertebrates, including hermaphroditic fish, there
are afferent and efferent neural connections between the
gonad and hypothalamus. Denervation of the gonad leads
to gonadal atrophy [Burden and Lawrence, 1977; Gerendai
et al., 1978; Lipner, 1988], and changes in the gonad are
paralleled by changes in neurochemistry in discrete hypo-
thalamic arcas [Subhedar and Alandikar, 1982; Subhedar
et al., 1987; Jones et al., 1990; Lara et al., 1990; Subhedar
and Rama Krishna, 1990]. The efferent nerves terminate
on steroidogenic cells in the gonad [Baumgarten and Hol-
stein, 1968; Gresik, 1973; Unsicker, 1973; Jones et al., 1990;
Lara et al., 1990] and electrical stimulation of appropriate
hypothalamic areas can either increase or decrease gonadal
steroid secretion [Kawakami et al., 1981; Damber, 1990].
Further, electrical stimulation in different and specific hypo-
thalamic areas results in sperm or egg release in a simultane-
ous hermaphroditic sea bass [Demski, 1987]. Finally, go-
nadal afferents have been found to dictate sexual behavior
in both males and females [Crews, 1978, 1980].

Thus, five facts are now well-established: (i) Sex steroid
hormones will functionally sex-reverse fish, but only over a
prolonged time course. (ii} GnRH-containing cells in the
brain are sensitive to changes in social status. There is (iii)
direct brain-gonad innervation, and some of these nerves
(iv) terminate on steroidogenic cells in the gonad, which
are (v) proximate to the gonial cells. Taken together this
suggests that an individual’s perception of the environment
may act ultimately via these brain-gonad pathways to
mediate the behavioral role adopted (in a simultaneous
hermaphrodite) or the process of sex-change (in a sequen-
tial hermaphrodite).

Neural innervation of primary and secondary sex char-
acters may ultimately account for a variety of other well-
known phenomena. For example, removal of the left ovary
in chickens often results in the vestigial right gonad becom-
ing a functional testis [van Tienhoven, 1961]. The removal

of hormonal suppression is the traditional interpretation
of these results. However, in these studies manipulated
animals were raised together. It is equally plausible that the
social environment of such individuals may determine what
the vestigial gonad will become. That is, a testis may
develop if the individual is housed with gonadally intact
females, or an ovary if the individual is housed with gonad-
ally intact males. Similarly, in male toads there is a rudi-
mentary ovary, attached to the testes, called the Bidder's
organ. Removal of the testes in male toads causes the Bid-
der’s organ to become a functional ovary [Noble, 1954]. Tt
is assumed that testicular androgens suppress Bidder's
organ and prevent it from becoming a functional ovary.
However, the necessary castration-hormone replacement
studies have not been done, so one cannot discount the
possible role of neural innervation of Bidder's organ to
account for its transformation following castration. Lastly,
neural mediation may be the mechanism by which signif-
icantly female-biased sex ratios are produced. Experimen-
tal tests of these hypotheses would be straight-forward.

Conclusion

Viewing diverse vertebrates as natural experiments
extends and expands our understanding of the sexual dif-
ferentiation process. Alternative model systems can reveal
overlooked phenomena, such as the possibility of proges-
terone being as much a ‘male’ hormone as it is a ‘female’
hormone, the possibility that sexually dimorphic limbic
areas need not be related to sexually dimorphic behaviors,
that temperature may be an important factor in sexual dif-
ferentiation, that the brain may be involved in sex determi-
nation, and how a comparative perspective can open new
areas of investigation.

Atypical animals can also raise new questions about old
answers. [n TSD incubation temperature determines sex in
an all-or-none fashion and each embryo can develop into
cither a male or female. While sexual differentiation
appears similar to that of GSD species, the trigger initiating
the process differs. Thus, prenatal environmental factors
together with steroid hormones influence the development
of sexually dimorphic traits. Is it reasonable to speculate
that the same processes occur in mammals and birds but,
because of homeothermy, are masked? The possibility of a
central role for brain-gonad connections in sex-changing
fish points to the potential for other similar relationships in
behavioral neuroscience. All-female animals exhibiting
bisexual behavior speaks to the retention of male-specific
elements in evolution.
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