
Sex Steroids and Sex Chromosomes at Odds?
Alfred Jost’s proposal in the 1940s (1) that testes are crucial

for the development of the male phenotype, and that without
them the body develops in a female direction, has been
driving research in the field of sexual differentiation for more
than half a century. Although viewing females as the default
outcome may have stunted research on the development of
the female phenotype (2), this idea has inspired research on
sexual differentiation at every level including that of brains
and behavior (see, for example, Refs. 3–5). The more recent
discoveries of genes that direct the differentiation of the
primordial gonad into the testis (6) require reformulating the
theory on the mechanisms of sexual differentiation into ‘Sex
chromosomal genes determine the differentiation of the go-
nads into testes or ovaries; resulting differences in gonadal
secretions cause all other differences.’

The Jost doctrine may not be as generally applicable as first
thought. Several sex differences, for example in bird plum-
age, bird song, and the development of pouch vs. scrotum in
wallabies, are likely to be caused directly by sex chromo-
somal genes and not by differences in gonadal hormones (7).
Recently, we introduced a model system that can distinguish
between direct actions of sex chromosomal complement (XX
vs. XY) and gonadal hormones on sexually dimorphic traits
(8). Female mice with the familiar XX genotype were crossed
with males with an XY� Sry genotype. These mice lacked the
Sry gene on the Y chromosome, which normally directs the
growth of the testis (6), but developed a male phenotype
anyway because they had an Sry transgene inserted on an
autosomal chromosome. The offspring included XX and XY�

mice of either sex depending on whether they inherited the
Sry transgene or not. Comparing XX and XY� mice within
sex (defined on basis of gonad) revealed a number of dif-
ferences that appear to be caused directly by differences in
sex chromosomal complement (8, 9).

Finding sex differences that are directly influenced by sex
chromosomal complement, however, may only require sub-
tle rewording of the Jost doctrine into ‘Sex chromosomal
genes determine the differentiation of the gonads and a select
few extragonadal features. Differences in gonadal secretions
during development and in adulthood cause the bulk of all
remaining sex differences.’ Stated this way, the doctrine may
send the subliminal messages that gonadal hormones and
sex chromosomal genes are partners in sexual differentiation
and that an XY genotype and a male pattern of gonadal
hormone release would tend to masculinize sexually dimor-
phic features. The paper by Palaszynski et al. (10) in this issue
of Endocrinology suggests, however, that XY genotype and
testosterone may, in some cases, antagonize each other’s
action as well.

Palaszynski et al. (10) studied the effects of the autoanti-

gens myelin basic protein and proteolipid protein on the
immune response in mice. These proteins have been linked
to multiple sclerosis in humans, which is more common in
females than in males (11). Likewise, these antigens cause a
stronger immune response in female than in male mice (12–
14). This sex difference has been attributed to an immuno-
suppressive effect of circulating testosterone, because go-
nadectomy decreases this sex difference, mainly by
increasing the response in males (14). Palaszynski et al. (10)
hypothesized that residual sex differences are either caused
by actions of gonadal hormones before gonadectomy or by
direct effects of sex chromosomal genes. To test the latter
theory, the authors used the same cross of mice as described
above. They found that female mice showed a stronger im-
mune response than male mice, irrespective of genotype.
Much to their surprise, however, gonadectomized mice
showed a stronger immune response in XY� than in XX
animals, irrespective of gonadal sex. This shows that,
whereas testosterone suppresses the immune response, the
XY� complement stimulates it. The authors suggest that this
antagonism may be the result of “evolution of a compensa-
tory relationship between the two, serving to decrease im-
mune response differences between females and males in
situations in which extreme differences might be maladap-
tive.” They also suggest that in other mouse strains this
compensation may be so effective as to make sex differences
in immune response disappear.

This idea is wonderfully counterintuitive. In many fields
of biology, we tend to associate physiological and anatomical
differences with differences in physiological and behavioral
endpoints. Vice versa, if physiological and behavioral end-
points do not differ, we are not inclined to look for differ-
ences in the mechanisms underlying these endpoints. Sex
differences at one or another level in the mechanisms un-
derlying any physiological or behavioral endpoint, however,
may be the norm, not the exception. This is certainly true at
the chromosomal level. Every cell in our bodies treats X
chromosomes differently, depending on whether we are
male or female. In mammals, cells in females show X inac-
tivation, the silencing of most genes on one of the two X
chromosomes; cells in male bodies do not (presuming that
the corresponding genotypes were XX and XY, respectively)
(15). We have no trouble accepting X inactivation as a com-
pensatory mechanism, meant to ensure that X chromosomal
genes, many of which serve basic household functions of
cells, are expressed at roughly the same rate in males as in
females (15). The extra effort needed to inactivate one of the
two X chromosomes is, presumably, the price we pay for the
evolution of two sexes. Clearly, differential expression of
genes on the XX and XY chromosomes is necessary to gen-
erate male and female genotype. But for all we know, much
of this differential expression is restricted to only a few tis-
sues at rather restricted periods of our life. In mice, for
example, expression of the Sry gene is needed for only half
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a day (embryonic d 11–11.5), in only one cell type, Sertoli
cells, to set in motion the cascade of events that leads to the
male phenotype (16, 17). In contrast, X inactivation has to
take place in all cells of the female body, throughout life, in
any tissue, sexually dimorphic or not (15).

Compensatory processes, meant to counter undesired side
effects of sexual differentiation, may take place again and
again, in developing as well as in adult animals, from the
molecular to the macroscopic level. Brains may be a treasure
trove for finding such compensatory processes, especially
because neural circuits often serve more than one function,
some dimorphic, others not. Indeed, one can find sex dif-
ferences that cause sex differences in some functions while
preventing them in others. For example, higher levels of the
neuropeptide vasopressin in male brains may cause sex dif-
ferences in aggressive behavior while preventing them in
social recognition memory and parental behavior (18, 19).

These potential compensatory processes force us to re-
think how genes and hormones may interact either to dif-
ferentiate bodies or keep differentiation restricted to essential
systems. The cross of mice used by Palaszynski et al. (10) and
described in Ref. 8 provides a powerful tool to test this
interaction. This is illustrated in Fig. 1, which shows the

results of a hypothetical experiment in which a parameter is
compared in males and females with a normal XX and XY
genotype and in males and females in which sex chromo-
somal complement is manipulated so that males have XX and
females XY chromosomes (XX Sry males and XY� females).
The bars on the left (natural state) show three possible sce-
narios in which the parameter is either larger in males than
in females (M � F), larger in females than in males (M � F),
or does not differ in males and females with normal sex
chromosomes (M � F). The bars to the right show how these
parameters could differ in mice with reversed sex chromo-
somal complement if testosterone and the XY genotype an-
tagonize each other’s action. Under those circumstances,
such antagonism may either enhance or eliminate normally
occurring sex differences depending on the direction of the
antagonism (either testosterone or the XY complement mas-
culinizes the parameter). Likewise, such antagonism may
induce differences in traits where they did not exist before
because the antagonizing action does not occur in the same
animal. Figure 1 does not illustrate all possible permutations.
For example, it does not take into account possible interac-
tions of gonadal hormones in females with differential im-
printing of the X chromosome or dosage differences of X
chromosomal genes that escape X inactivation, both of which
may influence sex differences as well (20). With all possible
permutations, this becomes a very complex situation indeed.
Neglecting the possibility of direct interactions between sex
chromosomal genes and gonadal hormones may come with
a high price, however, because it may mask potential expla-
nations as to what causes sex differences in human pathol-
ogy. The paper of Palaszynski et al. (10) demonstrates that
interactions between gonadal hormones and sex chromo-
somal complement certainly deserve to be studied in the field
of autoimmune disease. It would be surprising if this phe-
nomenon were restricted to the field of immunology.
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