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Neuroanatomical Correlates of Hormone Sensitive Behaviors
in Frogs and Birds
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SYNOPSIS. In this paper I review some aspects of neural and endocrine interactions in the
control of reproductive behaviors of frogs and song birds. In Xmopus laevis, we have shown
that castration will eliminate a male sex behavior, clasping, and that this behavior can be
restored by the administration of exogenous testosterone or dihydrotestosterone but not
by estradiol. This difference in hormone action is paralleled by differences in the locations
of androgen and estrogen concentrating cells in the CNS ofXenopm. Certain brain regions
contain autoradiographically demonstrable labelled cells only after the administration of
tritiated testosterone; others only after estradiol injection. The possibility that label in a
third group of nuclei, which contain radioactive steroid after either hormone, is due to
metabolism of testosterone to estradiol is discussed. Studies in other anuran species have
demonstrated that regions of hormone uptake are also involved in neural control of frog
sex behavior. The song of oscine birds represents another hormone sensitive reproductive
behavior whose neural control is probably inlluenced by the activity of hormone concen-
trating CNS cells. Some of the brain nuclei which comprise the efferent pathway for
control of song in the canary have been shown to concentrate tritiated androgen in
autoradiographic studies on song birds. The uptake of androgens by medullary motor
neurons involved in the control of reproductively important vocalizations is common to
anurans and oscine song birds. Whether this feature of hormone action on the CNS
represents a special feature of the frog and bird brain or whether the phenomenon may
also be present in other vertebrate groups awaits further investigation.

INTRODUCTION

The study of the neural substrates for
reproductive behaviors is facilitated by the
role of the steroid hormones in modulat-
ing sexual activity. We can study the hor-
monal modulation of sexual behavior by
observing the effects of exogenously ad-
ministered primary sex hormones and
their metabolites on gonadectomized
adults. In addition, sex hormones play
important roles in the development of re-
productive behaviors. Many of the effects
of exogenously administered steroids on
behavior can be traced to their action on
the central nervous system. Autoradiog-
raphic techniques enable us to localize
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steroid-concentrating cells to discrete CNS
nuclei and thus provide a powerful indi-
cator of brain regions which may be in-
volved in hormone-sensitive behavioral
regulation.

The usual experimental subject for in-
vestigations of hormone-brain-behavior in-
teractions has been a mammal—typically
the laboratory rat. Due in part to the
complicated interactions of hormone ef-
fects in development with effects in adult-
hood, untangling the neurally mediated
actions of different sex steroids on be-
havior has been difficult. The field of be-
havioral neuroendocrinology has seen a
recent, rapid expansion in the phylogene-
tic diversity of animal subjects for'these
investigations. Significant advances have
been made in studies on reptiles (turtles
and lizards), amphibians (frogs) and birds.
Results of studies on reptilian species are
reviewed elsewhere in this symposium (see
chapters by Morrell and Pfaff, and Callard
el al., this symposium). The present review
will cover the neuroanatomical correlates
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478 DARCY B. KELLEY

of hormone sensitive reproductive be-
haviors in some frogs and birds.

HORMONE EFFECTS ON REPRODUCTIVE
BEHAVIORS AND THE CNS OF FROGS

The reproductive behaviors of most ver-
tebrate species are hormone sensitive.
Gonadectomy abolishes sex behaviors;
these behaviors can be restored by
exogenous administration of steroid hor-
mones, alone or in combination (see Kelley
and Pfaff, 1978 for an extensive review).
As a broad generalization, sex behaviors
eliminated by castration in males can be
restored by exogenous administration of
testosterone. Ovariectomy usually reduces
female sex behaviors. Estradiol (alone or in
combination with progesterone) will
reinstate receptive behaviors.

The type of sex behavior that is affected
by castration (e.g., courtship or copulatory)
and the hormones that will restore specific
behaviors show interesting variations when
we examine different species. Certain ele-
ments of a reproductive sequence may be
insensitive to hormones. The recent obser-
vation that female receptive behaviors of
the Asian musk shrew are not abolished by
ovariectomy (Dryden and Anderson, 1977)
represents an extreme variant of this in-
sensitivity. In rats, evidence suggests that
the behavioral effects of testosterone are
due to metabolism to estradiol and to di-
hydrotestosterone (DHT) (see review ,by
Kelley and Pfaff, 1978); the relative impor-
tance of central vs. peripheral sites of ac-
tion is currently being debated.

Whether estradiol and DHT play an
important role in the sex behavior of other
mammals is not clear. Recent findings on
aromatase in the turtle brain (Callard et al.,
1977) and the metabolism of testosterone
to estradiol in frog brain (Kelley et al.,
1978) suggest that aromatization may play
a role in CNS mediation of sex behavior or
of other neuroendocrine functions in
non-mammalian vertebrates.

Hormone control of sex behavior in anurans

The administration of exogenous
gonadotropins to intact male frogs will

result in increased levels of male sexual
behaviors including vocalizations, ap-
proach to the females and clasping (Lofts,
1974; Kelley and Pfaff, 1976). Castration
abolishes these sex behaviors; treatment of
gonadectomized males with gonadotropins
will not restore male reproductive activity
(Palka and Gorbman, 1973; Kelley and
Pfaff, 1976). These findings suggest that
male sex behaviors are modulated by a
testicular factor or factors, release of
which is responsive to gonadotropin stimu-
lation. The most obvious candidates for
this role are the steroid hormones testo-
sterone and/or its metabolites, DHT and
estradiol. Testosterone, DHT and es-
tradiol are present in the sera of male Rana
(D'lstriaetal., 1974; Wadaetal., 1976).

The nature of substances capable of re-
storing male sex behavior to castrated
Rana pipiens is not known. Palka and
Gorbman (1973) tested a variety of steroid
hormones, including testosterone, es-
tradiol and DHT, on castrated male Rana
pipiens—no effect on male sex behavior
was noted. Studies on pituitary stimulated
testosterone levels and concomitant male
sex behaviors by Wada et al. (1976) indi-
cated that although rising levels of andro-
gens are associated with increases in sexual
activity, no particular blood androgen
level, by itself, results in the initiation of
male sex behavior. Paradoxically, this same
group has found that implants of testoster-
one directly into the preoptic area of the
Rana pipiens brain results in activation of
vocalizations (Wada and Gorbman, 19776).
These data have led Gorbman to suggest
that a second testicular factor may be re-
quired in Rana pipiens in order for the
testosterone to be translocated from the
peripheral circulation to the brain.

InXenopus laevis, the hormonal control of
male sex behavior appears to be more
orthodox (that is to say, it resembles the
usual vertebrate pattern more closely than
does Rana). Intact, male Xenopus are sensi-
tive to human chorionic gonadotropin.
Within hours after an injection into the
dorsal lymph sac, they will vocalize and
attempt to clasp females. Castrated male
Xenopus laevis lose this response to
gonadotropin (Kelley and Pfaff, 1976).
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NEURAL SUBSTRATES FOR SEX BEHAVIORS 479

After receiving implants ot testosterone or
DHT into the dorsal lymph sac, clasping
behavior is restored to castrated male
Xenopus. Under the test conditions of our
study (Kelley and Pfaff, 1976), the restora-
tion of sex behavior by these two andro-
gens appeared equivalent (see Fig. 1).

We tested the ability of estradiol, at a
number of different dose levels, to restore
male sex behavior to castrates. At no dose
level tested was any male sex behavior
seen. This lack of response to estradiol
argues that aromatization alone cannot ac-
count for hormonal control of male sex
behavior in this species. We cannot exclude
the possibility that, despite the lack of
response to peripheral estrogen, aromati-
zation may be involved in the CNS actions
of testosterone. However, in other species
capable of metabolizing testosterone to es-
tradiol within the CNS, peripheral estro-
gen is also effective in restoring male sex
behavior to castrates.

The administration of testosterone to
female castrates also results in the appear-
ance of male sex behaviors, calling and
clasping. The male sex behaviors exhibited
by these females appear, under the testing
paradigm used, to be indistinguishable
from those seen in males (Kelley and Pfaff,
1976). The ability of females to show high

levels of sex behavior may be related to the
fact that larval females can be induced to
undergo complete sex reversal. These sex
reversed females are capable of fertilizing
eggs with their own sperm and producing
viable offspring (Mikamo and Witchi,
1964).

Neural substrates for reproductive behavior in
anurans

Of the various components of the sex
behavior of frogs, two (clasping and mate
calling) have received the most attention.
We do not yet have a complete picture of
the neural elements involved in clasping of
the receptive female by the male and re-
lease at the end of oviposition. After plac-
ing lesions in the frog (Rana pipiens) CNS,
Aronson and Noble (1945) concluded that
the preoptic area is involved in approach
of the male to the estrous female and
release after spawning. The role of the
preoptic area in approach and subsequent
clasping has been confirmed by Schmidt
(1968) in R. pipiens and other anuran
species. In Bufo americanus (Schmidt,
1974), a brain region near the entopedun-
cular nuclei functions in clasp facilitation.
Several authors have also identified vari-
ous brain regions which appear to inhibit

o
c

1i
° w
k- d>

£ Z
E « 2

— Q.

a </>
H 75

Pre-Post- Testosterone

Male no. 3 6

cast

\

cast pellet

\

Post
testosterone

removal

Estrodiol
pellet

Post
Est.
rem.

DHT pellet Post
DHT
rem.

V

FIG. 1. Summary of hormone effects on clasping of an
individual male Xenopus laevis. Each test-sequence
consisted of a three hour observation period on each
of three successive days with a gonadotropin primed
female. When intact, the gonadotropin injected male
displayed high levels of clasping (long clasps are
those 5= 20 min in duration). Following castration,

gonadotropin was ineffective in restoring clasping.
Male sex behavior was reinstated by implants of
testosterone or of dihydrotestosterone pellets into the
dorsal lymph sac. Estradiol was not effective in the
restoration of clasping. (Figure from Kelley and Pfaff,
1976)
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the clasp response (these regions appear to
be located in the sub-cerebellar tegmen-
tum for Bufo and also for Xenopus laevis:
Schmidt, 1972; Hutchison, 1964). Release
of the female appears to be controlled
separately; the data suggest that release
should not just be regarded as cessation of
clasping. Small lesions in the torus semicir-
cularis will abolish releasing (Schmidt,
1974). The sensory information effective
in clasp maintenance and release appears
to arise from the inner surface of the
forearms; sensitivity to vibration is impor-
tant in the release after a warning call
uttered by another male (Schmidt, 1974).
Th'ese observations point to some of the
brain regions that may be involved in clasp-
ing and releasing; we cannot yet construct
a picture of the entire neural pathway.

The study of brain regions involved in a
second male sex behavior, mate calling, is
more advanced. By selective stimulation
and lesion of various brain regions,
Schmidt has identified a number of brain
areas involved and has constructed a pre-
liminary model of the neural pathways
(Schmidt, 1974). The effector organ for
mate calling is the larynx; activity of
laryngeal muscles is controlled by efferents
from cranial nerve nucleus IX-X. The
motor neurons of this nucleus are inner-
vated by a tegmental brain region which
Schmidt has identified as the "vocal phase
pulse generator" for calling. This tegmen-
tal brain nucleus is presumed to be acti-
vated by the preoptic area since electrical
stimulation of the POA and the ventral
infundibular area will evoke mate calling.
More recent studies (Wada and Gorbman,
1977a) in chronic preparations have
confirmed the importance of the preoptic
area as the region with the lowest
threshold from which mate calls could be
electrically stimulated in freely moving
preparations.

In one of the rare studies on female sex
behavior, Schmidt (1969), found that the
ventral preoptic area is essential for female
orientation to male mate calling around
the time of ovulation. The central role of
the preoptic area in anuran reproductive
behavior and the large number of hor-
mone concentrating cells found in this

region (see following section and Kelley et
al., 1975; Morrell<?*«/., 19756; Kelley etal.,
1978) has prompted me to investigate its
neuroanatomical connections. Following
small lesions of the ventral aspect of the
anterior preoptic area in Xenopus laevis,

FIG. 2. Argyrophilic degeneration resulting from an
electrolytic lesion of the ventral APOA. Survival time
was 5 clays. The lesion, shown in the upper part of the
figure, included the APOA on both sides of the brain;
only degeneration on one side has been indicated. At
the lesion site, degenerating fibers (coarse stipple) just
lateral to the APOA are seen. A small "preterminal
field" dorsal to the medial septal nucleus is apparent.
More caudal, a dense "pre-terminal field" occupies
the neuropil just lateral to the ventral infundibular
nucleus (lower drawing). Abbreviations: APOA, an-
terior preoptic area; MS, medial septal nucleus; ST,
striatum; VIX, ventral infundibular nucleus; TH,
thalamus.
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NEURAL SUBSTRATES FOR SEX BEHAVIORS 481

preliminary results indicate that degenera-
tion can be traced rostrally into the septum
and caudally into the neuropil immediately
lateral to the ventral infundibular nucleus
(Fig. 2). The ventral infundibular nucleus
functions in gonadotropin release (see
paper by Goos, this symposium), is a hor-
mone concentrating area and is a region
from which electrical stimulation will pro-
duce mate calling in other anuran species.
Efferent connections from the APOA may
be involved in reproductively important
neural pathways in anurans.

Sex hormone localization in the anuran brain

The use of autoradiographic techniques
in conjunction with the administration of
tritiated sex hormones enables us to

localize steroid concentrating cells in the
CNS. We have administered tritiated tes-
tosterone and estradiol to male and female
Xenopus laevis (Kelley etal., 1975; Morrelle/
al., 19756) and to Rana pipiens (Kelley
et al., 1978). A general description of our
autoradiographic methods may be found
elsewhere in this symposium (Morrell and
Pfaff, this symposium); the reader is also
referred to the above publications for de-
tails. After the administration of tritiated
testosterone or estradiol, labelled cells are
reliably found in certain discrete nuclei of
the anuran CNS. A photomicrograph of
an autoradiogram showing labelled cells in
the anterior preoptic area of Xenopus laevis
after tritiated estradiol injection is shown
in Figure 3.

In Xenopus laevis, certain brain nuclei

FIG. 3. Photomicrograph of an autoradiogram de-
pitting labelled cells in the anterior preoptic area of
Xenopus laevis following administration of tritiated
estradiol. Post-injection survival was two hours. The
autoradiogram was exposed for nine months, de-

veloped and counter stained with cresyl violet acetate.
Many heavily labelled cells surrounding the preoptic
recess of the third ventricle are seen. Magnification
approx. x 650.
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482 DARCYB. KELLEY

contain labelled cells only after testoster-
one administration whereas others are
only labelled following tritiated estradiol
administration. "Testosterone only" nuclei
include a sub-cerebellar tegmental nucleus
which we have named the dorsal tegmental
area of the medulla (DTAM) and the
motor nucleus of cranial nerves IX-X. "Es-
tradiol only" nuclei include a septo-
striato-amygdalo region in the forebrain,

the ventral thalamic nucleus and the lami-
nar nucleus of the torus semicircularis.
The APOA and the VIN contain labelled
cells after administration of either sex
hormone. Locations of testosterone and
estradiol-concentrating cells in this species
are compared in Figure 4. The locations of
labelled cells are determined by the hor-
mone administered and not by the genetic
sex of the frog. No differences in the

COMPARISON OF TESTOSTERONE AND ESTRADIOL LABELLING

IN XENOPUS LAEVIS BRAIN
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FIG. 4. A lateral view of the frog brain: regions
containing autoradiographically demonstiated
steroid concentrating cells in the brain of Xenopus
laevls are indicated schematically. While the pattern of
labelled cells after testosterone administration differs
from that seen following estradiol injection, male and
female brains do not differ in the topography of
hormone-concentrating sites. Brain areas which con-
tain the largest numbers of labelled cells after either
testosterone or estradiol injection are the anterior

preoptic area (APOA) and the ventral infundibular
nucleus (VIN). After testosterone administration, the
dorsal tegmental area of the medulla (DTAM) and
the motor nucleus of cranial nerves IX-X contain
labelled cells. After estradiol, a telencephalic con-
tinuum (TEL) which includes portions of the ventral
striatum, ventral lateral septum and rostral amygdala,
contains labelled cells as does the ventral thalamus
(VTH) and the laminar nucleus of the torus semicir-
cularis (TOR). (Figure from Kelley and Pfaff, 1978).
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NEURAL SUBSTRATES FOR SEX BEHAVIORS 483

location of androgen or of estrogen con-
centrating cells were found when males
and females were compared.

The overlap in the distribution of testo-
sterone and estradiol concentrating cells
found in the APOA and the VIN suggests
the possibility that testosterone could be
aromatized to estradiol within the cells of
these nuclei. We have examined this possi-
bility in Rana pipiens (Kelley et al., 1978).
After testosterone administration in this
species, labelled cells are found only in the
APOA and VIN. The locations of
estradiol-labelled cells are similar to those
in Xenopus. We have biochemically
examined the nature of the labelled mate-
rial after testosterone administration in a
tissue block which contains the APOA and
the VIN. Over 50% of the total radioactiv-
ity in the nuclear fraction was chromato-
graphically identified as estradiol.
Sufficient radioactivity was present in
whole homogenates of this tissue block to
crystallize to constant specific activity
labelled material identified chromato-
graphically as estradiol. Crystallization was
performed following dilution of the
tritiated material with radioinert carrier.
In other brain regions, labelled estradiol
was not present in sufficient quantity for
this procedure.

These data suggest that aromatizing en-
zymes are present within the limbic region
of Rana pipiens. Aromatization of testoster-
one to estradiol may account for the label-
led cells found in the preoptic area after
tritiated testosterone administration and
would thus explain the partial overlap in
the distribution of labelled cells after injec-
tion of the two tritiated sex hormones.
Since the Rana pipiens brain also contains
some "estradiol only" nuclei, we would
guess that the absence of labelled cells in
these nuclei after testosterone administra-
tion is due to the absence of the appropri-
ate enzyme systems. In Xenopus laevis, two
brain nuclei, the dorsal tegmental area of
the medulla and cranial nerve nucleus
IX-X, contain labelled cells only after tes-
tosterone injection. We cannot account for
these labelled cells by assuming that testo-
sterone is aromatized since these brain
regions do not contain labelled cells after

estradiol administration. Whether an an-
drogen other than testosterone is capable
of labelling specific nuclear regions in
Rana pipiens awaits further investigation.
In the laboratory rat, where estrogen and
androgen uptake patterns are very similar
(Kelley and Pfaff, 1978, see review), there
appears to be a specific population of
DHT-labelled cells in the reticular forma-
tion and some medullary motor neurons
(Sar and Stumpf, 1977). This androgen
specific uptake pattern in medullary motor
neurons, which was described earlier in
Xenopus laevis (Kelley, et al., 1975) and the
zebra finch (Arnold et al., 1976), may be
involved in effects of male sex hormone on
masculine sex behaviors (see below).

Functions of hormone concentrating brain
regions in anurans

If we examine the locations of sex hor-
mone concentrating cells in Xenopus laevis
and compare these locations with locations
of brain regions involved in gonadotropin
secretion and in sex behavior, we find a
considerable degree of overlap (Fig. 5).
The anterior preoptic area and the ventral
infundibular nucleus, brain regions which
contain the greatest number of sex hor-
mone labelled cells in Xenopus, have been
implicated in the neural control of male
and female sex behavior in a variety of
anuran species. In addition, the ventral
infundibular nucleus is well established as
an important neural center in the control
of gonadotropin secretion (Dierickx, 1966;
Goos, this symposium). Two brain regions
which appear to be involved in the neural
control of male mate calling in other anu-
ran species (DTAM and nuc. IX-X) are
regions which contain labelled cells after
testosterone but not after estradiol ad-
ministration in Xenopus. Male Xenopus also
use vocalizations while approaching the
female and in the early stages of amplexus
(Kelley and Pfaff, 1976). "Testosterone
only" brain regions may be involved in the
modulation of this vocal behavior.

The overlap between hormone concen-
trating brain areas and regions involved in
behavioral and neuroendocrine functions
suggests that sex hormone uptake brain
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POSSIBLE FUNCTIONS OF HORMONE-CONCENTRATING BRAIN AREAS IN ANURANS

HORMONE BRAIN REGION BEHAVIOR

T,E ANTERIOR PREOPTIC AREA

T,E VENTRAL INFUNDIBULAR NUCLEUS

E TORUS SEMICIRCULARIS

T DORSAL TEGMENTAL AREA OF THE MEDULLA

T CRANIAL NERVE NUCLEUS IX-X

FIG. 5. Brain regions which contain hormone concen-
trating cells in Xenopiu laevis have been implicated,
using stimulation and lesion techniques, in the control
of anuran sex behavior and gonadotropin secretion.
Data on sex behavior are summarized from the work
of Aronson and Noble (1945); Hutchison (1964);

nuclei are the site of CNS hormone sen-
sitivity involved in modulation of repro-
ductive activity. A good deal of evidence in
other vertebrates supports such a role of
hormone uptake sites (see Kelley and
Pfaff, 1978 for an extensive review). One
puzzling finding in studies on rats has been
that despite the apparent differences in the
neural control of male and female sex
behavior, the locations of labelled cells in
the CNS after testosterone and estradiol
administration is very similar. The similar-
ity may be due to aromatization as discus-
sed above. A striking result of our studies
on Xenopus has been that testosterone and
estradiol are localized very differently
within the brain. "Testosterone only" con-
centrating regions may provide the hor-
mone sensitive substrate for specifically
male sex behaviors, such as mate calling. A
similar, specific role for "estradiol only"
regions can be hypothesized. For example,
two brain regions which concentrate only
estradiol in our studies on Rana pipiens (the
laminar nucleus of the torus semicircularis
and the posterocentral-posterolateral nu-
cleus of the thalamus) are brain regions
which contain cells responsive to auditory
stimuli (Potter, 1966; Mudry et al., 1977).
These regions are good candidates tor
roles in female responses to male vocaliza-
tions.

* —]MATING CALLING
° —[APPROACH TO FEMALE
N J RELEASE AFTER AMPLEXUS
V — ORIENTATION TO MATING CALLING

Cf ; r , MATING CALLING
Q — j CONTROL OF GONADOTROPIN SECRETION

9 — RESPONSIVE TO AUDITORY STIMULI

-f _
u

MATING CALLING
CLASPING AND RELEASE AFTER AMPLEXUS

Cf — MATING CALLING

Schmidt (1968, 1969, 1972, 1974); Wada and Gorb-
man (19776). The work of Dierickx and his col-
laborators (1966) has established the ventral infun-
dibular nucleus as an important center for the regu-
lation of gonadotropin secretion in anurans.

Conclusions —Neural substrates for sex
behaviors in anurans

Reproductive behaviors in male Xenopus
laevis are abolished by castration and re-
stored by the exogenous administration of
testosterone or dihydrotestosterone but
not by estradiol. Autoradiographic studies
have demonstrated three populations of
hormone concentrating cells in the Xenopus
laevis CNS: "testosterone only" cells in the
dorsal tegmental area of the medulla and
nucleus of the IX-X cranial nerves, "es-
tradiol only" cells in limbic telencephalon,
ventral thalamus and the laminar nucleus
of the torus semicircularis, and cells in the
anterior preoptic area and ventral infun-
dibular nucleus which are labelled after
administration of either hormone. By use
of other techniques, some hormone con-
centrating brain areas have been impli-
cated in the control of anuran reproductive
behavior and neuroendocrine function.
The localization of sex hormones in the
anuran brain can also indicate new brain
regions to be explored for possible effects
on reproductive activity. The next step in
this research will be to define the roles of
these separate populations of "male" and
"female" hormone concentrating CNS cells
in terms of effects on male and female sex
behaviors. If we can establish important
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NEURAL SUBSTRATES FOR SEX BEHAVIORS 485

behavioral functions for these cells, we will
9 be able to investigate the mechanism of

hormone effects on neuro-behavioral activ-
ity with a full armamentarium of anatomi-
cal, neurophysiological and biochemical
techniques.

HORMONES, SONG AND THE CNS OF OSCINE BIRDS

The action of sex hormones on the re-
productive behavior of birds also appears
to be mediated by steroid sensitive neural
substrates (Kelley and Pfaff, 1978). The
locations of steroid concentrating cells in a
number of bird species have been de-
scribed (Morrell et al., 1975a; Kim et al.,
this symposium). I would like to concen-
trate here on brain regions involved in
hormone sensitive song in oscine birds.

Hormonal control of bird song

The song of oscine birds appears to
function in territorial establishment and
defense and in the attraction of a mate
(Kroodsma, 1977). Studies on a number of
different song bird species have shown that
song is androgen sensitive. For example,
castration will abolish song in adult male
chaffinches; singing can be restored by
exogenous testosterone administration
(reviewed by Zigmond et al., 1973). The
song of two other finches, the zebra finch
and the canary, is also modulated by male
sex hormones (Arnold, 1975; Nottebohm,
in preparation). A role for metabolites of
testosterone, DHT and estradiol, has not
yet been established in song birds.

Neural substrates for bird song

The recent work of Nottebohm and his
collaborators (Nottebohm et al., 1976) has
established an efferent pathway for control
of song in the canary, Serinus canarius. The
sounds which form song are controlled by
the musculature of the syrinx. These mus-
cles are innervated by the tracheo-
syringealis branch of the XII cranial nerve,
whose axons arise from the posterior por-
tion of the hypoglossal nucleus. Afferents
to these medullary motor neurons arise
from nucleus robustus archistratiatalis

(RA) a large celled discrete telencephalic
nucleus whose major input arises from
another telencephalic nucleus: hy-
perstriatum ventrale, pars caudale
(HVc). We have recently confirmed the
projection from HVc to RA by making
small injections of the enzyme horseradish
peroxidase into RA and observing the re-
sultant histochemically stained reaction
product in retrogradely labelled cells in
HVc (Nottebohm and Kelley, in prepara-
tion). An example of such cells may be seen
in Figure 6.

These neuroanatomical studies have
pointed to brain areas with important roles
in the control of song (Nottebohm et al.,
1976). Large, bilateral lesions of HVc pro-
foundly disrupt song as do lesions of RA.
Brain areas which are involved in song
production are a specialized feature of the
oscine CNS (Arnold et al., 1976). Pigeons
and chickens do not appear to possess
these nuclei, nor does a non-oscine song
bird, the eastern kingbird (Nottebohm,
unpublished).

Locations of androgen concentrating cells in
song birds

The locations of cells labelled after ad-
ministration of tritiated testosterone have
been mapped autoradiographically for
chaffinches (Zigmond et al., 1973, 1977)
and zebra finches (Arnold et al., 1976). As
is the case for non-passeriform birds (see
Morrell et al., 1975a; Kim et al., this sym-
posium), labelled cells are found in limbic
areas of the telencephalon, in the preoptic
area and the hypothalamus and in the
infundibulum. This central core of hor-
mone concentrating areas contains labelled
cells in all vertebrate species examined to
date (Morrell et al., 1975a; Morrell et al.,
this symposium). In addition, some of the
brain nuclei which have been implicated in
the control of song contain labelled cells
after the administration of testosterone.
Nucleus HVc contains labelled cells in the
zebra finch (Arnold et al., 1976), and the
chaffinch (Zigmond et al., 1977; Fig. 7).
Hormone sensitivity of CNS regions in-
volved in song may also be characteristic
of other oscine species.
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FIG. 6. Photomicrograph of horseradish peroxidase
labelled cells in the hyperstriatum ventrale, pars
caudale of a canary following injection of the enzyme
into the nucleus robustus archislriatalis (terminology
of Nottebohm elal., 1976). Post-injection survival was

24 hours. Glutaraldehyde-paraformaldehyde fixed
tissue was frozen sectioned at 50/A, reacted with
diaminobenzidene-hydrogen peroxide and lightly
counter stained with cresyl violet. Magnification
approx. X 650.

One other nucleus in the known efferent
vocal pathway, the tracheosyringealis por-
tion of the nucleus of XII, also has been
shown to contain labelled cells after testo-
sterone administration (Arnolds a/., 1976;
Zigmond et al., 1977). These medullary
motor neurons innervate the syrinx. Up-
take of androgen in medullary motor
neurons is found in other vertebrate clas-
ses: amphibia (frogs, Kelley et al., 1975)
and mammals (rats, Sar and Stumpf,
1977). It is interesting to note that the
motor neurons which concentrate testo-
sterone in Xenopus laevis may, as is the case
in birds, play a role in control of reproduc-
tively important vocalizations. The func-
tions of the cells labelled after DHT ad-
ministration in rats (Sar and Stumpf, 1977)

have not yet been worked out.

Conclusions—Neural substrates for song in
birds

Previous reviews have noted the overlap
between brain regions which have been
implicated in the control of male and
female reproductive behaviors in birds and
brain regions which contain hormone con-
centrating cells (Hutchison, 1976; Kelley
and Pfaff, 1978). An interesting result of
studies on oscine song birds has been that
specialized brain regions in these species,
which constitute an efferent pathway for
the control of song, have the characteristic
feature also of containing autoradiograph-
ically demonstrable labelled cells after the
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Dorsal

FIG. 7. An efferent pathway for the neural control of
canary song (modified from Nottebohm el al., 1976).
The song producing organ, the syrinx, is innervated
by the tracheosyringealis branch of the hypoglossal
nerve whose axons arise from the caudal part of
nucleus XII. This nucleus is innervated by the nu-
cleus robustus archistratalis (RA) whose major affe-

Antenor

rent input arises from another teiencephalic nucleus,
hyperstriatum ventrale, pars caudale (HVc) (see Fig.
6). Nucleus HVc and nucleus XII contain labelled
cells after the administration of testosterone in zebra
finches (Arnold el al., 1976) and chaffiinches (Zig-
mond etal., 1977).

administration of tritiated testosterone.
The role of hormone uptake on the func-
tion of these cells should provide an excit-
ing area for future research.

REFERENCES

Arnold, A. 1975. The effects of castration and andro-
gen replacement on song, courtship and aggression
in zebra finches (Poephila guttata). J. Exp. Zool.
191:309-326.

Arnold, A., F. Nottebohm, and D. Pfaff. 1976. Hor-
mone concentrating cells in vocal control and other
areas of the brain of the zebra finch (Poephila
gultata).]. Comp. Neur. 165:487-512.

Aronson, L. and G. Noble. 1945. The sexual behavior
of anura. 2. Neural mechanisms in Rana pipiens.
Bull. Amer. Mus. Nat. Hist. 86:83-140.

Callard, G., Z. Petro, and K. Ryan. 1977. Identification
of aromatase in the reptilian brain. Endocrinology
100:1214-1218.

Dierickx, K. 1966. Experimental identification of a
hypothalamic gonadotropin centre. Z. Zellforsch.
74:63-79.

Dryden, G. and J. Anderson. 1977. Ovarian hormone:
Lack of effect on reproductive structures of female
asian musk shrews. Science 197:782-784.

Hutchison, J. B. 1964. Investigations on the neural
control of clasping and feeding in Xenojnts laevis
(Daudin). Behaviour 24:47-65.

Hutchison, J. 1976. Hormones and brain mechanisms
of sexual behavior: A possible relationship between
cellular and behavioral events in doves. In Perspec-
tives in experimental biology, pp. 417-436. Pergamon,
Oxford.

dTstria, M., G. Delrio, V. Botte, and G. Chieffi. 1974.
Radioimmunoassay of testosterone, 17 /3-oestradiol
and oestrone in the male and female plasma of Rana
esculenta during sexual cycle. Steroids Lipids Res.
5:42-48.

Kelley, D. and D. Pfaff. 1976. Hormone effects on
male sex behavior in adult South African clawed
frogs, Xenopus laevis. Hormones and Behavior
7:159-182.

Kelley, D. and D. Pfaff. 1978. Generalizations from
comparative studies on neuroanatomical and en-
docrine mechanisms of sexual behavior. In J. Hutch-
ison (ed.),Biologicaldeterminantsofsexualbehavior, pp.
225-254. John Wiley & Sons, Chichester.

Kelley, D., J. Morrell, and D. Pfaff. 1975. Autoradio-

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/article/18/3/477/2037964 by guest on 16 M

ay 2023



488 DARCYB. KELLEY

graphic localization of hormone-concentrating
cells in the brain of an amphibian, Xenopus laevis.
I. Testosterone. J. Comp. Neur. 164:47-61.

Kelley, D., I. Lieberburg, B. McEwen, and D. Pfaff.
1978. Autoradiographic and biochemical studies of
steroid hormone-concentrating cells in the brain of
Rana pipiens. Br. Res. 140:287-305.

Kroodsma, D. 1977. Correlates of song organization
among North American wrens. Amer. Nat.
111:995-1008.

Lofts, B. 1974. Reproduction. In B. Lofts (ed.),Physiol-
ogy of the Amphibia. Vol. II, pp. 107-218. Academic
Press, New York.

Mikamo, K. and E. Witschi. 1964. Masculinization and
breeding of the WW Xenopus. Experientia 20:622-
623.

Morrell, J., D. Kelley and D. Pfaff. 1975a. Sex steroid
binding in the brains of vertebrates: Studies with
light microscopic autoradiography.In K. Knigge, D.
Scott, M. Kobayashi, and S. Ishii (eds.), The ventricu-
lar system in neuroendocrtne mechanisms, pp. 230-256.
Karger, Basel.

Morrell, J., D. Kelley, and D. Pfaff. 19756. Au-
toradiographic localization of hormone-
concentrating cells in the brain of an amphibian,
Xenopus laevis. II. Estradiol. J. Comp. Neur.
164:63-78.

Mudry, K., M. Constantine-Paton, and R. Capranica.
1977. Auditory sensitivity of the diencephalon of the
leopard frog Rana p. pipiens. J. Comp. Physiol.
114:1-13.

Nottebohm, F., T. Stokes, and C. Leonard. 1976.
Central control of song in the canary, Serinus
canarius.]. Comp. Neur. 165:457-486.

Palka, Y. and A. Gorbman. 1973. Pituitary and testicu-
lar influenced sexual behavior in male frogs, Rana

pipiens. Gen. Comp. Endocrinol. 21:148-151.
Potter, D. 1965. Mesencephalic auditory region of the

bullfrog. J. Neurophysiol. 28:1132-1154.
Sar, M. and W. Stumpf. 1977. Androgen concentra-

tion in motor neurons of cranial nerves and spinal
cord. Science 197:77-79.

Schmidt, R. 1968. Preoptic activation of frog mating
behavior. Behaviour 30:240-257.

Schmidt, R. 1969. Preoptic activation of mating call
orientation in female anurans. Behaviour 35:114-
127.

Schmidt, R. 1972. Mechanisms of clasping and releas-
ing (unclasping) in Bufo americanus. Behaviour
63:85-96.

Schmidt, R. 1974. Neural mechanisms of releasing
(unclasping) in American toad. Behaviour 48:315-
326.

Wada, M. and A. Gorbman. 1977a. Relation of mode
of administration of testosterone to evocation of
male sex behavior in frogs. Hormones and Behavior
8:310-319.

Wada, M. and A. Gorbman. 1977*. Mate calling
induced by electrical stimulation in freely moving
leopard frogs, Rana pipiens. Hormones and Be-
havior 9:141-149.

Wada, M., J. Wingfield, and A. Gorbman. 1976.
Correlation between blood level of androgens and
sexual behavior in male leopard frogs, Rana pipiens.
Gen. Comp. Endocrinol. 29:72-77.

Zigmond, R., R. Detrick, and D. Pfaff. 1977. An
autoradiographic study of :lH-androgen retention
in the brain of a songbird (FrmgiWa coelebs). Abstracts
of the Society for Neuroscience, 360.

Zigmond, R., F. Nottebohm, and D. Pfaff. 1973.
Androgen-concentrating cells in the midbrain of a
songbird. Science 179:1005-1007.

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/article/18/3/477/2037964 by guest on 16 M

ay 2023


