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Abstract

Ovarian steroid hormones regulate circadian period and phase, but classical receptors for these
hormones are absent in the circadian pacemaker localized in the suprachiasmatic nucleus of the
hypothalamus (SCN). In order to determine whether effects of oestrogen may be exerted through
steroid-binding systems afferent to the SCN we have performed double label immunocytochemistry
for oestrogen receptor-a(ER-x) and the retrograde tracer cholera toxin B subunit (CtB) after its
application to the SCN. Most of the areas that contain ER-a-immunoreactive (ERa-ir) cells also
contained cells afferent to the SCN. The percentage of neurones afferent to the SCN which show
ERa-immunoreactivity varies between areas. As many as one-third of the neurones afferent to the
SCN in some parts of the preoptic area and the corticomedial amygdala are ERo-ir. Very few of the
afferent neurones from the septum and the central grey are ERa-ir, whereas an intermediate
proportion of afferents from the bed nucleus of the stria terminalis and the arcuate nucleus are
ERo-ir. Our retrograde tracing results were compared with results of anterograde tracing from some
of the sites containing SCN afferents. Using a combined retrograde and anterograde tracing
technique we tested the possibility that single ERa-ir neurones afferent to the SCN could receive
reciprocal innervation by SCN efferents. Although we found SCN input to some SCN afferent
neurones, we found no evidence of reciprocity between single ERa-ir cells and the SCN. Our results
indicate the existence of oestrogen binding systems afferent to the SCN. These neuroanatomical
pathways may mediate effects of gonadal steroid hormones on circadian rhythms.

Ovarian steroid hormones modulate rodent circadian
rhythms. In both rats and Syrian hamsters the phase and
amplitude of circadian locomotor activity changes systematic-
ally across the oestrous cycle as a result of the changing levels
of estradiol (E2) and progesterone (1-6). In ovariectomized
(OVX) animals E2 increases the amplitude, shortens the
period, and changes the phase of onset and distribution of
circadian activity (4, 7-9). Progesterone antagonizes these
E2-induced effects (8, 10-12). Furthermore, E2 prevents
‘splitting’ of circadian wheel-running in OVX animals
(13-15). The capacity of ovarian hormones to modulate
circadian period indicates that these steroids exert their effect
directly or indirectly on the circadian pacemaker.

The suprachiasmatic nuclei (SCN) of the rodent hypothal-
amus contain the master circadian oscillator responsible for
the generation of behavioural circadian rhythms (16). E2
could affect the circadian system by acting directly on these

nuclei. In theory, the effects of this steroid could be mediated
(1) by classical receptors located in the cytosolic and nuclear
compartments of cells within the brain (17, 18); and/or (2)
by membrane receptors which may mediate effects of steroid
hormones (19, 20). Examination of the distribution of oestro-
gen receptor-o. (ER-«) in the female rat and hamster brain
by immunocytochemistry (21-23), autoradiography using
radiolabelled steroids (24, 25), or in-situ hybridization for
ER-a2 mRNA (26), fails to demonstrate expression of ER-«
in the SCN. This suggests that the actions of E2 on the SCN
are mediated by either non-classical steroid binding sites, e.g.
membrane receptors, by ER-« binding sites which are afferent
to the SCN, or by other oestrogen receptor subtypes within
or in neuronal afferents to the SCN.

In order to examine the second possibility, we mapped
ERa immunoreactive (ir)-cells which project to the SCN by
combining retrograde tracing of cells afferent to the SCN
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with immunocytochemistry for oestrogen receptors. Previous
studies (27-30) have indicated afferent input to the either the
shell or the core of the SCN from the retina, the preoptic
area, the anterior hypothalamus, the intergeniculate and
paraventricular nuclei of the thalamus, and the midbrain
raphe, but have not identified the steroid receptor content of
these cells. We also performed anterograde tracing studies to
confirm our retrograde tracing results and analysed the
possibility that individual ERa-ir neurones afferent to the
SCN might also be targets of SCN efferent fibres.

Materials and methods

Female golden hamsters (LVG strain) weighing between 125 and 200 g,
purchased from Charles River (Wilmington, MA, USA) or from our own
colony, were used in this study. Animals were housed in 14 h:10 h light : dark
cycle in a temperature-controlled room. Oestrous cycles were monitored by
daily vaginal smears, and only animals that showed at least five successive
regular cycles were used. Animals used for retrograde tracing studies and
animals used for combined retrograde and anterograde tracing studies were
ovariectomized in diestrus I or II under pentobarbital anaesthesia
(i.p. 10.37 mg/100 g body weight), as endogenous E2 interferes with binding
of the H222 antibody (see below).

Retrograde tracer application

Either immediately or up to 3 weeks after ovariectomy, animals under
pentobarbital anaesthesia received cholera toxin B subunit (CtB) iontophoretic
applications. Animals were placed in a stereotaxic device and CtB (5 mg/ml
in 0.1 M phosphate buffer; List Laboratories, Campbell, CA, USA) was
unilaterally applied by iontophoresis. A glass pipette with a 40-50 um tip
diameter was lowered to the SCN. The stereotaxic co-ordinates used were
1 mm anterior to bregma, 0.75 mm lateral to the sinus, and 7.95 mm below
the dura, with a 5° angle and the skull levelled between lambda and bregma.
A positive current of 2pA provided by a constant-current source
(Transkinetics, Canton, MA, USA; model CS3) was applied during 10 min,
alternatively turning the current on and off every 8 s.

After a survival time of 15-20 days animals were deeply anaesthetized with
sodium pentobarbital (i.p. 20 mg/100 g body weight). After an injection of
5000 units of heparin (Rugby Laboratories, Norcross, GA, USA) into the
left ventricle hamsters were perfused transcardially (25 ml/min) with 100 ml
of 0.01 M phosphate-buffered saline (pH 7.3) followed by 250 ml of 2%
paraformaldehyde, 0.2% glutaraldehyde in 0.1 M phosphate buffer (pH 7.3).
The brains were removed and infiltrated overnight in phosphate-buffered 20%
sucrose solution. Sections were cut on a freezing microtome into 40 pm
coronal sections. Series of one-in-four sections including the diagonal band
(rostral extent) through the dorsal raphe (caudal extent) were cut and stored
in cryoprotectant (31) at —20 °C until immunocytochemistry was carried out.

One set of sections was used to determine for each animal the site of the
CtB deposit. Free floating sections were rinsed three times for 5 min each
with 0.05 M Tris-buffered saline (TBS, pH 7.6) followed by 0.5% NaBH, in
TBS for 30 min. Sections were then rinsed three times for 5 min each with
TBS followed by 20 min in 0.5% H,O, in TBS for 20 min. Sections were
rinsed three times for 5 min each with TBS followed by 20% normal rabbit
serum, 0.5% Triton X-100 (Tx) in TBS for 10-20 min. Sections were incubated
in goat anti-CtB antibody 1:5000 (List Laboratories) in 2% normal rabbit
serum, 0.5% Tx in TBS (buffer 1) overnight at room temperature followed
by three 5-min rinses in buffer 1 and by incubation in 5 pg/ml biotinylated
rabbit antigoat (Vector Laboratories, Burlingame, CA, USA) in buffer 1 for
1 h. Following two 5-min rinses in buffer 1 and one 5-min rinse in TBS
sections were incubated with avidin-biotin peroxidase complex (ABC, Elite
kit, Vector Laboratories), according to supplier’s instructions. Following three
S-min rinses in TBS, sections were incubated in 0.05% diaminobenzidine,
0.05% H,0, in TBS for 5-10 min. Sections were rinsed several times in TBS,
mounted in gelatin/chromium potassium sulphate-subbed slides, dried and
coverslipped with mounting medium.

A second set of sections of only those brains with CtB applications
restricted to the SCN was processed for double label immunocytochemistry
for CtB and ER-a. Free floating sections were rinsed three times for 5 min
each in TBS followed by 0.5% NaBH, in TBS for 30 min. Sections were then
rinsed three times for 5 min each with TBS followed by 20 min in 0.5% H,0,

in TBS for 20 min. Sections were rinsed three times for 5 min each with TBS
followed by 1% bovine serum albumin, 20% normal rabbit serum, 0.5% Tx
in TBS for 20 min. This was followed by incubation in 1.3 pg/ml of rat anti-
ER-primary antibody (H222, Abbott Laboratories, North Chicago, IL, USA)
in TBS containing 0.5% Tx, 0.1% gelatin, and 0.02% NaNj; (buffer 2), for
72 h at 4°C. Sections were rinsed three times for 5 min each with buffer 2
followed by incubation in 6 pg/ml biotinylated rabbit antirat (Vector
Laboratories) in buffer 2 for 90 min. Following two 5-min rinses in buffer 2
and one 5-min rinse in TBS, sections were incubated with avidin-biotin
peroxidase complex for 90 min. Following three 5-min rinses in TBS sections
were incubated in TBS containing 0.05% diaminobenzidine (DAB), 10 mM
nickel-ammonium sulphate, 2 M sodium acetate, 49 mM ammonium chloride,
0.3% p-p-glucose, 10 units/ml glucose oxidase for less than 5 min and then
rinsed several times in TBS. Sections were then processed for CtB immuno-
cytochemistry as described above, but in this case starting with the incubation
in the anti-CtB antibody.

Sections were mounted on slides, coverslipped with mounting media and
inspected using a Zeiss Axioscope at 630 x magnification. The existence of
ERua-ir -cells projecting to the SCN was determined by the presence of double-
labelled cells. A double-labelled cell was defined as a brown-stained cell,
indicative of CtB, with a purple-stained nucleus, indicative of ER-o. Cells
were counted on the ipsilateral side of the tracer application, in all the sections
present in the set (one out of four sets of 40 pm-thick sections). Cells were
counted only in those regions where CtB-stained cells and ERo-ir cells were
co-localized. Given the variability on the distribution of CtB-stained between
animals, the specific areas in which cells were counted differed between animals.
Due to the lack of an atlas of the hamster brain, the Paxinos and Watson
Atlas (32) of the rat brain was used as anatomical reference to subdivide the
areas where ER-o- and CtB-immunoreactive cells were co-localized. The terms
striohypothalamic and septohypothalamic nuclei refer to a group of ER-a-
stained cells consistently found in the areas labelled as such nuclei in this
atlas. The amygdala was subdivided according to Price et al. (33). The term
medial preoptic area is used throughout the paper to refer to the medial
preoptic area proper, excluding the nuclei included within this area. No
distinction between parvocellular and magnocellular subdivisions of hypothal-
amic nuclei was made in the analysis of results.

All figures were generated by taking photographic slides with a Zeiss
Axioscope, using Kodak Ektachrome film, scanning them with a slide scanner
into a Macintosh computer, and printing them, using Adobe Photoshop, in
a colour laser printer.

Anterograde tracer application

Intact females under pentobarbital anaesthesia were placed in a stereotaxic
device and the anterograde tracer Phaseolus vulgaris leucoaglutinin (2.5%
PHA-L, Vector Laboratories, in sodium phosphate buffered saline, pH 8.0)
was unilaterally applied by iontophoresis. A glass pipette with a 30-45 pm
tip diameter was targeted at either the preoptic area or the corticomedial
amygdala. The stereotaxic coordinates employed for the preoptic area were
1.5 mm anterior to bregma, 0.75 mm lateral to the sinus, and 7.6 mm below
the dura, with a 5° angle. The stereotaxic co-ordinates employed for the
amygdala were 0.2 mm anterior or 0.7 mm posterior to bregma, 3 mm lateral
to the sinus, and 7.5 mm below the dura, with a 0° angle. A current of 8 pA
was applied during 10 min, alternatively turning the current on and off
every 8 s.

After a survival time of 15-20 days animals were deeply anaesthetized and
perfused following the same protocol as in the retrograde tracer application
experiment except that the phosphate-buffered saline was followed by 250 ml
of 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.3). Brains were
removed and postfixed overnight in the same fixative and infiltrated overnight
in phosphate-buffered 20% sucrose solution. Sections were cut in a freezing
microtome into 40 um coronal sections. Series of one-in-four sections including
the site of tracer application through the SCN were cut and stored in
cryoprotectant at —20 °C until immunocytochemistry was carried out.

One set of sections was used to determine for each animal the site of the
PHA-L deposit and whether anterogradely labelled fibres were localized at
the SCN. Free floating sections were rinsed three times for 5 min each with
0.05 M Tris-buffered saline (TBS, pH 7.6) followed by 0.5% NaBH, in TBS
for 30 min. Sections were then rinsed three times for 5 min each with TBS
followed by 20% normal rabbit serum, 0.5% Tx in TBS for 10-20 min.
Sections were incubated in goat anti-PHA-L antibody 1:2000 (Vector
Laboratories) in buffer 1 overnight at room temperature. Following addition
of primary antibody the protocol was identical to that for single labelling of
CtB described above.
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Combined retrograde and anterograde tracer application

A modification of a protocol provided by L. M. Coolen and R. I. Wood was
used (34, 35). Two weeks after ovariectomy, animals under pentobarbital
anaesthesia received iontophoretic applications with a solution containing
equal volumes of the CtB and PHA-L solutions used in the above experiments.
A glass pipette with a 30-45 pm tip diameter was lowered at the SCN, using
the same co-ordinates as in the retrograde tracing study. A current of 4 pA
was applied during 10 min, alternatively turning the current on and off every
8s. After a survival time of 15-20 days animals were perfused and brains
treated as in the retrograde tracing study. One set of sections was used to
determine the site of tracer application in each animal. These sections were
processed for single labelling of PHA-L according to the protocol in the
anterograde tracing study.

A second set of sections of only those brains with tracer applications
centred at the SCN was processed for immunocytochemistry for PHA-L, ER-
o and CtB. Free floating sections were rinsed three times for 5 min each in
TBS followed by 0.5% NaBH, in TBS for 30 min. Sections were then rinsed
three times for 5 min each with TBS followed by 20 min in 0.5% H,O, in
TBS for 20 min. Sections were rinsed three times for 5 min each with TBS
followed by 20% normal rabbit serum, 0.5% Tx in TBS for 20 min. This was
followed by simultaneous incubation in 1.3 pg/ml H222 antibody and 1:2000
anti-PHA-L antibody in TBS containing 0.5% Tx, 0.1% gelatin, 0.02% NaNj;
and 1% normal rabbit serum (buffer 3), for 72 h at 4 °C. Sections were rinsed
three times for 5 min each with buffer 3 followed by simultaneous incubation
in 7.5 pg/ml biotinylated rabbit antirat and 7.5 mg/ml biotinylated rabbit
antigoat in buffer 3 for 1 h. Following two 5-min rinses in buffer 3 and one
5-min rinse in TBS, sections were incubated with avidin-biotin peroxidase
complex for 1 h. Following three 5-min rinses in TBS sections were incubated
in TBS containing 0.025% diaminobenzidine (DAB), 0.04% nickel chloride,
0.0075% H,0, in TBS for 5-10 min and then rinsed several times in TBS.
Sections were incubated in 1% H,0O, in TBS for 10 min to block the remaining
peroxidase activity and then rinsed three times in TBS. Sections were then
processed for CtB immunocytochemistry as described in the retrograde tracing
study, starting with the incubation in the anti-CtB antibody.

The existence of ERa-ir cells with reciprocal projections to and from the
SCN was determined in those areas where ER-a/CtB double-labelled cells
overlapped with PHA-L-stained fibres. An ERo-ir cell with reciprocal projec-
tions was defined as an ER-o/CtB double-labelled cell on which PHA-L fibre
appositions could be seen. An apposition was defined as a Ni-DAB fibre
found in the same plane of focus and in immediate contiguity with double-
labelled cells.

Results

Retrograde tracing

A total of 24 animals was used for this study. Six of these
animals had CtB iontophoretic applications centred at the
SCN, although the precise localization within the nucleus was
variable. Figure 1 shows microphotographs of coronal sections
of two representative animals. In two cases the tracer filled the
medial portion of the SCN (Fig. 1B), in one including only the
rostral part. Two CtB applications filled the entire extent and
a third application filled the lateral portion of the nucleus
(Fig. 1), in these cases some tracer spread to the adjacent
hypothalamus. Finally, one iontophoretic application filled the
SCN bilaterally throughout their entire extent. In every case,
retrograde labelling was observed in brain areas previously
demonstrated to project to the SCN. CtB-immunoreactive
neurones were found within the intergeniculate leaflet of the
thalamus and the periventricular preoptic area (Fig. 1c,D),
both well known afferents of the SCN (27, 28).

CtB applications which filled either the lateral extent of the
SCN or the whole nucleus led to the greatest number of
retrogradely labelled neurones. The distribution of afferent cells
within different nuclei agrees in general with that described by
other authors (27, 29). Figure 2 shows the distribution of
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F1G. 1. Photomicrographs of sections immunostained for CtB. (A,B)
unilateral tracer applications including the lateral and medial part of the
SCN, respectively. (c,D) retrogradely labelled cells from two animals
with CtB applications centred at the SCN in the thalamic intergeniculate
leaflet and the medial preoptic area, respectively. 3V: third ventricle; OC:
optic chiasm. Upper scale bar =300 pm (A, B); lower scale bars =150 um.

afferent cells to the SCN in a representative animal (tracer
application shown in Fig. 1B). The highest densities of retro-
gradely labelled cells were found in the ventral, dorsal, and
intermediate parts of the lateral septal nucleus, the vertical limb
of the diagonal band at the level of the organum vasculosum
of the lamina terminalis, the medial division of the bed nuc-
leus of the stria terminalis, throughout the extent of the medial
preoptic area, the contralateral SCN, the paraventricular hypo-
thalamic nuclei, the paraventricular thalamic nucleus, and the
intergeniculate leaflet. Intermediate densities of cells were found
in the ventral division of the bed nucleus of the stria terminalis,
the anterior hypothalamic area, the arcuate nucleus, the ven-
tromedial hypothalamic nucleus, the midbrain dorsal and
median raphe, and the central grey. Fewer cells were found in
the dorsal tegmental nucleus, the dorsal and ventral premmam-
illary nuclei, and the zona incerta. A sparse distribution of
CtB-ir cells was found in the ventral subiculum, on the bound-
ary with the amygdalohippocampal area, and in one case in the
dorsal nucleus of the lateral lemniscus.

In addition to these areas, retrograde labelling was observed
in brain areas that have not been previously identified as
afferent to the SCN (27). A large number of afferent cells was
found in the striohypothalamic nucleus, and in the amygdala,
particularly in the cortical and the medial amygdaloid nuclei,
as well as in the amygdalohippocampal area. Intermediate
densities of cells were present in the cingulate cortex, the
infralimbic cortex, the medial tuberal nucleus, the dorsomedial
hypothalamic nucleus, and the lateral parabrachial nucleus (see
Table 1 and Fig. 2 for an estimation of relative cell densities).
Fewer cells were found in the lateral preoptic area (medial
region), the parastrial nucleus, the posterior hypothalamic area,
the paratenial thalamic nucleus, the supramammilary nucleus,
the ventral tegmental area, the peripeduncular nucleus, and the
peduncolopontine tegmental nucleus.

Areas that contained high to intermediate densities of CtB-
stained cells but not ERa-ir cells included the nucleus of the
vertical limb of the diagonal at the level of the organum
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F1G. 2. Distribution of retrogradely labelled cells in an animal with a unilateral CtB application centred in the medial part of the SCN. Sections were
immunostained for CtB and for ER-u. Filled circles represent CtB-immunopositive cells; open circles represent cells that are immunopositive for CtB
and ER-o; grey areas represent the distribution of ERo-ir cells. AC: anterior commissure, Aq: aqueduct, CC: corpus callosum, CG: central grey, CL:
cerebellar lobules, D3V: dorsal third ventricle, F: fornix, FMI: forceps minor of the corpus callosum, Hip: hipocampus, LV: lateral ventricle, OC:
optic chiasm, OT: optic tract, VHC: ventral hipocampal commissure, 3V: third ventricle, 4V: fourth ventricle.

vasculosum of the lamina terminalis, the contralateral SCN,
the paraventricular hypothalamic nucleus, the dorsomedial
hypothalamic nucleus, the paraventricular thalamic nucleus,
and the intergeniculate leaflet (see Fig. 2 for an estimation of
relative cell densities).

CtB-stained cells were found in almost all areas which
contained populations of ERa-ir neurones, including the
preoptic area, the hypothalamus, the bed nucleus of the stria

terminalis, the corticomedial amygdala, and the midbrain
(see Fig. 2. and Table 1 for relative densities of retrogradely
labelled cells). Table 1 shows the mean percentage of cells
immunopositive for both ER-o¢ and CtB (Fig. 3), over the
total number of CtB cells, in each area defined by the Paxinos
and Watson Atlas (32). Although variable between animals
due to differences in the precise location of the CtB deposit
within the SCN, the highest percentages of double-labelled
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TABLE 1. Mean Percentage of Cells Afferent to the SCN Which Are Oestrogen-Receptor Immunoreactive.

Total CtB-stained

Weighted mean of Range among

Area cells counted double-labelled cells (%)* animals (%)
Septum
Lateral septal nucleus, intermediate part 144 1.8 0-14 (5)
Lateral septal nucleus, ventral part 5.4 2.7 0-9 (6)
Bed nucleus of the stria terminalis
Medial division 216 13.6 0-25 (6)
Ventral division 42 1.4 0-7 (5)
Preoptic area and hypothalamus
Anterior hypothalamic area 34 1.5 0-50 (6)
Anterior medial preoptic nucleus 61 16.2 0-33 (6)
Anteroventral preoptic nucleus 27 22.3 0-67 (3)
Arcuate nucleus 93 10.6 0-17 (4)
Medial preoptic area 465 20.3 8-33 (6)
Medial preoptic nucleus 174 29.8 12.5-43 (6)
Medial tuberal nucleus 64 17.2 10-50 (4)
Septohypothalamic nucleus 271 8 5-18 (6)
Striohypothalamic nucleus 27 33 0-55 (4)
Amygdala amygdalohippo-campal area 74 27.3 15-59 (3)
Bed nucleus of the accessory olfactory tract 19 5.3 0-50 (3)
Cortical amygdaloid nucleus 47 23.2 0-50 (4)
Medial amygdaloid nucleus, anterior part 219 6.8 0-16 (6)
Medial amygdaloid nucleus, posterior part 132 12.1 0-27 (5)
Midbrain
Central grey 48 4.1 0-22 (3)

Data based on six animals with CtB iontophoretic applications restricted to the SCN. Number of animals in which ERo-ir cells and CtB-stained cells
were both found in each area is indicated in parentheses. Only those areas where both cell types were co-localized in at least three of six animals

are included.

*The mean percentage for each area represents a mean between animals, weighted according to the number of CtB cells counted in each animal for

that specific area.

cells were always found in the preoptic area, the anterior
hypothalamus, the cortical amygdala and the amygdalohipo-
campal area. CtB applications which filled either the lateral
extent of the SCN or the whole nucleus led to both a larger
number of double-labelled cells (6892 cells per animal ) and
a larger number of areas with double-labelled cells (16 areas
per animal, as defined by the rat brain atlas), in comparison
to applications which filled the medial SCN(24-37 double-
labelled cells per animal and nine areas with double-labelled
cells per animal).

Although there was no obvious difference in the distribu-
tion of ERa-ir cells between animals, the areas which
contained ERa-ir cells, but not CtB-stained cells, differ from
case to case, depending on the distribution of CtB-stained
cells. These areas were more extensive in an animal with a
tracer application including the rostral and medial portion of
the SCN. In general, these areas included the lateral extent
of the medial preoptic area, the lateral preoptic area, the
lateral hypothalamic area, the intermediate (lateral division
according to Alheid et al. (36)) and medial divisions of the
bed nucleus of the stria terminalis, and the lateral extent of
the central grey (Fig. 2).

Anterograde tracing

In order to confirm the results of retrograde tracing, 25
animals received PHA-L iontophoretic applications in the
preoptic area. Four of these animals had PHA-L deposits
that extended into the SCN, and were therefore discarded
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from the analysis. Of the remaining animals, three had tracer
applications that filled cells in the anterior medial preoptic
nucleus, one had an application confined to the medial
preoptic nucleus and three had applications which included
the medial preoptic nucleus and/or the medial preoptic area,
including a few cells of the rostral tip of the SCN. The
remaining animals had either PHA-L applications in the third
ventricle or the optic chiasm, or the site of the tracer deposit
could not be determined. In all seven cases at which the
iontophoretic application was centred at the preoptic area,
sparse PHA-L fibres and varicosities could be seen within the
core of the SCN. A greater density of fibres was evident at
the shell of the nucleus, and a very dense plexus of fibres was
seen at the peri-SCN area. Figure 4(A) shows a photograph
of a representative PHA-L application that led to staining of
fibres (Fig. 4c) and varicosities (Fig. 4g) at the SCN.

Ten animals received PHA-L iontophoretic applications in
the amygdala. Eight of these animals had PHA-L applications
filling cells at different subregions of the amygdala and in
two of these animals the site of the PHA-L deposit could not
be determined. Anterior applications that filled cells in both
the dorsal and ventral divisions of the medial amygdala, and
the cortical amygdaloid nucleus, labelled high densities of
fibres and varicosities at the peri-SCN area, fewer at the shell
of the SCN and very sparsely distributed fibres and varicosit-
ies within the core of the nucleus. A similar pattern of
innervation of the SCN resulted when PHA-L filled cells
within the anterolateral division of amygdalohipocampal
area, but fewer PHA-L fibres were found in the SCN of
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Fic. 3. High power photomicrographs of sections immunostained for
cholera toxin B subunit (brown diaminobenzidine reaction) and oestro-
gen receptor (purple nickel-diaminobenzidine reaction) in the medial
preoptic nucleus (A), the medial preoptic area (B), and the posteromedial
cortical amygdaloid nucleus (c). White arrowheads: neurones immunore-
active to cholera toxin but not to oestrogen receptor. Black arrows:
neurones immunoreactive to oestrogen receptor but not to cholera toxin.
Black arrowheads: double-labelled cells. Scale bar =50 pm.

hamsters with tracer deposits in more caudal divisions of this
area or within the posterior cortical amygdaloid nucleus.
Figure 4B shows a photograph of a representative PHA-L
application that led to fibre staining at the shell of the SCN
and sparse labelling of fibres (Fig.4p) and varicosities
(Fig. 4F ) within the nucleus.

F1G. 4. Photomicrographs of sections immunostained for PHA-L. (a,B)
immunopositive cells at the application site of animals that received
PHA-L iontophoretic applications in the preoptic area and the anterior
amygdala (medial and cortical ), respectively. (c,D) dark field microphoto-
graphs of PHA-L-stained fibres at the shell and core of the SCN of the
same animals shown in (A) and (B), respectively. (E,F) high power
microphotographs of PHA-L-stained varicosities at core of the SCN of
the same animals shown in (A) and (B), respectively. Abbreviations as in
Fig. 2. Scale bar =250 um for A; 130 um (c,b); 650 pm (B); 70 um (E,F ).

Combined retrograde and anterograde tracing

In order to examine the possibility that individual cells both
project to the SCN and receive SCN input, 13 animals
received iontophoretic applications with the CtB/PHA-L
solution. In four of these animals the applications were
centred in the SCN as judged by the PHA-L immunocyto-
chemistry. The technique demonstrated that the distribution
of SCN efferent fibres overlaps, in some cases, with that of
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FiG. 5. High power microphotographs of sections from animals that
received an iontophoretic application with a combination of anterograde
and retrograde tracers at the SCN. (A) Co-localization of PHA-L-labelled
fibres of SCN origin (black arrowheads), CtB-labelled cells afferent to
the SCN (white arrowheads), and ERo-ir neurones (black arrows) in the
septohypothalamic nucleus. (B) appositions (black arrowheads) of
PHA-L fibres of SCN origin on a CtB-stained cell afferent to the SCN
located in the dorsolateral medial preoptic area. Abbreviations as in
Fig. 2. Scale bar=60 pm (a); 45 pm (B).

the ER-a/CtB double-labelled cells. This was the case in
animals where the tracers filled most of the SCN, as in the
case shown in Fig. 5A. In no area, however, were PHA-L
fibres observed in close apposition to CtB/ER-a-double
labelled cells. Only within the paraventricular nucleus of the
thalamus, the medial central grey (one case), and the dorsolat-
eral medial preoptic area (one case, Fig. 5B) were PHA-L
fibres of SCN origin found in close apposition to CtB-labelled
SCN afferents.

Discussion

Our results confirm that there exists a high degree of regional
co-localization of ER-ua-containing cells and SCN afferents.
We have not found any ERo-ir brain area which does not
project to the SCN. This remarkable degree of overlap
suggests an anatomical basis for regulation of the circadian
pacemaker by ovarian steroids. The most important finding
of this study is the identification of SCN afferent cells which
contain ER-« in several brain areas (Table 1). The presence
of oestrogen receptors in SCN afferents (as many as 30% of
retrogradely labelled cells in some portions of the preoptic
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area) provides a substrate for direct modulation of circadian
rhythms by reproductive state. Since a great percentage of
ER-z-containing neurones may also contain oestrogen-
induced progestin receptors (37) the present results suggest
that the SCN may also receive direct input from progestin
receptive neurones.

The distribution of SCN afferents in our study is not fully
in agreement with that described by Pickard (27). In general,
we have found more areas showing retrogradely labelled cells,
particularly within the amygdala (Fig. 3c), the mediobasal
hypothalamus and some sub-areas of the anterior hypothal-
amus. In contrast, the density of retrogradely labelled cells
in the zona incerta, the ventral subiculum, and the dorsal
nucleus of the lateral lemniscus was much lower in our study
than previously described (27). Some technical considerations
could explain these differences. The number and distribution
of cells detected using any retrograde tracer depends on its
sensitivity for axonal uptake, the localization and size of the
tracer application, the degree of tracer spreading outside of
the target nucleus, the degree of damage of en passant fibres,
and the degree of selective uptake of the tracer by different
cell types. CtB is a very sensitive retrograde tracer and is not
taken up selectively by specific cell types (38). The possibility
of uptake of the tracer by fibres of passage was reduced in
our study by using current intensities in the iontophoresis
procedure which minimize damage of axons coursing through
the application site (38). Furthermore, our anterograde tra-
cing studies in the amygdala and preoptic area suggest that
the retrogradely labelled cells in these two areas was due to
CtB uptake by terminals at the SCN. Thus, differences with
other studies most likely arise from differences in the degree
of spreading of retrograde tracer outside of the boundaries
of the SCN, and the use of a more sensitive retrograde tracer
(CtB) in our study.

Although the PHA-L deposits in our anterograde tracing
studies do not completely overlap with the distribution of
double-labelled cells in the retrograde tracing experiments,
these studies show that at least some of the retrogradely
labelled subregions of the amygdala and preoptic area send
few efferents to the core of the SCN and more dense
projections to the shell of the nucleus and the peri-SCN area.

The distribution of amygdaloid efferents in the SCN region
agrees in general with previous anterograde tracing studies
of the medial amygdala in both hamsters (39) and rats (40).
Gomez and Newman (39) showed that in the male hamster
the posterodorsal medial amygdaloid nucleus sparsely innerv-
ates the shell of the SCN, whereas the anterodorsal medial
amygdaloid nucleus does not. However, we have found a
denser distribution of corticomedial amygdaloid efferent
fibres in the SCN. This difference could be due to the fact
that our iontophoretic applications were more extensive and
they were not segregated between the anterodorsal and
posterodorsal divisions of the medial amygdaloid nucleus.
Alternatively, there may exist sex differences in the amygda-
loid pattern of innervation of the SCN. Indeed, the medial
amygdaloid nucleus is sexually dimorphic with respect to
both its size and synaptic organization (41), and its synaptic
input to the preoptic area and anterior hypothalamus (42).
In any case, the density of medial amygdaloid fibres innervat-
ing the SCN is lower than would be expected from our
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retrograde tracing study. The reasons for this could be that
the retrograde tracing technique used is more sensitive than
the anterograde tracing technique, or that PHA-L in not
taken up by the specific cells innervating the SCN. The
possibility that CtB-filled fibres of passage within the SCN
seems unlikely, because these fibres would be also visualized
in our anterograde tracing study.

To our knowledge, this is the first report of preoptic
anterograde tracing studies in the hamster brain. The efferent
projections from the preoptic area, particularly the anterior
medial preoptic nucleus and the medial preoptic nucleus, to
the SCN are confirmed by both retrograde and anterograde
tracing studies reported in the present study. The innervation
of the shell of the SCN, and particularly the peri-SCN area
by preoptic area efferents has already been shown for the rat.
Female rats show a more extensive innervation of the core
of the SCN by anterior medial preoptic nucleus efferents than
male rats (30, 43, 44). The preoptic innervation of the SCN
in the female hamster reported in this study resembles closely
that of the female rat.

The surrounding peri-SCN area and the subparaventricular
area are densely innervated by SCN efferents. These areas
project back to the SCN and essentially to all the areas that
are targets of SCN efferents, and they are recognized as
relaying and modulatory areas for SCN output (30, 45-48).
The dense innervation of the peri-SCN area (Fig. 4) and the
subparaventricular area (data not shown) by the preoptic
area and the medial amygdala may represent an input path-
way controlling circadian oscillations, as well as a pathway
modulating SCN output.

We have previously shown that the SCN projects to ERa-ir
cells (23) within some of the areas that contained double-
labelled ER-o/CtB cells in the present study. However, the
presence of single ERa-ir cells that both project to the SCN
and are targets of the SCN efferents could not be confirmed
by our combined CtB and PHA-L studies. Although SCN
afferent neurones and SCN efferent fibres overlap in several
areas, single CtB-labelled cells showing appositions of SCN
efferent fibres were only found within the paraventricular
nucleus of the thalamus the peoptic area and the central grey.
Although the paraventricular nucleus of the thalamus had
been previously recognized as being both afferent and efferent
to the SCN in rats and hamsters (27, 30, 45-47), this is the
first study showing that single thalamic neurones that project
to the SCN may receive reciprocal SCN efferent projections.

Several studies support the notion that ovarian steroids
modulate the phase and amplitude of circadian rhythms in
rodents (1, 3-9), and apparently in one primate species (49).
The ability of E2 to shorten circadian period (4, 9) suggests
that the effects of reproductive state on circadian rhythms
reflect an action of ovarian steroids on the circadian pace-
maker. Our finding that the SCN is innervated by ER-o-
containing neurones suggests a direct anatomical connection
subserving this control. Nevertheless, ovarian steroids may
also regulate the circadian pacemaker via indirect pathways.
This appears to be the case in the female rat, in which the
effects of ovariectomy on circadian parameters depend on
the access to running wheels (50).

Local application of E2 to the preoptic area and rostral
anterior hypothalamic area increases wheel running activity

(51, 52) and lesions of these areas prevent the E2-induced
increase in locomotor activity (53, 54). ERa-ir cells in these
two areas form a continuum that includes the medial preoptic
area, the medial preoptic nucleus, and the rostral anterior
hypothalamus (Fig. 2). Our study shows that these areas
have the greatest proportions of SCN afferent neurones
containing ER-« with up to one-third of the afferents being
ERw-ir in some cases. This cell population could indirectly
modify wheel running amplitude through effects on the
circadian system. We have found almost no double-labelled
cells in the anterior hypothalamic area. However, the distinc-
tion between the medial preoptic area and anterior hypothal-
amic area varies between studies, and other authors (52)
have identified as anterior hypothalamus portions of the
medial preoptic area delineated by Paxinos and Watson (32).

The pathways demonstrated by the present results provide
a direct mechanism for steroidal regulation of circadian
function. Several physiological and behavioural processes
which exhibit a circadian rhythm, e.g. food intake and body
temperature, also vary across the oestrous cycle (55). The
pathways described here suggest a means by which the
circadian control of these processes might be modulated by
oestrogen. Other pathways, which could also contribute to
reproductive modulation of circadian rhythms, are not
excluded by our results. Membrane receptors for ovarian
steroids within the SCN (19, 20) represent a possible pathway,
particularly considering the ability of a progesterone metabol-
ite to allosterically modulate GABA, receptors in the SCN
(56). Furthermore, SCN afferents containing the recently
cloned ER-f (57), not detected by our immunocytochemical
technique, could represent another pathway for oestrogenic
modulation of the circadian system. Interestingly, the parav-
entricular nucleus of the rat, one of the main hypothalamic
areas afferent to the SCN, expresses high levels of ER-f
mRNA but not of ER-o mRNA (58, 59). Studies on the
distribution of ER-f mRNA-containing cells in the brain
indicate that some SCN cells may express this receptor type.
ER-f mRNA seems to be present in low levels in the rat
SCN (58, 59), and is abundant in the SCN of the ER-«
knockout mouse (60). Although unpublished observations in
one of our laboratories indicate that the rat SCN may show
ER-f immunoreactivity, the extent of expression of the
corresponding peptide in hamster SCN is unknown.

The transmitter content of oestrogen-responsive neurones
afferent to the SCN is unknown. Substance P (61) and
GABA (62) have been identified in ER-u-containing neur-
ones. Considering reports that GABA agonists and blockers
affect light-induced phase shifts of circadian rhythms (63),
and evidence for substance P innervation of the SCN (28)
and substance P modulation of circadian rhythms (64), these
two transmitters are particularly good candidates as medi-
ators of E2 effects on the circadian system.

The circadian system of rodents also participates in the
generation of the oestrogen-induced prooestrous surge of
luteinizing hormone (LH), which induces ovulation (for a
recent review see (65)). It is not known at which level the
interaction between the ovarian and the circadian signals
occur. The presence of ERa-ir cells afferent to the SCN opens
the possibility that these cells may provide the SCN with
information about ovarian status critical to the circadian
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gating of the LH surge. We have previously shown that SCN
cells project to ERa-ir cells in different areas of the lateral
septum, preoptic area, bed nucleus of the stria terminalis,
and hypothalamus (23). Thus, the circadian system might be
placed either ‘downstream’ or ‘upstream’ of the cells which
monitor oestrogen levels, and the possibility exists that the
LH surge is the result of mutual interaction between SCN
cells and their ER-a-containing afferents and efferents.

In summary, this study provides evidence for widespread
innervation of the SCN by cells that contain oestrogen
receptors. High percentages of SCN afferents are ERa-ir in
some regions of the preoptic area and the amygdala. Given
the absence of classical ovarian steroid binding sites in the
SCN, the neuroanatomical pathways described in this study
may serve as a substrate for the ovarian steroid control of
circadian behaviour, as well as for the interaction between
the circadian and reproductive systems that leads to the
generation of the LH surge.
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