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Synorsis.  Fairly recent anatomical methods have made possible the mapping of neu-
robehavioral systems involving two types of reproductive hormones, gonadal steroids and
the peptide luteinizing hormone releasing hormone (LHRH). Brain sites of steroid uptake
are detected using autoradiography; LHRH is localized in cells and fibers using immu-
nocytochemical procedures. Both hormone types are known to strongly influence sex
behavior and it can reasonably be assumed that these effects are mediated in large part
via systems identified using the anatomical procedures. Analysis of the comparative anat-
omy of these systems should therefore provide information useful in the construction of
models concerning the evolution of neurohormonal control of reproductive behavior.
The results of such a study are reported. Sex steroid and LHRH systems in cyclostomes,
teleosts, amphibians, reptiles, birds and mammals are considered in detail. A synthesis of
this information has led to the following ideas. Androgenic control of male reproductive
systems has evolved in a number of nonhomologous motor systems controlling male
reproductive behavior. Sex steroid and LHRH systems may interact at several different
levels of the neuraxis but the most obvious overlap of the systems occurs in the septal and
POA areas. The latter especially is a fairly constant and perhaps primitive feature. LHRH
secretion into the systemic circulation was most likely the earliest means for LHRH
modulation of both pituitary function and neural systems controlling reproductive behav-
ior. Pathways for more direct delivery of LHR H to pituitary cells and brain nuclei probably
developed in the early gnathostomes. The terminal nerve appears to be a rather conser-
vative LHRH-containing pathway connecting olfactory systems with septal-preoptic nuclei.
A function in pheromonal control of sex behavior is suggested. The general distribution
of steroid concentrating cells and LHRH pathways in tetrapods seems to be rather con-
stant. Absence of the systems in neocortical areas and their homologs is conspicuous.

INTRODUCTION

The neural systems controlling sexual
behavior have been classically studied us-
ing lesion, stimulation and recording tech-
niques (see details in Kelley and Pfaff, 1978;
Pfaff, 1980). More recently, two anatomi-
cal procedures have been used to rapidly
map functional pathways often extending
over most of the neuraxis. The first method
determines sites of action of gonadal ster-
oids, hormones known to influence both
the development and expression of sexual
activity (see above references), by autora-
diographic identification of tritium-labeled
hormones concentrated in brain cell nuclei
(see Stumpf, 1970a; Morrell and Pfaff,
1981). A second technique uses immuno-

! From the Symposium on Evolution of Neural Sys-
tems in the Vertebrates: Functional-Anatomical Approaches
presented at the Annual Meeting of the American
Society of Zoologists, 27-30 December 1982, at
Louisville, Kentucky.

cytochemistry to detect luteinizing hor-
mone releasing hormone (LHRH) in neu-
ron cell bodies and axons (Barry, 1979).
The peptide facilitates reproductive
behavior in a variety of species including
fishes (Demski et al., 1982), amphibians
(Kelley, 1982; Moore et al., 1982) and
mammals (Sakuma and Pfaff, 1980, 1983;
Moss et al., 1979).

The anatomical methods have provided
considerable data on brain pathways
mediating sexual responses. While by no
means ‘‘complete,” these data are suffi-
cient to permit some detailed comparisons
among most vertebrate groups and from
this, the suggestion of possible evolution-
ary trends in sex hormone-specific path-
ways. The results of such an analysis are
reported in this paper. Interactions
between the neural substrates for the two
hormones may be especially important in
the normal control of sexual activity since
LHRH effects on reproductive behavior
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appear to be modulated by gonadal ster-
oids (Moss et al., 1979; Shivers et al., 1983).
For this reason, comparisons of overlap-
ping substrates for the two hormones have
been emphasized. Details of the structure
and connections of the terminal nerve
(TN), an LHRH-containing pathway
recently implicated in the pheromonal
triggering of sexual responses (Demski and
Northcutt, 1983) have also been stressed.

For simplicity, differences between
androgen and estrogen systems have gen-
erally not been considered but rather, data
for all sex-steroids in both males and
females were pooled in making the final
determinations (see Table 1). The results
of hormone-mapping experiments are pre-
sented within separate phyletic groups, e.g.,
cyclostomes, amphibians, etc.; certain
major taxa are not included because of
insufficient data, e.g., elasmobranchs. The
results for all groups are summarized, com-
pared and discussed in the context of pos-
sible trends in the evolution of neural sub-
strates of sexual behavior (see Conclusions).

STEROID-CONCENTRATING AND
LHRH-CONTAINING SYSTEMS IN THE
BRAINS OF VERTEBRATES
Cyclostomes

Estrogen-concentrating neurons have
been identified in the forebrains of larval
marine lampreys, Petromyzon marinus (Kim
et al., 1981b) and adult river lampreys,
Ichthyomyzon unicuspis (Kim et al., 1980).
Although fewer hormone-concentrating
cells were found in the larval forms, the
distributions in both cases are similar.
Labeled cells are located in the ventral
periventricular areas of the telencephalon
(anterior olfactory nucleus and corpus
striatum), regions most likely homologous,
at least as cell fields, to portions of the sep-
tal nuclei, amygdala, striatum, nucleus
accumbens and the bed nucleus of the diag-
onal band in tetrapods (Northcutt, 1981;
personal communications; see Table 1).
Labeled cells are also present in the nucleus
ventralis hypothalami (here considered
homologous to the tuberal area, Table 1),
ventral and dorsal thalamus and through-
out the rostrocaudal extent of the preoptic
area (Fig. 1).
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With regard to LHRH in lampreys,
immunoreactive perikarya have been
located in the preoptic area (POA) in larval
forms and both reproductive and non-
reproductive adults. In the western brook
lamprey, Lampetra richardsoni, cells in the
posterior preoptic nucleus (PON) were
stained in individuals in all three devel-
opmental stages (Crim et al., 19795); how-
ever, more reactive cells were found in the
adults with most intense staining in the
reproductive animals. In addition, immu-
noreactive neurons were found through-
out the PON in only the adult stages. The
cells include two classes of presumed CSF-
containing neurons (Crim ez al., 1979a). In
all stages, stained fibers pass from the PON
to the neurohypophysis. The latter struc-
ture was heavily stained in adults and
slightly stained in larvae. Similar LHRH-
immunoreactive cells are located through-
out the PON of spawning anadromous
Pacific lamprey Entosphenus tridentata (Fig.
1). As in brook lamprey, fibers from PON
cells sweep ventrally and enter the neu-
rohypophysis which is heavily stained. Pre-
sumably, LHRH is released into blood ves-
sels of the neural lobe and thereby affects
reproductive functions via distribution in
the systemic circulation (Crim et al., 1979a;
personal communications). Recent evi-
dence indicates that LHRH analogs do
indeed have profound effects on estradiol
levels and ovulation in lampreys (Sower et
al., 1982). This distribution of LHRH-
stained pathways has been confirmed in E.
japonica (Nozaki and Kobayashi, 1979,
1980). Attempts to map LHRH systems in
the brain of hagfish have so far been con-
sistently negative (Crim et al., 1979a;
Nozaki and and Kobayashi, 1979, 1980).

Estradiol-concentrating neurons and
LHRH-immunoreactive cells appear to
overlap in their distribution in the PON
(Table 1; Fig. 1). This contiguity may reflect
mechanisms for steroid control of LHRH
release. Whether or not the steroid-con-
centrating and LHRH-containing cells are
identical has not been determined (see dis-
cussion in Conclusions).

The presence of a TN in agnathans has
been suggested (Van Wijne, 1919; Ariéns
Kappers et al., 1936) but this interpretation
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HoRMONE-SPECIFIC BRAIN PATHWAYS 811

TasLE 1. Distribution of LHRH and gonadal sterod-concentrating systems in the vertebrate CNS

Cyclo- Tele- Amphib- Rep- Mam-

stomes osts ians tiles Birds mals
Terminal nerve L: L
Olfactory bulb L 1 1 L L/s
Acc. olfactory bulb L
Olfactory tubercle (V1I)® s L L s ! L/S
Paraolfactory lobe (birds) 1
Lateral pallium (piriform ctx; Dp) 1 s s
Dorsal pallium S

Cingulate cortex L/s

Dorsal ventricular ridge (reptiles) s
Medial pallium (hippocampus; DI-p, Dl-v) 1 S S s
Amygdala (archistriatum; V¢, Vi, Vs, Vp, NT) s 1/8 S S S L/s
Striatum (paleostriatum; parts of Dc and Dm) s L S S S
Neostriatum; hyperstriatum S
N. accumbens; diag. band; st. terminalis s L/S S 1/8 L/S
Medial septum (Vv) 3 L/S L L/s L/s L/s
Lateral septum (Vd) s S S /8 S
Preoptic area-ant. hypothalamus L/S L/S L/S L/S L/S L/S
Infundibulum-tuberal n. L/S L/S L/S L/S 1/8 L/S
Median eminence L L/S L L/S
Neurohypophysis L L L
Med. hypothalamus (perivent. and

ventromed. n.) L/S L S L/S L/S
Organum vasculosum lamina terminalis L L L L L
Subfornical organ L/S
Subcommissural organ L s
Pineal 1
Habenula; stria medullaris L 1 L L/S
‘Thalamus S L/S 1/8 S S 1/$
Retina; optic nerves L
Optic tectum L/s 1 /s | L/s
Torus semicircularis L/S 1/8 S
Central grey 1 S L/S L/S
Midbrain tegmentum L | 1/8 L/S L/S
Pontomedullary tegmentum L/S 1/S 1/8 S L/S
Cerebellum | s
Spinal cord (motor) S S S
Spinal cord (nonmotor) S S S

Spinal cord (undetermined) 1 |

»L and |, LHRH immunoreactive perikarya, fibers or terminals; S and s, gonadal steroid-concentrating
cells; capital letters indicate that hormone is found in many species or at least its presence is well documented
in one or more animals; lower case letters indicate that the substance is 1) weakly present in a few cases, 2)
reported to be present but the data are somewhat ambiguous or not convincing or 3) reported to be present
but the data are in abstracts or unpublished manuscripts. See text for references.

* Terms in () represent either alternate names for a structure or abbreviated designations of its probable
homolog in teleosts. Homologies for telencephalic areas are those proposed by Northcutt and Braford (1980)
and Northcutt (1981). Abbreviations for telencephalic structures in teleosts: Dc, central zone of area dorsalis;
Dm, medial zone of area dorsalis; Di-p, posterior part of lateral zone of area dorsalis; DI-v, ventral part of
lateral zone of area dorsalis; Dp, posterior zone of area dorsalis; NT, nucleus taenia; V¢, commissural nucleus
of area ventralis; Vd, dorsal nucleus of area ventralis; Vi, intermediate nucleus of area ventralis; VI, lateral
nucleus of area ventralis; Vp, postcommissural nucleus of area ventrals; Vs, supracommissural nucleus of area
ventralis; Vv, ventral nucleus of area ventralis.

is based on several assumptions concern-
ing the status of the *apical nerve” of
Amphioxus. Until modern studies are car-
ried out, e.g, LHRH immunohistochem-
istry, it is not possible to assume with any
assurance that the TN or its primitive hom-

olog is present in either lampreys or hag-
fish.

Teleosts

Sex steroid-concentrating cells have been
identified using autoradiographic proce-
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812 LEo S. DEMSKI

FI1G. la~c. Transverse sections of the forebrain of the adult river lamprey Ichthyomyzon unicuspis (redrawn
from Figs. 7-9, Kim et al., 1980). Section A is the most rostral. The size and density of solid dots on the left
side of the figures represent the frequency and intensity of autoradiographic labeling of brain cell nuclei
following administration of tritium-labeled estradiol to river lampreys (from Kim et al., 1980). Asterisks on
the right side of the sections indicate the position of perikarya stained following the application of anti-LHRH
sera to brains of adult Pacific lampreys, Entosphenus tridentata (redrawn after Crim et al., 1979a). Note especially
the apparent overlap of both hormone-specific systems in the preoptic area. This comparison is of course
only valid to the extent that species differences in the neural substrates for the hormones are not significant.
Telencephalic areas were named using Northcutt’s (1981) terminology; other structures are labeled as in Kim
et al. (1980). Abbreviations: dp, dorsal pallium; hab, habenula; lp, lateral pallium; mp, medial pallium; ob,
olfactory bulb; oc, optic chiasma; on, optic nerve; ot, optic tract; pi, pineal; pn, preoptic nucleus; pp, posterior
pole of telencephalon; sl, submedial lobe; st, striatum.

dures to map the brains of five teleosts, i.e.,
testosterone uptake in male green sunfish,
Lepomis cyanellus (Morrell et al., 1975a;
Demski, 1978), male paradise fish, Macro-
podus opercularis (Davis et al., 1977) and
male and female toadfish, Opsanus tau (Fine
et al., 1982) and estradiol uptake in male
paradise fish (Davis ef al., 1977) and both
male and female goldfish, Carassius auratus
(Kim et al., 1978) and platyfish, Xiphophorus
maculatus (Kim et al., 1979). With the

exception of the more recent toadfish study,
data from these investigations have been
standardized and assembled in tabular form
using a single anatomical nomenclature (¢f,
Table 1 in Demskiand Hornby, 1982). The
information (see below) was utilized in
compiling Table 1 of this paper.

In the forebrain, label is accumulated
adjacent to the telencephalic ventricle just
rostral (area ventralis telencephali pars
ventralis, Vv) and immediately dorsal to
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HoRMONE-SPECIFIC BRAIN PATHWAYS 813

Fi1c. 2. Transverse section through the telenceph-
alon of the platyfish, Xiphophorus maculatus (redrawn
after Kim et al., 1979). Size and density of solid dots
(left side) represent the intensity and frequency of
autoradiographic labeling of neuronal nuclei follow-
ing administration of tritium labeled estradiol in X.
maculatus (Kim et al., 1979). Asterisks (right side) indi-
cate the locations of cells stained following treatment
of sections of brains of platyfish hybrids (X. sp.) with
LHRH anti-sera (after Miinz et al.,, 1981). Note the
partial overlap of the hormone-specific systems in the
preoptic area. Terminology adapted from: Kim et al.,
1979; Miinz e¢ al., 1981; Northcutt, 1981; and Peter
and Gill, 1975. Abbreviations: ac, anterior commis-
sure; on, optic nerve; npbl, nucleus preopticus peri-
ventricularis; Vs, area ventralis telencephali pars
supracommissuralis.

the anterior commissure (area ventralis
telencephali pars supracommissuralis, Vs
in Fig. 2). These regions have been con-
sidered homologous to portions of the tet-
rapod medial septal nucleus and amygdala
respectively (Northcutt and Braford, 1980;
Northcutt, 1981). Further caudally, ster-
oid-concentrating cells are located in the
periventricular part of the POA (Fig. 2),
the lateral tuberal nuclei, dorsal hypothal-
amus and the nucleus of the lateral recess.
Other structures with some labeled cells
include periventricular thalamic areas, the
subpreglomerular region of the dienceph-
alon and the nucleus of the tractus saccus
vasculosus.

Several additional areas for testosterone
uptake have been recently identified in the
toadfish, Opsanus tau (Fine et al, 1982).
This species is well-known for producing
courtship sounds which appear to have sev-

eral androgen sensitive parameters. Tes-
tosterone-concentrating neurons were
found in two small tegmental nuclei, one
in the posterior medulla ventrolateral to
the sonic motor nucleus (n. ventrolateralis
medullae) and another in the dorsal
medulla at cerebellar levels (n. periventric-
ularis medullae) but not in the sonic motor
nucleus itself. The positions of these nuclei
correspond roughly to the predicted levels
of the call pattern generators (Demski et
al., 1973; Demski, 1981) and may there-
fore be substrates for normal hormonal
modulation of the call. Testosterone-con-
centrating cells are also localized in the
torus semicircularis, an acoustic informa-
tion processing center and region from
which sounds can be evoked by electrical
stimulation (Demski and Gerald, 1974;
Fine, 1979; Demski, 1981). A few labeled
cells were also found in the optic lobes or
tectum. Thus, a system for sonic control
in toadfish appears to be influenced by
androgens at several critical levels. Anal-
ogous patterns have also been observed in
tetrapods (see below).
LHRH-immunoreactive systems have
been studied in several teleosts. Although
there appear to be some differences in the
distribution of reactive perikarya and
fibers, four nuclei and their fiber connec-
tions seem to be characteristic for the
group. The most rostral LHRH-contain-
ing cell bodies are located in the ventral
parts of the olfactory nerve and bulbs in
the goldfish (Stell et al., 1984), a species
with long olfactory tracts, and in the ven-
tral telencephalon at the caudal border of
the olfactory bulbs in several species with
short (non-pedunculated) olfactory tracts
including: the platyfish, Xiphophorus sp.
(Schreibman etal., 1979; Miinz et al., 1981,
1982; Halpern-Sebold and Schreibman,
1983); the bluegill sunfish, Lepomis macro-
chirus (Miinz et al., 1982), the cichlid, Cich-
lasoma biocellatum and the eel, Anguilla
japonica (Nozaki and Kobayashi, 1979,
1980). Although designated the nucleus
olfactoretinalis (NOR) by Miinz and co-
workers (1981, 1982), the cells appear to
be part of the TN as recently characterized
in goldfish (see Demski et al., 1982; Demski
and Northcutt, 1983; Springer, 1983; Stell
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814 Lo S. DEMSKI

Fic.3. Dorsal view of the olfactory system and telen-
cephalon of goldfish (Carassius auratus) illustrating
the distribution of the terminal nerve (TN). The path-
way was traced by following the transport of horse-
radish peroxidase (HRP) administered to the oifac-
tory epithelium and central processes of severed optic
nerves. The stylized cell shown in the figure repre-
sents a composite of several neuronal types that con-
tribute to the TN (see text for details). Abbreviations:
lot, lateral olfactory tract; mot, medial olfactory tract;
ob, olfactory bulb; oe, olfactory epithelium; ot, olfac-
tory tract (undivided); tel, telencephalon; Vs, area
ventralis telencephali pars supracommissuralis. From
Demski and Northcutt (1983); reproduced from Sc:-
ence with permission.

etal., 1984). Many cells in this nucleus have
processes that extend to the retina (Stell et
al., 1984). The heaviest projection is to the
contralateral side; however, at least in
goldfish, some of the cells project to the
ipsilateral retina while others appear to lack
the optic projection entirely (Demski and
Northcutt, 1983; Stell et al., 1984). It is
perhaps the latter cells that are most com-
parable to the TN of tetrapods (see later
discussions) since this particular popula-
tion in goldfish sends distal processes into
the olfactory epithelium and central pro-
jections to the nuclei (Vs) just dorsal to the
anterior commissure (Demski and North-
cutt, 1983) which, as mentioned above,
contain steroid-concentrating neurons (Fig.
3). Demski and Northcutt (1983) have sug-
gested that the TN may mediate responses
to sexual pheromones produced by female
goldfish. Their hypothesis is based on
observations that damage to the Vs in male
goldfish drastically reduces courtship (Kyle
and Peter, 1982) and that the medial olfac-

tory tract (MOT), which contains the TN
fibers in goldfish, must be intact for normal
levels of courtship (Stacey and Kyle, 1983)
as well as for mediation of sperm release
triggered by electrical stimulation of the
undivided olfactory tract (Fig. 4; Demski
et al., 1982; Demski and Dulka, 1984).
Schreibman and co-workers report that the
cell group is the first nucleus in which
LHRH-immunoreactivity is observed dur-
ing development in platyfish (Halpern-
Sebold and Schreibman, 1983). They also
indicate that staining for LHRH increases
following hypophysectomy and that this
increase can be reversed by gonadotropin
injection (Schreibman et al., 1983). The
authors feel that cells of the nucleus trans-
mit environmental influences to more cau-
dal LHRH-containing centers (see below)
which in turn function in the development
and maintenance of reproductive systems,
i.e., the TN (NOR) is thought to be the
initiator of changes that trigger or at least
accompany sexual development. LHRH-
containing fiber pathways to LHRH-reac-
tive cells in the PON and tuberal nuclei as
well as to non-reactive cell groups (e.g., the
habenular nucleus) are thought to be sub-
strates for this control (see also Schreib-
man et al., 1982).

LHRH-containing cells are also found in
the PON of several species. In most cases,
the cells are described as part of the nucleus
preopticus periventricularis (NPP of Peter
and Gill, 1975). In goldfish, the cells are
situated in the ventrolateral part of the NPP
where they appear to be mostly bipolar with
arostrocaudal orientation (Kah et al., 1982).
A similar LHRH-containing cell group has
been found in platyfish (Halpern-Sebold
and Schreibman, 1983), although Miinz
and co-workers (1981) named it nucleus
preopticus basalis lateralis (Fig. 2). The cells
are located adjacent to steroid-concentrat-
ing neurons and this contiguity may be a
substrate for important functional inter-
actions between the hormonal systems. As
opposed to the situation for TN ganglion
cells, the LHRH staining in the NPP de-
creases following hypophysectomy in pla-
tyfish, and the response can be reversed by
gonadotropin administration (Schreibman
et al., 1983). This observation is consistent
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CEREBELLUM

OPTIC LOBE

VAGAL LOB
TELENCEPHALON ¢

OLFACTORY BULB ROSTRAL SPINAL CORD

Spinal Nerves
INFERIOR LOBE

Sympothetic Trunk

OLFACTORY EPITHELIUM

\\\\\ Area of Steroid-Concentrating Neurons Genital Nerves

+Cholinergic (Muscarnic)

SPERM DUCT

Fic. 4. Schematic sagittal section of the goldfish brain illustrating proposed pathways for chemosensory
modulation of sperm release (SR). A system controlling SR extends from the preoptic area to rostral spinal
cord where it leaves the CNS via spinal nerves that send fibers into the sympathetic trunks. After a probable
synapse, the pathway continues via genital nerves to the sperm ducts. The neuromuscular system is cholinergic
with muscarinic receptors. Sex steroid-concentrating neurons (hatching) overlap the rostral end of the system
and may be involved in regulating its sensitivity to various sensory inputs. Chemosensory afferents, possibly
mediating excitation triggered by a female sex pheromone, travel in the medial olfactory tract (Demski and
Dulka, 1984). Terminal and/or classical olfactory fibers are the most likely critical elements in this sensory
modulation of the SR pathway (see details in text). Peripheral connections of the terminal nerve ganglion
cell (TNG) illustrated are hypothetical. Modified after Demskiand Hornby (1982). Abbreviations: AC, anterior
commissure; NGC, nucleus glomerulosus complex; ORN, olfactory receptor neuron; TNG, terminal nerve
ganglion cell.

with the idea that gonadal steroids exert
negative feedback on LHRH secretion via
cells of the NPP. Presumably, with the
pituitary removed, the stainable LHRH is
decreased because of high rates of secre-
tion in the absence of negative feedback.
Fiber tracts containing LHRH extend from
NPP into the tuberal region and pituitary
(Miinzetal., 1981; Kahetal., 1982). LHRH-
immunoreactive cells have also been found
in the PON of carp, Cyprinus carpio (Pan et
al., 1979) and three-spined sticklebacks,
Gasterosteus aculeatus (Borg et al., 1982). In
the latter species some of the cells have
processes that contact the ventricular sur-

face and in this way are similar to lamprey
preoptic LHRH-containing neurons.

A third LHRH-reactive cell group is
located in the posterior part of the lateral
tuberal nucleus (NLT) in platyfish
(Schreibman et al., 1979; Halpern-Sebold
and Schreibman, 1983) and goldfish (Kah
etal., 1982). In platyfish, the nucleus reacts
to hypophysectomy and gonadotropin
administration in the same manner as the
LHRH cells of the NPP (see above and
Schreibman et al., 1983). LHRH-contain-
ing fibers extend from the NLT to the pitu-
itary and presumably at least some of these
axons originate from cells in the NLT
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OPTIC LOBE

TELENCEPHALON

OLFACTORY BULB
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Fic. 4. Schematic sagittal section of the goldfish brain illustrating proposed pathways for chemosensory
modulation of sperm release (SR). A system controlling SR extends from the preoptic area to rostral spinal
cord where it leaves the CNS via spinal nerves that send fibers into the sympathetic trunks. After a probable
synapse, the pathway continues via genital nerves to the sperm ducts. The neuromuscular system is cholinergic
with muscarinic receptors. Sex steroid-concentrating neurons (hatching) overlap the rostral end of the system
and may be involved in regulating its sensitivity to various sensory inputs. Chemosensory afferents, possibly
mediating excitation triggered by a female sex pheromone, travel in the medial olfactory tract (Demski and
Dulka, 1984). Terminal and/or classical olfactory fibers are the most likely critical elements in this sensory
modulation of the SR pathway (see details in text). Peripheral connections of the terminal nerve ganglion
cell (TNG) illustrated are hypothetical. Modified after Demski and Hornby (1982). Abbreviations: AC, anterior
commissure; NGC, nucleus glomerulosus complex; ORN, olfactory receptor neuron; TNG, terminal nerve

ganglion cell.

with the idea that gonadal steroids exert
negative feedback on LHRH secretion via
cells of the NPP. Presumably, with the
pituitary removed, the stainable LHRH is
decreased because of high rates of secre-
tion in the absence of negative feedback.
Fiber tracts containing LHRH extend from
NPP into the tuberal region and pituitary
(Miinzetal., 1981; Kahetal., 1982). LHRH-
immunoreactive cells have also been found
in the PON of carp, Cyprinus carpio (Pan et
al., 1979) and three-spined sticklebacks,
Gasterosteus aculeatus (Borg et al., 1982). In
the latter species some of the cells have
processes that contact the ventricular sur-

face and in this way are similar to lamprey
preoptic LHRH-containing neurons.

A third LHRH-reactive cell group is
located in the posterior part of the lateral
tuberal nucleus (NLT) in platyfish
(Schreibman et al., 1979; Halpern-Sebold
and Schreibman, 1983) and goldfish (Kah
etal., 1982). In platyfish, the nucleus reacts
to hypophysectomy and gonadotropin
administration in the same manner as the
LHRH cells of the NPP (see above and
Schreibman et al., 1983). LHRH-contain-
ing fibers extend from the NLT to the pitu-
itary and presumably at least some of these
axons originate from cells in the NLT
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(Schreibman et al., 1979). Whether or not
some of the steroid-concentrating cells in
the NLT are also LHRH-containing
remains to be determined. The NLT is
known to mediate steroid feedback control
of gonadotropin secretion via LHRH out-
put to the anterior pituitary (see discus-
sions in Schreibman et al., 1979 and Peter,
1982).

A fourth group of LHRH-reactive neu-
rons has been identified in the dorsal teg-
mentum of the midbrain. In platyfish and
sticklebacks, the cells sit near the midline
adjacent to the ventricular surface in a
position between the posterior commissure
and the oculomotor nucleus (Miinz et al.,
1981; Borg et al., 1982). In sticklebacks,
LHRH-reactive cells have also been iden-
tified in periventricular portions of the
thalamus (Borg et al., 1982). This location
is coincident with the position of steroid-
concentrating neurons in several species
(see above) and suggests that the area is
involved in certain, as of yet unknown,
reproductive control functions. Small
LHRH-immunoreactive cells have also
been reported in the area dorsalis pars
medialis of the telencephalon of rainbow
trout, Salmo gairdneri (Goos and Mura-
thanoglu, 1977).

LHRH-immunoreactive fibers have been
identified in widespread areas of the teleost
brain. Unfortunately, with the exception
of the TN and certain projections to the
pituitary, the exact origin of these fibers is
unknown. For this reason, areas containing
either reactive fibers and/or terminals are
simply listed below and summarized as such
in Table 1. In the telencephalon, fibershave
been observed in widely distributed areas
(see Figs. 1-9, Miinz et al., 1981 and Figs.
1 and 2, Miinz et al., 1982). Unfortunately,
with the exception of some of the ventral
subpallial groups, most of the nuclei of the
forebrain are not labeled or otherwise indi-
cated in any detail in the figures or text of
the studies available. Thus, for purposes of
this review, some of the pallial regions con-
taining LHRH fibers as illustrated in papers
by Miinz et al. (1981, 1982) have been ten-
tatively identified using the terminology of
Northcutt and Braford (1980). Stained
fibers appear to be in the area ventralis pars

ventralis and lateralis (Vv and V) in the
platyfish (Schreibman et al., 1979; Miinz et
al., 1981), a cichlid, Cichlasoma biocellatum
(Miinz et al., 1982) and probably also the
goldfish (Kah et al., 1982). The fibers are
most likely processes of the TN cells. Reac-
tive fibers are also present in the more pos-
terior and supracommissural parts of the
area ventralis (Vp and Vs) in at least pla-
tyfish (Miinz et al,, 1981). In the pallial
regions, the reactive fibers are located in
the medial part of the area dorsalis telen-
cephali (Dm) in platyfish (Miinz et al., 1981),
cichlids (Miinz et al., 1982) and goldfish
(Kah et al., 1982); in the lateral part of the
area dorsalis telencephali (D]) in the pla-
tyfish (Miinz et al., 1981) and cichlids (Miinz
et al., 1982); and in the posterior part of
the area dorsalis telencephali (Dp) in pla-
tyfish (Miinz et al., 1981). In the dienceph-
alon, LHRH-containing fibers have been
identified in the POA, the tuberal region,
the neurohypophysis and habenula in most
of the species studied (see above refer-
ences), the organum vasculosum lamina
terminalis (OVLT) in eels (Nozaki and
Kobayashi, 1979) and nucleus diffusus lobi
inferioris in goldfish (Kah et al., 1982). In
the midbrain, fibers are stained in the optic
lobes in goldfish (Kah et al., 1980), platyfish
(Miinz et al., 1981) and eels (Nozaki and
Kobayashi, 1979, 1980), and the torus sem-
icircularis in platyfish (Miinz et al., 1981).
In platyfish (Miinz et al., 1981) and goldfish
(Kah et al., 1982), scattered LHRH-reac-
tive fibers have been identified in the cer-
ebellum and various tegmental areas
including: the reticular formation, the
medial longitudinal fasciculus, the acous-
tico-lateral area and the nucleus of the sol-
itary tract. In addition, Miinz and co-work-
ers (1981) suggest that LHRH-containing
fibers in platyfish probably extend into the
spinal cord.

Amphibians

The distribution of steroid-concentrat-
ing neurons is best documented in the Afri-
can clawed frog, Xenopus laevis, in which
autoradiography has been carried out using
estradiol (Morrell et al., 1975b), testoster-
one (Kelley et al., 1975) and the non-aro-
matizable dihydrotestosterone (Kelley,
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1980; Erulkar et al,, 1981). Areas contain-
ing labeled neurons include: the ventral
striatum, ventral and lateral septal nuclei,
nucleus accumbens, the amygdala, the
POA, the ventral infundibular nucleus, the
posterior thalamus, the ventral thalamus,
the torus semicircularis, the dorsal teg-
mentum of the medulla including motor
nuclei of cranial nerves IX and X and the
rostral spinal cord. Androgens, in partic-
ular, were associated with vocal commu-
nication systems (motor nuclei of IX and
X control the larynx and acoustic infor-
mation is processed in the torus semicir-
cularis) and motor neurons in the spinal
cord involved in the androgen-dependent
clasping reflex (sternoradialis and flexor
carpi radialis). With the exception of the
medullary and spinal motor nuclei, some-
what similar distributions of steroid-con-
centrating cells have been found in Rana
pipiens (Kelley et al., 1978).

LHRH-containing neurons are located
in a major nuclear group beginning ros-
trally in the median septal area and extend-
ing caudoventrally into the anterior POA
in both urodeles (Cynops pyrrhugaster, Kubo
et al.,, 1979; Nozaki and Kobayashi, 1979)
and anurans (Bufo arenarum, Knigge and
Pasquier, unpublished; Rana catesbeiana,
Alpert et al., 1976; Nozaki and Kobayashi,
1979; Rana esculenta, Goos et al., 1976; Rana
pipiens, Alpertetal., 1976; and Xenopus lae-
vis, Doerr-Schott and Dubois, 1976; Nozaki
and Kobayashi, 1979, 1980). In at least sev-
eral cases, the cell population also appears
to extend rostrally into the area of the
nucleus of the diagonal band (Fig. 5) and
caudodorsally into the bed nucleus of the
hippocampal commissure. In Xenopus,
immunostained cells have also been
reported in the olfactory bulbs, optic tec-
tum (Nozaki and Kobayashi, 1980), the
perichiasmic area and infundibulum
(Doerr-Schott and Dubois, 1976; Nozaki
and Kobayashi, 1980).

Fiber systems reactive to LHRH-antisera
are widespread in the neuraxis. In most
species studied, tracts from the area of
reactive perikarya in the septum pass
through the POA and end in the median
eminence (see references above). The most
extensive LHRH fiber distribution has been

APOA

Fic. 5. Transverse sections through the anterior
telencephalon (a) and preoptic area (b) of the leopard
frog, Rana pipiens (redrawn from Kelley et al., 1978).
Solid dots (left side) represent every neuron autora-
diographically labeled following *H-estradiol admin-
istration in R. pyprens (Kelley et al., 1978). Asterisks
(right side) indicate the general position of LHRH-
containing perikarya in R. catesbeiana (Alpert et al,
1976) and R. arenarum (Knigge and Pasquier, unpub-
lished). Immunostained cells are located primarily in
the preoptic area (b) and median septal nucleus (unla-
beled in b) and area of the diagonal band (unlabeled
in a). Note the possible contiguity of the two hor-
monal systems in septal areas in rostral telencephalon
(a) and definite overlap in the preoptic area (b). Brains
of the Rana species appear to be sufficiently similar
to permit these cross-species comparisons. Abbrewi-
ations: AC, anterior commissure; AMY, amygdala;
APOA, anterior preoptic area; LP, lateral pallium;
MP, medial pallium; MS, medial septal nucleus; ST,
striatum; VLS, ventral lateral septum.

described in the South American toad, Bufo
arenarum (K. M. Knigge and D. Pasquier,
personal communications; for details con-
tact K. M. Knigge, University of Roches-
ter, N.Y.) In this species, there are at least
four pathways emanating from the septal-
POA LHRH-containing cells. An anterior
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bundle runs rostroventrally into the area
of the diagonal band (olfactory tubercle of
Northcutt and Kicliter, 1980), giving off
projections to medial septal nuclei as it
passes forward. A second bundle passes
along the walls of the third ventricle with
apparent projections to the POA, ventral
thalamus and habenula. The pathway con-
tinues caudally near the mesencephalic and
fourth ventricles, distributing fibers to the
central grey-toral nuclei. The system
appears to eventually reach the spinal cord.
The third pathway extends caudally from
the septal area in a position along the lat-
eral surface of the diencephalon. In the
midbrain, fibers spread dorsally along the
optic tract to enter the optic tectum where
they fan out in the superficial stratum. The
fourth tract is a tight bundle that follows
the floor of the third ventricle to the tu-
beral area. Some fibers appear to end in
the median eminence while others con-
tinue into the pituitary. LHRH-containing
axons also project to the the olfactory bulb
and habenula in newts (Kubo et al., 1979).

Overlap between steroid-concentrating
areas and LHRH-containing cells and fibers
appears to occur in the POA of at least
anurans (Fig. 5). Asin fishes, this contiguity
is likely to represent a substrate for steroid
control of LHRH release. With regard to
the TN, there is no direct evidence that it
contains LHRH in amphibians, although
LHRH-immunoreactive cells have been
reported in the olfactory bulbs of Xenopus
(Nozaki and Kobayashi, 1980). Its fore-
brain projections, however, strongly sug-
gest that it is homologous with the TN of
teleosts and, like its counterpart in fishes,
interacts with systems controlling repro-
ductive behavior and physiology. Golgi
studies in frogs and salamanders demon-
strate projections of the TN to both the
diagonal band-median septal region and the
POA (Fig. 6). Thus, the TN of amphibians
appears to provide chemosensory input into
areas in which either steroids and/or
LHRH have been localized.

Reptiles

Among reptiles, the distribution of sex
steroid-concentrating neurons has been
best studied in the common green anole,

Anolis carolinensis. With few exceptions (see
below), the localization patterns for labeled
estradiol, testosterone and dihydrotestos-
terone appear to be basically similar in both
sexes (Martinez-Vargas et al., 1978; Mor-
rell et al., 1979). After estrogen adminis-
tration, many labeled cells were found in
the amygdala, nucleus of the diagonal band,
bed nucleus of the stria terminalis, septum
(mostly lateral), medial POA, anterior
hypothalamic area, ventromedial and peri-
ventricular nuclei of the hypothalamus,
torus semicircularis, and nucleus isthmi.
Small numbers of labeled cells were iden-
tified in the medial, dorsal and lateral pal-
lium, nucleus accumbens, motor nucleus of
the trigeminal nerve, the raphe nuclei,
reticular formation and non-motor nuclei
of the rostral spinal cord. In most areas,
fewer labeled cells were seen following
androgen administration; exceptions
include: the caudal part of the lateral pal-
lium, lateral part of the dorsal pallium and
the midbrain tegmentum. A few labeled
cells were also found in the dorsal ventric-
ular ridge. Localization of estradiol and
testosterone has also been studied in both
male and female garter snakes, Thamnophis
sp. (Halpern et al., 1982). Again, the dis-
tributions of concentrating-cells were sim-
ilar for both sexes and estradiol generally
labeled more cells. In a pattern similar to
that reported for Anolis, concentrating-cells
were identified in the amygdala including
nucleus sphericus, septum, paleostriatum,
retrobulbar pallium (considered dorsal pal-
lium in Table 1), bed nucleus of stria ter-
minalis, POA, anterior periventricular,
ventromedial and arcuate nuclei of the
hypothalamus, central grey and other areas
of the midbrain and medullary tegmen-
tum. A few scattered cells were also found
in the optic tectum and inferior colliculus
(torus semicircularis). In red-eared turtles,
Pseudemys scripta elegans, the pattern of
[*H]estradiol has been studied in both males
and females (Kim et al., 1981a). Estrogen
target neurons were found in cortical para-
olfactory areas, the amygdala, dorsal ven-
tricular ridge, piriform cortex, nucleus of
the diagonal band, bed nucleus of stria ter-
minalis, nucleus accumbens, septum
(medial and lateral), POA, periventricular
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Fic. 6. Central projections of the terminal nerve (tn) in amphibians as determined from Golgi preparations.
A. Horizontal section of the brain of an adult cricket frog, Acris gryllus. B. Horizontal section of the brain of
a larval tree frog, Hyla sp. C. Transverse section of the brain of a larval Rana sp. D. Horizontal section of
the brain of the mud puppy, Necturus maculosus illustrating a neuron in the right preoptic area with its dendrites
overlapping axons from the terminal nerve. In this figure the dashed line indicates the lateral border of the
cellular zone of the preoptic nucleus and the solid line represents the lateral border of the entire preoptic
area. Dashed lines in A and B indicate the borders of cellular areas. Note the distribution of terminal nerve
fibers to the medial septal areas in A-C and preoptic region in B and D. A, B and D were redrawn from
McKibben (1911); C was traced from Herrick (1909). Abbreviations: ac, anterior commissure; lv, lateral
ventricle; msn, median septal nucleus; pn, preoptic nucleus; ppn, cellular zone of preoptic area; rpo, preoptic

recess; tn, terminal nerve.

areas in anterior and medial hypothalamus
(ventromedial area), infundibulum, thala-
mus adjacent to nucleus rotundus, torus
semicircularis and central grey of the mid-
brain, nucleus isthmi and reticular for-
mation. Thus, the distribution of the sex
sterotd-concentrating cells among reptiles
is strikingly similar and comparisons with
data from birds and mammals (see below)
indicate that this generalized reptilian dis-
tribution may represent a basic amniote
pattern.

Information on LHRH systems in rep-
tiles is sparce. Nozaki and Kobayashi (1979)
have carried out immunocytochemical
studies in a variety of snakes and lizards

but have had little success in most species.
Their best results were obtained in the
snake, Elaphe climacophora. Stained peri-
karya are clearly illustrated in the median
septal nucleus and adjacent medial POA.
A few positive cells were also observed in
the bed nucleus of the hippocampal com-
missure. The majority of stained fibers
leaving these areas pass ventrocaudally into
the median eminence. In a later abstract
(1980), the authors report that “In most
spectes of reptiles and amphibians, intra-
and extra-hypothalamic LH-RH pathways
that proceed toward (1) the median emin-
ence, (2) the olfactory bulb, (3) the optic
tectum and (4) the lower brain stem were
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Fic. 7. Distribution of the terminal nerve (tn) in
turtle embryos (Emydidae). In A the terminal nerve
is projected on a parasagittal plane showing the medial
hemispheric wall. B illustrates the projection of the
terminal and olfactory nerves in a dorsal view of both
hemispheres. C is a transverse section of the nasal sac
indicating the peripheral distribution of the terminal
nerve to what is believed to be the vomeronasal area.
A-C were redrawn after Johnston (1913). Abbrevi-
ations: n. sac, nasal sac; ob, olfactory bulb; on, olfac-
tory nerve; th, telencephalic hemisphere; tn, terminal
nerve.

demonstrated.” The limited information
available on reptiles suggests a basic simi-
larity to the patterns observed in amphib-
ians, including an overlap of steroid-con-
centrating cells and LHRH-containing
neurons in the septal area.

There are as of yet no reports of LHRH
staining in the TN of reptiles; however, the
observation of LHRH-immunoreactive
fibers running toward the olfactory bulb
in certain species (see above) may indeed
represent fibers of the TN. The classical
anatomy of the TN of reptiles (Johnston,
1913; Larsell, 1919) suggests that it is sim-
ilar to the TN of amphibians and mammals
(see below). Ganglion cells located at sev-
eral positions between the olfactory bulb
and the nasal sac send peripheral processes
to the olfactory epithelium and central
processes into median hemispheric areas

(Fig. 7).
Birds

Steroid hormone-concentrating neu-
rons have been studied in the ring dove,

Streptopelia risoris (Martinez-Vargas et al.,
1975, 1976), domestic fowl (Wood-Gush et
al., 1977; Barfield et al., 1978) and two
passerines, the zebra finch, Poephila guttata
(Arnold et al., 1976) and the chaffinch, Fin-
gillia coelebs (Zigmond et al., 1980). In cases
where labeled hormones have been given
to both sexes, there do not appear to be
significant differences in uptake patterns
(Martinez-Vargas et al., 1975; Wood-Gush
et al., 1977). Differences between patterns
for androgens and estrogens have been
reported in the one study in which both
hormone types were given to animals of
the same sex (Wood-Gush et al., 1977). The
following areas, listed with their most
probable mammalian counterparts in
parentheses, contain many well-labeled cells
in all of the species studied: the nucleus
taeniae and adjacent archistriatum (amyg-
dala), the nucleus interstitialis (bed nucleus
of stria terminalis), periventricular and
medial hypothalamic nuclei (VMN and
premammillary nuclei), infundibular-tu-
beral nuclei (arcuate nucleus), nucleus
intercollicularis of the midbrain (central
grey of mammals, part of torus semicir-
cularis of other vertebrates). In several
species, cells were labeled in the thalamus,
areas near the isthmo-optic nucleus and the
nuclei of cranial nerves III and V. Other
positive cells were found in scattered
regions of the pontomedullary tegmen-
tum, the area of the nucleus accumbens
and the bed nucleus of the diagonal band,
the neo-, hyper- and paleostriatum, par-
aolfactory lobes and, at least in the ring
dove, the olfactory tubercle, hypothalamus
and spinal nuclei (non-motor). In the two
song birds (zebra and chaffinch), several
structures involved in vocalization dem-
onstrated heavy labeling with testosterone.
These include: the magnocellular nucleus
of the anterior neostriatum, the caudal part
of the ventral hyperstriatum, and sonic
motor cells in the nucleus of the hypo-
glossal nerve. It appears that vocal control
pathways of at least some song birds are
especially prone to modulation via gonadal
steroids. This is not surprising since sing-
ing in these species is androgen dependent
(see details in Arnold et al., 1976).
LHRH-immunoreactive material has
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been found in preoptic neurons in a variety
of birds. The cells appear to send ventro-
caudally directed fibers toward the median
eminence (McNeill et al., 1976; Bons ¢t al.,
1978; Hoffman et al., 1978; Oksche, 1978;
Jozsa and Mess, 1982; Sterling and Sharp,
1982). In most of the species, many reac-
tive perikarya have also been observed in
septal nuclei. In chickens, Sterling and
Sharp (1982) report more cells in lateral
septal areas while Jézsa and Mess (1982)
and Hoffman and co-workers (1978)
observed a heavier staining in medial septal
nuclei. Observations in pheasants are con-
sistent with the stronger medial distribu-
tion (Hoffman et al., 1978). Reactive cells
have also been reported in the tuberal-
infundibular nuclei (McNeill et al., 1976;
Hoffman et al., 1978); however, these
results have been questioned by Sterling
and Sharp (1982) who, like several other
investigators, failed to locate LHRH cells
in this area. They point out that the anti-
sera used in producing the initial positive
results cross-reacts with ACTH, thus mak-
ing the identification ambiguous. Other
LHRH-immunoreactive perikarya have
been located near the OVLT in chickens
(J6zsa and Mess, 1982), and in the olfactory
bulb (Hoffman ¢t al., 1978; J6zsa and Mess,
1982) and the lobus paraolfactorius (Hoff-
man et al., 1978) in both chickens and
pheasants.

LHRH-immunoreactive fibers have been
found in the POA, periventricular hypo-
thalamic areas, infundibular-tuberal nuclei
and the median eminence in all species
studied (see above references and Nozaki
and Kobayashi, 1979). The fibers are
thought to originate from both POA and
septal cells. In at least the chicken, many
fibers project from the septal-POA nuclei
forward to the bed nucleus of the pallial
commissure and the olfactory bulbs and
caudally to the OVLT (Jézsa and Mess,
1982; Sterling and Sharp, 1982), the nuclei
of the tectal commissure, the subcommis-
sural organ and via the stria medullaris to
the habenula, central grey and interpe-
duncular area (J6zsa and Mess, 1982).

Close approximation of steroid-concen-
trating cells and LHRH pathways in birds
appears to occur in several areas. Neurons

related to both systems are found in the
septum where as in reptiles and mammals
there appears to be a tendency for steroid-
concentrating cells to be lateral to the
LHRH-containing neurons (see text and
Table 1). Other areas of overlap between
the systems occur in the midbrain tegmen-
tum and periventricular portions of the
POA and hypothalamus.

A description of the TN in birds could
not be found, although statements have
been made that the structure is present in
all vertebrate classes (Ariéns Kappers et al.,
1936). Its absence in birds would not be
surprising since chemosensory systems have
been greatly reduced in this group, e.g., the
vomeronasal system appears to be lost
entirely (Northcutt, 1981). The observa-
tion of LHRH-reactive perikarya and fibers
in the olfactory bulb and rostrobasal telen-
cephalon does, however, suggest that at
least remnants of the TN may still be pres-
ent.

Mammals

The distribution of steroid-concentrat-
ing neurons in mammals has been thor-
oughly reviewed (Stumpf, 19706; Morrell
et al.,, 1975a; Morrell and Pfaff, 1978;
Stumpf and Sar, 1978; Pfaff, 1980) and all
authors have stressed the similarities in
basic patterns among different species. For
this reason, neither the details of the pat-
terns in individual groups nor differences
among distributions for labeled estradiol,
testosterone and dihydrotestosterone have
been included in this paper. Instead, a list
of structures which contain the sex steroid-
concentrating cells in mammals as a group
was compiled and incorporated into Table
1. With few exceptions (see below), the dis-
tributions of labeled cells appear to be sim-
ilar in both sexes. In addition to the reviews
listed above, the following references were
consulted: rodents (Pfaff and Kiner, 1973;
Sar and Stumpf, 1975a, b; Stumpf et al.,
1975; Krieger et al., 1976; Warembourg,
1977a, b; Sheridan, 1978; Breedlove and
Arnold, 1980; Morrell et al., 1982), car-
nivores (Morrell et al., 1977), and primates
(Keefer and Stumpf, 1975a, b; Pfaff et al,,
1976; Warembourg, 1977¢; Sheridan and
Weaker, 1982; Sheridan et al., 1982).
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Fic. 8. Transverse sections through the septal and
preoptic areas of the rat brain; A is rostral 1o B
(redrawn from Pfaff and Keiner, 1973). Black dots
(left side) represent estrogen-concentrating neurons.
Solid-black areas indicate zones where the dots would
merge (Pfaff and Keiner, 1973). Asterisks mark brain
regions with LHRH-containing cell bodies (replotted
from Witkin et al.,, 1982). Note the relative position
of the steroid-concentrating cells in the lateral septal
area and the LHRH-containing neurons in the medial
septal region. The systems appear to be at least adja-
cent in the mid-lateral zone of the septum. More strik-
ing contiguity between the two cell types is apparent
in the bed nucleus of the stria terminalis (nst}) and
medial preoptic area (mpoa) where the general dis-
tributions for the two neurohormonal systems over-
lap. Abbreviations: ac, anterior commissure; ca, cau-
date nucleus; cl, claustrum; db, diagonal band of Broca;
icl, Island of Calleja; lot, lateral olfactory tract; Ipoa,
lateral preoptic area; Is, lateral septum; mfb, medial
forebrain bundle; mpoa, medial preoptic area; ms,
medial septum; nst, bed nucleus of the stria terminalis;
oc, optic chiasm; pir, prepiriform cortex.

In summary, areas in mammals with high
densities of steroid-concentrating neurons
include (Fig. 8): the olfactory tubercle, the
nucleus accumbens, the bed nuclei of the

diagonal band and stria terminalis, the lat-
eral septum, the amygdala, the POA-ante-
rior hypothalamus, the infundibular, tub-
eral, ventromedial and premammillary
nuclei of the hypothalamus, the habenula,
portions of the thalamus, the central grey
of the midbrain, scattered areas in the teg-
mentum of the lower brainstem and both
nonmotor and motor nuclei of the spinal
cord, e.g., the androgen-concentrating
nucleus that innervates the sexually dimor-
phic bulbocavernosus muscle in rats
(Breedlove and Arnold, 1980, 1981).

There have been many recent investi-
gations on the distributions of LHRH-
immunoreactive nerve cells and fibers in
the brain of various mammals ranging from
rodents to primates, including humans.
Comparisons among species have been
made in several comprehensive reviews
(Flerko et al., 1978; Hoffman et al., 1978;
Silverman and Zimmerman, 1978; Barry,
1979; Silverman et al., 1979). For purposes
of this discussion, the information in these
reviews was supplemented by data from the
following more recent studies (see below
and Table 1): guinea pig (Silverman and
Krey, 1978; Schwanzel-Fukuda and Silver-
man, 1980), hamster (Jennes and Stumpf,
1980; Phillips et al., 1980, 1982), rat
(Liposits and Sétald, 1980; Merchenthaler
et al., 1980; Dluzen and Ramirez, 1981;
Bennett-Clarke and Joseph, 1982; Liposits
et al., 1982; Witken et al., 1982), and pri-
mates (Marshall and Goldsmith, 1980; Sil-
verman et al., 1982).

In most cases, LHRH-immunoreactive
cells have been located in a more or less
continuous distribution extending from the
medial septal area through the suprachias-
matic region of the medial POA into peri-
ventricular areas of the hypothalamus (Fig.
8). In some studies, more anterior reactive
cells have been identified in one or more
of the following telencephalic areas:
nucleus of the diagonal band, bed nucleus
of the stria terminalis, olfactory tubercle,
anterior olfactory nucleus, prepiriform
cortex, main and accessory olfactory bulbs,
and TN (see below). In many species, cells
have also been located in infundibular and
tuberal regions such as the arcuate nucleus:
however, the specificity of staining in this

2Z0z 1snBny 9 uo Jasn sansnr Jo Juswpedaq 'S'N Aq €296/ 1/608/€/+2/2191HE/G0/W00"dNO"dlWepEo.//:SdNY WOy papeojumoq



HORMONE-SPECIFIC BRAIN PATHWAYS 823

area has been questioned (see Flerko et al.,
1978; Barry, 1979).

In various species, LHRH-immunoreac-
tive fibers have been described which
include projections from cells in the POA-
septal region to: 1) OVLT and median
eminence, 2) mammillary nuclei and ven-
tral tegmentum via the hypothalamus and
3) ventral tegmentum via stria medullaris,
habenula and fasciculus retroflexus.
Immunoreactive fibers have also been asso-
ciated with the amygdala, supraoptic area,
lateral hypothalamus, central grey, supe-
rior colliculus, brainstem reticular forma-
tion and TN. Reactive fibers have also been
observed in the TN (see below).

Areas of apparent overlap between sex
steroid-concentrating neurons and LHRH-
immunoreactive systems include: the POA,
medial-basal hypothalamus (tuberal-infun-
dibular area), the olfactory tubercle, bed
nucleus of stria terminalis, nucleus of the
diagonal band, nucleus accumbens and
nucleus triangularis septi (Fig. 8). In the
septum, the two types of cells appear to be
adjacent with the steroid-concentrating
neurons lateral to the LHRH-containing
perikarya (Fig. 8). Regions which contain
steroid-concentrating cells and receive
LHRH-immunoreactive fibers and/or ter-
minals include: the areas described above,
the amygdala, the ventromedial and pre-
mammillary nuclei of the hypothalamus,
the habenula, and central grey and other
areas in the brainstem tegmentum.
Although less well-documented, anatomi-
cal overlap between the two neurohor-
monal systems may also occur in the olfac-
tory bulb, cingulate cortex, subfornical
organ and optic tectum,

The general peripheral and central dis-
tribution of the TN in a variety of species
including humans has been known for some
time (Johnston, 1913; Larsell, 1918; and
others). Recently the system has been
mapped in detail in fetal and adult guinea
pigs using LHRH immunocytochemistry
(Schwanzel-Fukuda and Silverman, 1980).
In this species, the nerve consists of a plexus
of ganglion cells and fibers which extends
from the nasal epithelium along the ventral
surface of the olfactory bulbs and base of
the telencephalon and enters the septal

Fic. 9. Distribution of the terminal nerve in fetal
guinea pigs plotted on a sagittal section through the
brain, basal cranium and nasal apparatus. Solid dots
indicate perikarya of terminal nerve ganglion cells
immunocytochemically stained for LHRH. The reac-
tive cells are located within a plexus of LHRH-con-
taining fibers extending from the olfactory epithe-
lium along the ventral surface of the brain to the area
of penetration of the anterior cerebral artery. Some
of the cells are grouped into three distinct ganglia
(g1, g2 and gt). Many non-reactive cells were also
scattered through the system (not illustrated). Redrawn
from Schwanzel-Fukuda and Silverman (1980).
Abbreviations: ac, anterior commissure; aca, anterior
cerebral artery; aps, anterior perforated substance;
cc, corpus callosum; cr, cribiform plate of the ethmoid
bone; gl, terminal nerve ganglion on ventromedial
aspect of the rostral olfactory bulb; g2, terminal nerve
ganglion in proximity to branches of the anterior
cerebral artery; gt, terminal nerve ganglion (“‘gan-
glion terminale’’) just caudal to the olfactory bulb; v,
lateral ventricle; ob, olfactory bulb; oc, optic chiasm;
on, olfactory nerve; sn, septal nuclei; sp, sphenoid
bone; v3, third ventricle.

region along with penetrating branches of
the anterior cerebral artery. LHRH immu-
noreactive fibers appear to interconnect at
least three descrete ganglia located along
the TN pathway (Fig. 9). Similar LHRH-
containing TN pathways have also been
reported in the hamster (Jennes and
Stumpf, 1980), rat (Witken et al., 1982) and
rhesus and pigtailed macaques (Silverman
et al., 1982). The TN of mammals like the
similar structure in teleosts (see above) may
function by permitting certain chemical
stimuli, most likely pheromones, to influ-
ence reproductive activity via LHRH mod-
ulation of central regions such as the sep-
tal-POA (see discussions in Schwanzel-
Fukuda and Silverman, 1980, and Demski
and Northcutt, 1983).

CONCLUSIONS

As a means for synthesizing the wealth
of data considered in this paper, areas of
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Fic. 10. Distribution of LHRH-containing neural pathways and sex steroid-concentrating cells with respect
to function. Anatomical data for all vertebrate groups discussed in the text (see Table 1) were pooled in

compiling this figure. See Conclusions for details.

the brain containing either sex steroid-
concentrating neurons and/or LHRH-
containing cells or fibers were placed into
the following functional categories: 1) pri-
mary sensory, 2) secondary sensory-sen-
sorimotor, 3) motivational-autonomic and
4) motor (Fig. 10). Despite some overlap,
the groupings approximate major func-
tional categories commonly used by neu-
roethologists (see Ewert, 1980; Guthrie,
1980). The results suggest several func-
tional-anatomical correlations which are
likely to reflect important evolutionary
patterns.

Androgenic control of motor pathways
for male sexual behavior appears to have
evolved independently at least several
times. The statement is based on identifi-
cation of steroid-concentrating cells in sev-
eral nonhomologous systems mediating
such diverse responses as singing in birds,
clasping in frogs and calling in toadfish.
The hormone-binding cells are present in
functional mechanisms ranging from
telencephalic and midbrain sensorimotor
integrating centers to primary motor nuclei
(see examples in text). In the latter case,

Erulkar and co-workers (1981) have dem-
onstrated androgen-specific membrane
changes in motor neurons controlling
clasping in Xenopus. The changes result in
increased motor cell activity in response to
artificial stimulation likely to represent the
“normal” tactile input that occurs during
spawning. It is reasonable to assume that
androgens may exert similar effects in other
steroid-concentrating motor systems and
that certain motor neurons may have a pro-
pensity for development of androgen
receptor systems, modifications which are
likely to be adaptive in cells involved in
male-specific reproductive responses. Ster-
oid-concentrating neurons probably also
evolved as substrates for sex-hormone
modulation of LHRH-containing brain
circuits mediating gonadal development
and sexual behavior (see below). Indeed,
this may have first occurred in the POA of
early agnathans. The hypothesis is based
on the presence of estrogen-concentrating
cells and LHRH-containing perikarya in
the lamprey POA and the assumption that
this overlapping representation is a prim-
itive feature. The fact that similar systems
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are found in teleosts and a variety of tet-
rapods supports the assumption.

In the early vertebrates, LHRH was
probably secreted directly into the sys-
temic circulation via neurohaemal organs
such as the neurohypophysis and OVLT.
The hypothesis follows from observations
that LHRH-reactive terminals are present
in these organs in a variety of vertebrates
including lampreys. Secretion of the pep-
tide directly into the CSF with transport
within the ventricular system and eventu-
ally into the venous system may also be a
primitive mechanism since LHRH-con-
taining CSF-contacting neurons are espe-
cially characteristic of lampreys (Crim et
al., 1979a). Presumably, these “‘primitive”
systems could have mediated LHRH mod-
ulation of anterior pituitary function as well
as activity in any brain-behavior circuits
with receptors for the peptide. Synchro-
nization of sexual behavior with gonadal
development was probably regulated by
steroid modulation of LHRH effects
through changes in the activity of steroid-
concentrating neurons.

Teleosts, amphibians and amniotes have
well-developed systems for local delivery
of LHRH for controlling gonadotropin
secretion (see review by Barry, 1979).
Teleosts utilize direct innervation of the
gonadotrops via LHRH-containing fibers
(Schreibman et al., 1979) while LHRH
reaches the anterior pituitary via portal
vessels of the median eminence in tetra-
pods (see Table 1). It appears that selective
pressure for a specific control of gonadal
function has thus resulted in at least two
elaborations of the *‘primitive” pattern of
secretion of LHRH into the systemic cir-
culation. Teleosts, amphibians and other
tetrapods also have additional LHRH-con-
taining neural pathways, at least some of
which appear to be homologous in the
groups studied; none of the pathways have
been observed in agnathans (see below and
Fig. 10). These observations suggest that
elaborate intracerebral systems involving
LHRH as a neurotransmitter or modulator
may have developed in the early gnatho-
stome ancestors of the bony fishes and tet-
rapods. Functional studies in living species
indicate that many of the pathways prob-

ably evolved as regulatory mechanisms
controlling sexual behavior (see below and
text for details). Some of the pathways may
have developed by modification of “‘prim-
itive”’ systems that were already responsive
to LHRH secreted directly into the sys-
temic circulation. The “new” adaptation
would thus have been direct LHRH inner-
vation of existing LHRH-sensitive systems.
This could possibly have occurred by
sprouting of collaterals from a major pool
of LHRH-containing perikarya located in
the POA-medial septal region where many
such cells are found in all the living ver-
tebrates that have been studied (see Table
1 and text). In summary, the gnathostomnes
appear to have evolved direct LHRH deliv-
ery systems to control both gonadal func-
tion and reproductive behavior. These
modifications undoubtedly permitted a
more efficient utilization of LHRH. Fur-
ther studies in a variety of species including
hagfish, elasmobranchs and primitive
actinopterygians are necessary to test the
hypothesis.

In gnathostomes, LHRH-containing sys-
tems are present in both primary and
higher order sensory pathways (Fig. 10) and
thereby probably directly influence the
processing of sensory information relevant
to sexual behavior. The peptide is also
present in ‘‘sensorimotor integrative’
regions where it may modulate the expres-
sion of reproductive responses, perhaps in
association with the effects of gonadal hor-
mones expressed via sex steroid-concen-
trating neurons closely associated with the
LHRH pathways (Fig. 10). Brain areas
involved in controlling sexual motivation
and/or autonomic components of repro-
ductive behavior (see examples in Kelley
and Pfaff, 1978) also appear to be sites for
interactions between the two hormonal
systems (Fig. 10). Many such loci are located
in limbic circuits which include both hypo-
thalamic and epithalamic connections with
the midbrain. These neuronal systems are
most likely involved in sexual arousal and
the mediation of appetitive behavior.

With few exceptions, (see below) the dis-
tribution of LHRH-containing and ster-
oid-concentrating areas in the brains of
amniotes is similar to that found in amphib-
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ians (see Table 1 and text). One of the
more obvious differences between the two
groups is that limbic areas in amniotes seem
to have an increased number of both hor-
mone-specific elements (see Table 1 and
text). This difference is not surprising since
these regions become highly developed in
reptiles, birds and mammals (see North-
cutt, 1981) and, in at least certain cases,
control both gonadotropin secretion and
sexual behavior (Beltramino and Taleis-
nik, 1978; Parvizi and Ellendorff, 1980;
Lehman and Winans, 1982).

With the exclusion of androgen-concen-
trating cells in vocal control areas of the
neo- and paleostriatum of birds, neocor-
tical regions of mammals and their prob-
able homologs in reptiles and birds appear
to lack well-developed substrates for either
sex-steroid binding or LHRH modulation
of neural activity. However, the strong
representation of the two systems in the
POA-septal region characteristic of fishes
and amphibians is retained in the amniotes
as is the basic intracerebral distribution of
the LHRH-containing TN (see text). The
latter examples underline the apparent
conservative evolution of areas of overlap
of LHRH-containing perikarya and fibers
and sex steroid-concentrating neurons and
suggest that basal forebrain systems sen-
sitive to these hormones evolved as ‘‘nec-
essary”’ components of circuits mediating
highly adaptative reproductive responses.
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