circulate in the peripheral blood (/2). It
is conceivable, therefore, that the knobs
of P. falciparum contain several compo-
nents, only one of which is required for
attachment.

The knobs of P. falciparum were
shown previously to be antigenic (/3).
Using the assay system described here
we have recently identified a serum from
an immune Aotus monkey (/4) that abol-
ishes attachment. It should therefore be
possible to identify the adhesive compo-
nent, or components, on the infected
erythrocyte membrane and to investigate
its immunogenic potential.
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Female Feathering in Sebright Cocks Is Due to

Conversion of Testosterone to Estradiol in Skin

Abstract. Sebright cocks develop a female feathering pattern but revert to normal
male feathering after castration. Administration of testosterone to castrated cocks
causes male comb development and reappearance of female feathering. Dihydrotes-
tosterone treatment supports development of a male comb but does not induce
female feathering. Since testosterone but not dihydrotestosterone is converted to
estradiol in the skin of the Sebright, the female feathering appears to be the result of
increased conversion of testosterone to estradiol.

In most chickens a profound differ-
ence in plumage develops between males
and females at the time of sexual matura-
tion. In the male the feathers of the neck,
cape, back, and saddle are deeply
fringed because of an absence of bar-
bules on the ends of the feather barbs,
and the feathers of the tail and neck
hackle are long and curved. In the female
most feathers have a solid vane with less
fringing, and the feathers of the tail are
short and stand erect. Development of
the female feathering pattern is the result
of a positive effect of estrogen, whereas
formation of male plumage is indepen-
dent of the action of gonadal hormones
(male plumage develops in males and
females after castration) (/).

In breeds carrying the henny-feather-
ing trait, such as the Sebright bantam
and Campine, plumage is identical in the
two sexes and resembles that of the
females of other breeds (2). Castration of
such chickens causes the female feather-
ing to revert to normal male plumage (3),
and treatment of castrated males with
testosterone causes a return of the fe-
male feathering (4). Transplantation of
the testis from the Sebright cock to the
castrated Leghorn chicken results in de-
velopment of a male comb but does not
alter normal male feathering in the Leg-
horn, implying that the testis of the Se-
bright produces normal male hormones
(5). Danforth and colleagues (6) showed
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that when skin is transplanted from Se-
bright or Campine cocks to normal
males, female feathering persists in the
transplanted skin whereas feathering is
always of the donor type in transplants
of skin from normal males to males with
the henny-feathering trait. Therefore,
the defect must reside in the skin itself
and is apparently due to the fact that
testosterone acts aberrantly as an estro-'
gen in the skin of birds with this trait.
This could occur by either of two mecha-
nisms. Androgen could act directly as an
estrogen or could be converted to estro-
gen in increased amounts.

The conversion of androgen to estro-
gen in peripheral tissues such as skin is a
significant source of estrogen formation
in humans (7), and we recently reported
that estrogen formation is markedly in-
creased in slices of skin and skin appen-
dages (8) and in fibroblasts cultured from
the skin of Sebright and Campine birds
(9). Consequently, we proposed that this
increased estrogen synthesis causes fe-
male feathering in males with the trait. If
this thesis is correct, injecting the cas-
trated Sebright cock with androgens that
can be converted to estrogens (such as
testosterone) should induce female
feathering, whereas androgens that can-
not be converted to estrogens (andro-
gens with Sa-reduced A rings, such as
dihydrotestosterone) should virilize the
male secondary sex characteristics in-

Fig. 1. Individual neck hackle feathers from Sebright bantam chickens subjected to various
hormonal regimens for 3 months. (A) Intact male; (B) intact female; (C) castrated male treated
with 0.1 ml of triolein per day; (D) castrated male treated with 100 pg of estradiol per day; (E)
castrated male treated with 1 mg of dihydrotestosterone per day; (F) castrated male treated with
1 mg of testosterone per day; (G) castrated male treated with dihydrotestosterone (1 mg/day)
plus estradiol (100 pg/day); (H) castrated male treated with testosterone (1 mg/day) plus
estradiol (100 pg/day). Each dose was injected in 0.1 ml of triolein into the breast muscle.
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cluding comb and wattle but should not
alter the male feathering pattern.
Previous studies addressing this issue
have yielded conflicting results. Callow
and i’arkes (10) and Deanesly and Parkes

(11) reported that the administration of
androsterone or Sa-androstane-3a, 178-
diol [weak, Sa-reduced androgens that
can be converted to dihydrotestosterone
in vivo (12)] resulted in maintenance of

Table 1. Summary of the effects of estradiol, dihydrotestosterone, and testosterone on
phenotypic development of comb and feathers in the Sebright bantam chicken.

Phenotype
Castra-
. Ho! ther.

Sex tion rmone apy Comb Feathers
Male No None Male Female
Female No None Female Female
Male Yes None Female Male
Male Yes Estradiol Female Female
Male Yes Dihydrotestosterone Male Male
Male Yes Testosterone Male Female
Male Yes Dihydrotestosterone plus estradiol Male Female
Male Yes Testosterone plus estradiol Male Female

Fig. 2. Intact male and female and castrated male Sebright bantam chickens subjected to
various hormonal regimens for 3 months. Identifications are given in the legend to Fig. 1.
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male feathering whereas testosterone in-
duced female feathering—a finding in
keeping with the concept that testoster-
one acts to feminize by serving as a
precursor for estrogen synthesis. How-
ever, Koch (13), unable to confirm these
findings, reported that androsterone
treatment resulted in female feathering in
the castrated Sebright cock, suggesting
that androgens have direct estrogenic
actions in this breed.

We therefore compared the effects of
3 months of treatment with testosterone
or dihydrotestosterone on feathering and
comb development in silver Sebright
cocks (Halbach Poultry Farm, Water-
ford, Wisconsin) castrated at 2 weeks of
age. Dihydrotestosterone and testoster-
one were chosen for this comparison for
two reasons. Testosterone is the princi-
pal androgen secreted by the testis; it
can act directly as an androgen or be
reduced to dihydrotestosterone, a potent
intracellular androgen in many tissues.
Alternatively, testosterone can be con-
verted to estrogen in peripheral tissues
(14). Thus the effects of testosterone are
both androgenic and estrogenic actions.
In contrast, dihydrotestosterone cannot
be converted to estrogen (15) and acts in
the intact animal only as an androgen
(14).

The feathers of the neck hackle are
similar in size and configuration in the
intact male (Fig. 1A) and female (Fig.
1B) and in the castrated male treated
with either estradiol (Fig. 1D) or testos-
terone (Fig. 1F). In contrast, the neck
feathers in the castrated male (Fig. 1C)
and the castrated male treated with dihy-
drotestosterone (Fig. 1E) are long and
more widely fringed, like those in normal
male chickens (/).

The differences in the effects of testos-
terone and dihydrotestosterone on tail
feather development are equally striking.
In the intact Sebright male (Fig. 2A) and
female (Fig. 2B) and in the castrated
male treated with estradiol (Fig. 2D) or
testosterone (Fig. 2F), the tail feathers
are short and stand upright. In the cas-
trated male (Fig. 2C) and in the castrated
male treated with dihydrotestosterone
(Fig. 2E), some tail feathers are long and
curved, giving the tail a male configura-
tion. In contrast to the divergent effects
of testosterone and dihydrotestosterone
on feathering, both androgens promoted
development of the comb and wattle
(Fig. 2, E and F). Comb development in
the castrated control (Fig 2C) was similar
to that in the intact female (Fig. 2B) and
in the castrated male given estradiol
(Fig. 2D). These findings are in keeping
with the view that the henny-feathering
trait is caused by the conversion of tes-
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tosterone to estrogen in the skin of af-
fected birds.

The effects of combinations of andro-
gen and estrogen on feathering were also
compared. Henny feathering was as
striking in castrated birds treated with
either estradiol plus dihydrotestosterone
or testosterone plus estradiol (Figs. 1, G
and H, and 2, G and H) as in birds
treated with estradiol or testosterone
alone, The effects of the hormonal regi-
mens on feather and comb development
are summarized in Table 1.

Since dihydrotestosterone, which can-
not be converted to estrogen, supports
the development of a male comb but
does not cause female feathering in the
castrated Sebright male, and since treat-
ment with dihydrotestosterone does not
interfere with estrogen-induced femini-
zation of feathers, we conclude that in-
creased conversion of testosterone to
estrogen in skin (8, 9) is the cause of
female feathering in Sebright and Cam-
pine cocks. These results not only ex-
plain the phenomenon of female feather-
ing in these chickens but also resolve the
uncertainty about the endocrinology of
the Sebright male in that they confirm
prior reports that Sa-reduced androgens
allow male feathering in the castrated
male Sebright (10, 11). The failure of
Koch (13) to demonstrate male feather-
ing after administration of Sa-reduced
androgens to castrated Sebright cocks
might be due to regeneration of testicular
tissue from retained remnants, which is
common in male birds after castratlon
(16).

Analysis of other mutations that alter
the metabolism of steroid hormones in
peripheral tissues, such as steroid Sa-
reductase deficiency, has provided valy-
able insight into the molecular mecha-
nisms by which the hormones normally
act within cells and into the pathophysi-
ology that results from the aberrant
metabolism (/7). Elucidation of the mo-
lecular mechanisms responsible for in-
creased estrogen synthesis in birds with
the henny-feathering trait may provide
insight into the regulation of estrogen
formation in peripheral tissues in normal
individuals and in humans with increased
estrogen synthesis in peripheral tissues
(18).

The development of the henny-feather-
ing trait in these chickens is different
than that in some other birds. In the
pigeon, guinea fowl, orange weaver,
song sparrow, and snipe, for example,
feathering in the male and female is
similar and resembles that of females of
other species, but in these birds henny
feathering persists in both sexes follow-
ing bilateral castration (). In such spe-
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cies, female feathering in males must be
due to some mechanism other than the
conversion of testicular androgens to es-
trogens in skin.
FREDRICK W. GEORGE

JANET F. NOBLE

JEAN D. WiLsON
Department of Internal Medicine,
University of Texas Southwestern
Medical School, Dallas 75235
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Copper Deficiency Suppresses the Immune Response of Mice

Abstract. Mice fed a purified diet low in copper display anemia, hypoceruloplas-
minemia, depressed concentrations of liver copper, and elevated concentrations of
liver iron. An impaired humoral-mediated immune response (decreased numbers of
antibody-producing cells) is observed in mice with severe as well as marginal copper
deficiency. The magnitude of this impairment is highly correlated with the degree of
functional copper deficiency (hypoceruloplasminemia).

Nutrition plays an essential role in
immunologic function. Malnutrition due

to deficiencies of protein, calories, vita-

mins, or trace elements leads to impair-
ment of both humoral immunity (anti-
bady production) and cell-mediated im-
munity ().

In 1968 Newberne et al. (2) reported
increased mortality in copper-deficient
rats exposed to Salmonella typhimur-
ium. Recurrent pulmonary and urinary
tract infections are common in most in-
fants with Menkes syndrome, a genetic
disorder resulting in copper deficiency
(3). In this lethal syndrome, death is
most often caused by bronchopneumo-
nia. Copper deficiency in humans, al-
though rare, is accompanied by bacterial
infections (Escherichia coli, Staphylo-
coccus aureus), diarrhea, and broncho-
pneumonia (4). Since copper is required
for a variety of metabolic functions, its
deficiency leads to many pathophys-
iological expressions besides infection.

We investigated the possibility that
copper, like certain other trace elements,
is necessary for immunocompetence,
Since dietary copper deficiency had not
been studied in mice, our initial experi-
ments were designed to establish an ap-
propriate model. Our plan was to pro-
duce animals with less than normal cop-

per stores by feeding C58 mice a purified
diet low in copper and then to expose
them to a foreign antigen (sheep erythro-
cytes) to evaluate their antibody-produc-
ing capabilities by the Jerne-Nordin
plagque technique (5). Several prelimi-
nary studies were conducted (6), after
which we selected a method that allowed
the greatest survival of animals and pro-
duced animals exhibiting a full range of
deficiency signs. All mice were fed a
purified diet low in copper from the time
of parturition. Control animals were sup-
plemented with CuSQy in their drinking
water. The latter were indistinguishable
in terms of a variety of biochemical and
immunologic parameters, from mice
raised by dams fed a nonpurified diet
containing adequate copper. The re-
sponse to our dietary treatment was
quite variable. Therefore, for compara-
tive purposes, the copper-deficient mice
were divided into two groups based on
residual levels of the copper-dependent
enzyme ceruloplasmin: mice with activi-
ties below 3 Ulliter (—Cu,) and mice with
activities above 3 Ulliter (—Cu,). The
variability may have been due to the fact
that our purified diet was not entirely
devoid of copper and thus was probably
sufficient for some mice in a phase of
slow growth.
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