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Chapter 7

Distribution of estrogen receptor-alpha 
immunoreactive neurons in the cat central 

nervous sytem and projections from the peri-
aqueductal gray to the nucleus retroambiguus

ABSTRACT

The nucleus retroambiguus (NRA) receives strong projections from the periaqueductal gray 
(PAG) and in turn projects to distinct sets of motoneurons. The NRA-lumbosacral projection 
is thought to play a role in mating behavior, and its strength is estrogen dependent. It is 
not known whether estrogen also infl uences the PAG-NRA projection. This study provides an 
overview of the distribution of estrogen receptor-alpha immunoreactive (ER-α-IR) neurons 
of the cat central nervous system, and investigates whether mesencephalic ER-α-IR neurons 
project to NRA. In the telencephalon and diencephalon numerous ER-α-IR neurons are located 
in the lateral septal nucleus, amygdala, bed nucleus of the stria terminalis, hypothalamus 
and preoptic regions. In the mesencephalon many ER-α-IR cells were present in PAG and 
adjoining tegmentum. Some were found in the dorsal raphe nucleus, interfascicular nucleus, 
nucleus of the brachium of the inferior colliculus, pericentral and external nuclei of the 
inferior colliculus and in the intermediate layers of the superior colliculus. In pons and 
medulla most of the ER-α-IR neurons were present in the lateral parabrachial nuclei, locus 
coeruleus and nucleus subcoeruleus, area postrema, solitary complex, and superfi cial layers 
of the caudal nucleus of the spinal trigeminal complex. In the spinal cord ER-α-IR neurons 
were found in laminae I, II and V, and in the sacral parasympathetic nucleus. 5-8% of the 
ipsilateral and 2-4% of the contralateral NRA-projecting neurons in PAG are ER-α-IR. The 
results show that estrogen, in addition to its effect on the NRA-lumbosacral pathway, might 
also infl uence the PAG-NRA projection involved in mating behavior.

INTRODUCTION

Crucial cell groups for producing female mating behavior are present in 
ventromedial hypothalamus and periaqueductal gray (PAG) in rat and cat (Pfaff 
and Sakuma, 1979; Krieger et al., 1979; Leedy and Hart, 1985). In estrous rats 
electrical stimulation in the PAG induces display of the female mating posture 
(Sakuma and Pfaff, 1979a) while lesions in the same area eliminate or disrupt 
mating behavior in this species (Sakuma and Pfaff, 1979b). The PAG does not 
project directly to motoneurons of the muscles involved in this posture, but 
rather the nucleus retroambiguus (NRA) acts as a relay. The NRA is a cell group 
in the lateral part of the caudal medulla, just rostral to the fi rst cervical spinal 
segment. It plays a crucial role as premotoneuronal cell group in the control of 
mating behavior (VanderHorst and Holstege, 1997b), as well as in the control 
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of respiration (Holstege and Kuypers, 1982; Feldman et al., 1985), vocalization 
(Holstege, 1989) and vomiting (Miller et al., 1987). The NRA receives a strong 
projection from the PAG, and projects to a distinct set of motoneuronal cell groups 
in the spinal cord. In the cervical cord it sends fi bers to the phrenic motor nucleus 
(Feldman et al., 1985), which contains motoneurons innervating the diaphragm. In 
the thoracic and upper lumbar cord the motoneurons of intercostal and abdominal 
muscles receive strong projections from the NRA (Holstege, 1989). The NRA 
projection to lumbosacral motoneurons is thought to represent one of the motor 
pathways for mating behavior (VanderHorst and Holstege, 1995). The strength 
of this projection depends on whether or not the animal is in estrous. Thus, in 
estrous cats the number of NRA terminals is almost nine times higher than in 
non-estrous cats, due to a process of growth or neural plasticity (VanderHorst and 
Holstege, 1997b), demonstrating that estrogen has a great infl uence on the NRA-
motoneuronal projection. However, it is not knowm whether estrogen infl uences 
other parts of the PAG-NRA-motoneuronal pathway. In cat, many neurons in the 
PAG (VanderHorst et al., 1998), but none in the NRA, contain estrogen receptors. 
The present study provides an overview of the distribution of estrogen receptor-
alpha immunoreactive (ER-α-IR) neurons in all parts of the central nervous system 
including the spinal cord. In addition, we determined whether some of the ER-α-IR 
neurons in the PAG project to the NRA, i.e. whether estrogen also plays a role in 
other parts of the refl ex pathway of mating behavior. 

MATERIALS AND METHODS

All surgical procedures, pre- and postoperative care, and handling and housing 
of the animals occurred according to the protocols approved by the University 
Medical Center Groningen. Eight female cats were used (2498, 2505, 2513, 
2574, 2579, 2588, 2589 and 2605). The animals were anesthetized with an initial 
dose of ketamine (0.1 ml/kg i.m.) and xylazine hydrochloride (0.1 ml/kg i.m.) 
and subsequently artifi cially ventilated under a mixed halothane-nitrous oxide 
anesthesia.

Ovariectomy 
The expression of ERα varies during the estrous cycle and its regulation is region 
specifi c. Increased levels of estrogen downregulate ERα mRNA levels in the 
arcuate nucleus, ventromedial hypothalamus, and amygdala (Osterlund et al., 
1998). In contrast, Haywood et al. (1999) found an increase in the number of 
ERα neurons in the A2 group in the nucleus of the solitary tract of the rat, when 
the circulating levels of estrogen are high. In order to eliminate effects of varying 
levels of estrogen on ERα expression, in all animals ovariectomy was performed 
2-4 weeks prior to the tracer injection, which reduced the circulating estrogen to 
a constant low level. 
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Retrograde tracing study
To retrogradely label the PAG-NRA projection neurons, in 4 cats (2505, 2574, 
2579 and 2589) the NRA was injected with 60-100 nl 2% cholera toxin subunit b 
(CTb), through glass micro pipettes using a pneumatic picopump (World Precision 
Instruments PV830). In order to rule out the possibility that the retrogradely 
labeled cells in the PAG are neurons that project to the spinal cord (Mouton 
and Holstege, 1994), but not to NRA, control injections were made in C2 (case 
2498), and T2 spinal segments (case 2588). In these segments 2 μl 2% CTb was 
injected.

Perfusion and fi xation
Two weeks after the CTb injection the animals were deeply anaesthetized with an 
overdose of Nembutal (6% pentobarbital sodium, i.p.), and transcardially perfused 
with 2l of 0.1M phosphate buffered saline (pH 7.4 at room temperature), followed 
by 2l of fi xative containing 4% paraformaldehyde in 0.1M phosphate buffer (pH 
7.4 at room temperature). Brain and spinal cord were removed, postfi xed for 1 
hour, and stored in 0.05M tris buffered saline (TBS; pH 7.6 at 4°C).

Immunohistochemical procedures
Telencephalon, diencephalon (case 2605) and mesencephalon (cases 2498, 2505, 
2574, 2579, 2588, 2589, and 2605), pons, medulla (cases 2513 and 2605) and 
C1-Coc2 spinal cord segments (cases 2498 and 2605) were frozen in an isopentane 
bath (-55°C) and cut on a cryostat microtome into 40 µm transverse sections. 
Every fourth section was processed. To block endogenous peroxidase activity, 
sections were treated with 1% H2O2, and subsequently with 5% normal horse 
serum (in 0.5% Triton X-100 and TBS) to block nonspecifi c immunostaining. To 
reduce aspecifi c tissue staining by biotin/avidin, the sections were incubated with 
avidin D blocking solution for 15 minutes, rinsed with buffer and then incubated 
with biotin blocking solution (Vector Laboratories) for 15 minutes. Next, the 
pretreated sections were incubated in the primary antibody 1D5 (DAKO; 0.575 
mg/l in 0.5% Triton X-100 and TBS), a monoclonal mouse estrogen receptor-
alpha antibody, raised against the N-terminal domain (A/B region) of the human 
estrogen receptor-alpha, for 3 hours at room temperature, followed by 4 days 
at 4°C. The sections were then incubated in biotinylated horse anti-mouse IgGs 
(Vector Laboratories; 1:200 in 1% normal horse serum, 0.5% Triton X-100 and 
TBS) at room temperature, followed by 2 hours incubation in avidin-biotin-
complex-peroxidase (ABC, Vector; 1:400 in 0.5% Triton X-100 and TBS). Finally, 
the sections were stained with diaminobenzidine-nickel ammonium sulphate 
(0.04% 3,3’DAB, 0.2% nickel ammonium sulphate in TBS) adding 0.3% H2O2, 
which resulted in a blue/black reaction product. 
After ER-α immunohistochemistry, CTb immunohistochemistry was done on the 
same sections. They were fi rst treated with 20% methanol in TBS followed by 
0.3% H2O2 to block peroxidase activity. Sections were then incubated with 5% 
normal rabbit serum to block nonspecifi c immunostaining. Following pretreatment, 
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sections were incubated in the fi rst antibody, goat anti-CTb (List Biological Labs; 
1:5000 in 1% normal rabbit serum, 0.5% Triton X-100 and TBS) for 12 hours at 
4°C. Next, the sections were incubated in rabbit anti-goat IgGs (DAKO; 1:250 in 
1% normal rabbit serum, 0.5% Triton X-100 and TBS) for 60 minutes, followed by 
60 minutes in goat peroxidase anti-peroxidase complex (PAP goat, DAKO; 1:250 
in 0.5% Triton X-100 and TBS). Finally, the sections were stained for 5-10 minutes 
with 0.04% 3,3’DAB in TBS, adding 0.3% H2O2 resulting in a brown precipitate in 
the cytoplasm. 
All incubations were performed on a rocking table, and the sections were rinsed 
with TBS between all steps for 90 minutes. The sections were mounted on coated 
slides, dehydrated and coverslipped with DePex mounting medium. 

Controls
Specifi city of the estrogen receptor alpha antiserum, 1D5, was determined by 
preabsorption of the diluted antiserum with the human estrogen receptor alpha. 
The 1D5 antibody (0.575 mg/l in 0.5% Triton X-100 and TBS) was incubated with 
the human estrogen receptor alpha (Sigma-Aldrich, with concentrations of 10, 15, 
25 and 30 pmol/ml in TBS) overnight at 4°C. The next day sections containing 
the PAG and medial preoptic area were incubated in this solution and processed 
according to the procedure decribed above. ER-α-IR labeling was not found in any 
sections, even with the lowest concentration tested, which indicates that the 1D5 
antibody specifi cally recognizes the estrogen receptor alpha.
In addition to this preabsorption test, sections of cerebellum and supraoptic 
nucleus (SON) were included in the immunohistochemical procedure, because 
these structures contain the estrogen receptor beta but not alpha (Shughrue et 
al., 1997; Lafl amme et al., 1998; Osterlund et al., 1998). No ER-α-IR neurons 
were found in cerebellum and SON.
Another control was performed by processing the sections in the same way as the 
standard immunohistochemical procedure for the ER-α, but without the primary 
antibody. Omission of the primary antibody resulted in complete loss of ER-α-IR 
and specifi c immunoreactivity was not observed in these sections. Because of the 
high intensity of the ER-α-IR labeling in the hypothalamus, a hypothalamic section 
was always included in each immunohistochemical run as control for the quality 
of immunostaining. 

Injection sites
To identify the injection sites, the medulla oblongata and rostral C1 spinal 
segment, or the C2 (2498) and T2 (2588) segments were stored overnight in 
25% sucrose in 0.1M phosphate buffer at 4°C. The next day the tissue was 
frozen in an isopentane bath (-55°C) and cut on a cryostat microtome into 40 µm 
transverse sections. Every fourth section was processed serially and stained using 
CTb immunohistochemistry. 
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Microscopical analysis
The location and distribution of ER-α-IR neurons, retrogradely CTb labeled neurons 
and double labeled neurons in the midbrain were plotted using a Zeiss Axioplan 
light microscope equipped with the Neurolucida system of MicroBrightField. 
Although specifi c ER-α-IR labeling was not seen in the control sections, lightly 
labeled neuronal structures of uncertain specifi city were not plotted, because 
it was diffi cult to distinguish them from background. Computer drawings of the 
sections of the midbrain were made using Adobe Illustrator software. Plottings 
were made of every third processed brain section, i.e. one section per 480 µm. 
Of the spinal cord, fi ve sections of each segment were plotted. In order to get an 
indication of the number of labeled cells, CTb and double labeled neurons were 
counted using NeuroExplorer of MicroBrightField. They were only counted in the 
plotted sections, and therefore, it was not necessary to correct for double counted 
cells. Since it was not the aim of the study to give the exact number of double 
labeled neurons in the PAG, but only the percentage of retrogradely labeled cells 
that were double labeled, the number of cells in the intervals between the counted 
sections was not estimated. Photomicrographs were taken from representative 
sections with a Leica DC500 digital camera. The photomicrographs were further 
processed using Adobe Photoshop software, with the aim to enhance brightness 
and contrast.

RESULTS

Distribution of ER-α-IR neurons
At telencephalic levels the great majority of the ER-α-IR neurons was present 
in the amygdala, amygdala-hippocampal area, the dentate gyrus and in the 
subiculum (Figs.1 F, G, I and 2). In the amygdala they were present particularly 
in the anterior cortical, basomedial, basolateral and medial subnuclei (Fig. 1 F-G). 
A group of labeled ER-α-IR neurons was also found in the lateral septal nucleus 
(Figs. 1 B-D and 2), and some in the medial part of the bed nucleus of the stria 
terminalis (Fig. 1 E). All other parts of the telencephalon, including the infralimbic, 
prefrontal, motor, and sensory cortices were devoid of ER-α-IR neurons. Only the 
nucleus of the diagonal band of Broca contained a small group of ER-α-IR neurons 
(Fig. 1A).
In the diencephalon most of the ER-α-IR neurons were found in the hypothalamic and 
preoptic regions. Numerous cells were found in the paraventricular hypothalamic 
nucleus, and in the lateral, dorsal, anterior and posterior hypothalamic regions, 
and in the ventromedial hypothlamic nucleus (Figs. 1 E-H and 2). At caudal 
diencephalic levels a great number of ER-α-IR neurons was observed in the 
arcuate nucleus (Fig. 1 H-I). A group of ER-α-IR neurons was also present in the 
ventral tegmental area (Fig. 1 J). All other parts of the diencephalon were devoid 
of labeled ER-α-IR neurons. 
In the mesencephalon ER-α-IR neurons were found throughout its rostrocaudal 
extent (Fig. 1 K-P), but the great majority was observed in the most caudal PAG 
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Fig. 1. Drawings of transverse sections from rostral (A) to caudal (CC), showing the 
distribution of ER-α-IR cells in the tel-, di-, mesencephalon, pons and medulla in case 2605. 
One dot represents one ER-α-IR cell.
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(Figs.1 O-P and 2). At all PAG levels, except for its most rostral part, the ER-α-IR 
neurons were mainly present in the dorsomedial, lateral and ventrolateral PAG, 
and in the laterally and ventrolaterally adjoining tegmentum. Very few ER-α-IR 
neurons were found in the ventral and dorsolateral parts of the PAG, and almost 
none in the area immediately adjoining the ependymal layer. In the rest of the 
mesencephalon, ER-α-IR neurons were found in the intermediate layers of the 
caudal superior colliculus (Fig. 1 M-N), the nucleus of the brachium of the inferior 
colliculus (Fig.1 N), the external and pericentral nuclei of the inferior colliculus 
(Fig. 1 O-Q), the dorsal raphe nucleus (Fig. 1 N-O), the nucleus incertus (Fig.1 P-
Q), and, at more rostral levels, in the interfascicular nucleus (Fig. 1 K-L). 
In the pons ER-α-IR cells were found in the lateral parabrachial nuclei, locus 
coeruleus and nucleus subcoeruleus (Figs. 1 Q-S and 2). 
In the rostral medulla oblongata a group of ER-α-IR neurons was present in the 
magnocellular tegmental fi eld just medial to the facial nucleus (Fig. 1 U-V), and 
also in the lateral tegmental fi eld, medial to the spinal trigeminal nucleus (Fig. 
1 T-W). Just rostral to the obex numerous ER-α-IR neurons were present in the 
medial solitary complex and in the area postrema (Figs. 1 X-Z and 2). At these 
levels some scattered ER-α-IR neurons were found in the lateral tegmental fi eld, 
and a few in the spinal trigeminal nucleus (Fig. 1 X-Y). 
Caudal to obex numerous ER-α-IR neurons were found in the superfi cial laminae 
I and II of the caudal nucleus of the spinal trigeminal complex (Figs. 1 AA-CC and 
2). A few scattered ER-α-IR neurons were present in the tegmentum at that level, 
and in the medial part of the nucleus commissuralis of the solitary complex (Fig. 1 
AA-BB). No ER-α-IR neurons were found in the nucleus retroambiguus.
Throughout the length of the spinal cord (Fig. 3) ER-α-IR neurons were located 
in laminae I and II of the dorsal horn. At lower lumbar and sacral levels ER-α-IR 
neurons were also found in lamina V, and in the sacral parasympathetic nucleus. 
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In all other segments of the spinal cord only very few ER-α-IR neurons were found 
in regions other than laminae I and II, and none were found in the sympathetic 
intermediolateral cell group (Fig. 3).

PAG neurons projecting to the NRA
The injections of CTb in the lateral part of the caudal medulla involved virtually all 
parts of the NRA, but extended into the white matter of the ventrolateral funiculus, 
and into the medially adjoining tegmentum (Fig. 4, cases 2574, 2579 and 2589). 
In case 2505 the injection involved only the caudal NRA and the laterally adjoining 
lateral funiculus.
The number of retrogradely CTb labeled cells in PAG depended strongly on the 
size of the injection site, but even in the case with the smallest injection (2505) 
a substantial number of retrogradely labeled neurons was found (Table 1; Fig. 5). 
In general terms, the CTb labeled cells were similarly distributed as the ER-α-IR 
cells and were located in the dorsomedial, lateral and ventrolateral parts of the 
PAG and adjacent tegmentum (Figs. 1 and 5). Very few CTb labeled neurons were 
present in the dorsolateral, ventromedial and central PAG. In the rostral PAG, 
retrogradely labeled neurons were also found in its ventral part, just dorsal to 
the oculomotor nucleus (Fig. 5E). Ipsilaterally twice as many retrogradely labeled 
cells were found in the PAG than contralaterally (Table 1). In all cases numerous 
retrogradely labeled neurons were found in the contralateral red nucleus, and, 
except for cases 2505 and 2588, some were also present in the contralateral 
deep tectal layers, throughout their medio-lateral extent. The labeling in the red 
nucleus is the result of CTb taken up by axon terminals or fi bers of passage of the 
rubrospinal tract, because these descending fi bers are located in the white matter 
just lateral to the NRA and some of them terminate in the lateral reticular nucleus 
and in the lateral tegmental fi eld (Holstege, 1991). The retrogradely labeled cells 
in the deep tectal layers are the result of the CTb taken up by axon terminals 
in the lateral tegmental fi eld of the caudal medulla or the lateral intermediate 
zone of the upper cervical cord. It is very unlikely that the CTb is taken up by 
fi bers of passage of the tectobulbospinal tract, because at the level of the caudal 
medulla these fi bers descend ventromedially in the white matter just lateral to 
the pyramidal tract (Cowie and Holstege, 1992), and the injections did not involve 
this area.

Double-labeled neurons
In all 4 cases some of the retrogradely CTb-labeled cells in the PAG were estrogen 
receptor-alpha immunoreactive (Figs. 5 and 6), ipsilaterally ranging from 4.6% 
(case 2574) to 7.9% (case 2505; Table 1), and contralaterally from 1.7% (case 
2505) to 4.4% (case 2579). Double-labeled cells were mainly found in the 
dorsomedial, lateral and ventrolateral PAG with none outside the PAG. 
Control cases
Mouton and Holstege (1994) have shown that PAG cells project to the spinal cord. 
In order to rule out the possibility that the CTb in the NRA injections is taken up 
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by fi bers of passage to the spinal cord and resulting in retrogradely labeled cells in 
the PAG, control injections were made in C2 (case 2498), and T2 spinal segments 
(case 2588). The injections in the C2 (case 2498) and T2 segments (case 2588) 
resulted in some retrogradely labeled cells in the PAG and adjoining tegmentum, 
but their number was much lower than in the cases with NRA injections, with 
the exception of case 2505 with the smallest NRA injection. In case 2588 with 
the T2 injection some retrogradely labeled cells were scattered in the lateral and 
ventrolateral PAG. In case 2498 with the C2 injection the number of retrogradely 
labeled cells was higher than in the case with the T2 injection and some cells 
were also found in the dorsal PAG. In both spinal cord injected cases a relatively 
large number of retrogradely labeled cells was present at the dorsal border of 
the oculomotor nucleus, the dorsal raphe nucleus and in the red nucleus. In case 
2498 a few retrogradely labeled cells were also found in the deep tectal layers. 
An occasional PAG cell projecting to the C2 spinal cord segment showed estrogen 
receptor-alpha immunoreactivity (Table 1).

Fig. 6. Brightfi eld photomicrograph showing the distribution of CTb labeled cells (brown 
cytoplasmic reaction product), ER-α-IR cells (black nuclear reaction product) and double 
labeled cells containing CTb and estrogen receptor alpha immunoreactivity indicated by 
arrows in the dorsal PAG (in case 2574). Scale bar = 25 µm.
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Table 1. Number of CTb labeled neurons and ER-α-IR-CTb double labeled neurons in the 
PAG.       

    Number CTb      Double  % Double Number CTb      Double  % Double Number
of labeled cells labeled cells labeled cells

Case  Injection PAG  ipsi contra ipsi contra ipsi contra
site sections lateral lateral lateral lateral lateral lateral

2505 NRA 14 354 121 28 2 7.9 1.7
2574 NRA 13 1633 694 79 21 4.6 2.9
2579 NRA 12 919 426 71 20 7.2 4.4
2589 NRA 13 1201 379 72 16 5.7 4.1
2498 C2 17 363 166 5 1 1.4 0.6
2588 T2 14 120 45 0 0 0 0

        

DISCUSSION

ER-α-IR neurons
This study presents an overview of the distribution of ER-α-IR neurons in the 
central nervous system of the cat. Although the distribution of ER-α-IR neurons 
in parts of the central nervous system has been described in many species, an 
overview of the central nervous system, including the spinal cord, in one species 
has not yet been reported. The study of Rees et al. (1980), using steroid hormone 
autoradiography, is the only report which demonstrates the distribution of estrogen 
concentrating cells in the female cat brain, but not in the spinal cord. The distribution 
of estrogen concentrating cells in the telencephalon and diencephalon presented 
by Rees et al. (1980) is very similar to the distribution of ER-α-IR neurons in the 
present study, but in the brainstem there exist some differences. For example, 
in the mesencephalon Rees et al. (1980) did not describe estrogen concentrating 
cells in the intermediate layers of the superior colliculus, pericentral and external 
nuclei of the inferior colliculus and in the nucleus of the brachium of the inferior 
colliculus, and in the medulla estrogen concentrating cells were not found in the 
magnocelluler tegmental fi eld medial to the facial nucleus, the region medial to 
the spinal trigeminal nucleus, and in the area postrema. These differences may 
be caused by the different methods that have been used. It seems that the ER-α
immunohistochemistry, used in the present study, is a more sensitive technique 
than the estradiol autoradiography used by Rees et al. (1980). Furthermore, in 
cat ER-α-IR neurons have been demonstrated before in the lumbosacral cord 
(VanderHorst et al., 1997b) and in the PAG (VanderHorst et al., 1998), using the 
H222 antibody. Although the 1D5 (present study) and the H222 antibody require 
different fi xation and immunohistochemical procedures, the distribution patterns 
in the PAG and adjoining mesencephalic tegmentum and in the lumbosacral cord 
are in general agreement with the present study. In contrast to the fi ndings of 
VanderHorst et al. (1997b), using the H222 antibody, in the present study very 
few ER-α-IR cells were found in lamina VII at the lower lumbar and sacral levels, 
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and none in lamina X, which might be caused by differences in the sensitivity of 
the primary antibody. 
In the telencephalon and diencephalon the distribution of ER-α-IR neurons has 
been studied in hamster (Li et al., 1993), musk shrew (Dellovade et al., 1992), 
opposum (Fox et al., 1991), sheep (Lehman et al., 1993), and rhesus monkey 
(Blurton-Jones et al., 1999). In the midbrain they have been studied in guinea pig 
(Turcotte and Blaustein, 1993; Turcotte and Blaustein, 1997), rat (Blaustein, 1992; 
Alves et al., 1998), hamster (Boers et al., 1999), female cat (VanderHorst et al., 
1998) and rhesus monkey (Blurton-Jones et al., 1999; VanderHorst et al., 2002a). 
In pons, medulla and spinal cord ER-α-IR neurons have been demonstrated in 
hamster (Boers et hamster (Boers et hamster al., 1999), rat (Amandusson et al., 1995; Williams and Papka, 
1996), sheep (Scott et al., 1998) and cat (VanderHorst et al., 1997b). In general 
terms, the distribution of ER-α-IR cells is similar throughout the various mammalian 
species, although minor differences exist. In the telencephalon and diencephalon 
the majority of ER-α-IR cells are present in the amygdala, bed nucleus of the stria 
terminalis, lateral septum, hypothalamic and preoptic regions. In the midbrain 
numerous ER-α-IR cells are located in the caudal half of the PAG and are present 
in its lateral and ventrolateral parts. In pons, medulla and spinal cord most of the 
ER-α-IR cells are located in the parabrachial nuclei, nucleus of the solitary tract 
and in the superfi cial layers of the caudal nucleus of the spinal trigeminal complex 
and dorsal horn. 

NRA-projecting ER-α-IR neurons in the PAG
The present results demonstrate that a relatively small number of NRA projecting 
neurons in the PAG are ER-α-IR. Some of the retrogradely labeled ER-α-IR 
cells might not project to NRA but to adjacent regions in the caudal medulla. 
Anterograde tracing studies (Holstege, 1989) have indicated that in the cat the 
PAG also projects to tegmental areas medially adjoining the NRA, albeit to a lesser 
extent, but the strongest projection from the PAG to the caudal medulla is to NRA 
itself (Holstege, 1989; Bandler et al., 1991; VanderHorst and Holstege, 1996). In 
case 2505 the injection site was almost restricted to the NRA, and did not involve 
the medially adjoining tegmentum. In this case almost 8% of the ipsilateral CTb 
labeled cells contained ER-α-IR, which suggests that most of the retrogradely 
labeled ER-α-IR cells in the PAG project to NRA, and not to the medially adjoining 
tegementum. Moreover, the control cases 2498 and 2588 revealed that of the PAG 
cells projecting to the spinal cord only very few contained ER-α-IR. 
NRA projecting neurons in the PAG containing ER-α-IR have also been shown 
in hamster (Gerrits et al., 2000b) and monkey (VanderHorst et al., 2004). In 
hamster 12-26% of the PAG cells projecting to the NRA contained ER-α-IR, and 
they were mainly located in the caudal half of PAG, forming two separate groups 
in the lateral and ventrolateral part (Gerrits et al., 2000b). These neurons might 
be involved in postural control during mating behavior. In monkey only 1-3% of 
the retrogradely labeled neurons in the PAG projecting to the caudal ventrolateral 
medulla including the NRA were ER-α-IR. It was suggested that this low percentage 
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might be related to the modest effect of estrogen on mating behavior in primates 
(VanderHorst et al., 2004). 
In rat, Corodimas and Morrell (1990) combined retrograde tracing with steroid 
hormone autoradiography, and found that 6-7% of the PAG neurons with projections 
to cell groups in the dorsomedial medulla at the level of the area postrema, such 
as the dorsal motor nucleus of the vagus and the nucleus of the solitary tract, 
concentrated estrogen. The results of Corodimas and Morrell (1990) suggest that 
estradiol-concentrating neurons may modulate autonomic responses associated 
with the display of lordosis behavior.

Functional implications
First of all, the NRA plays a crucial role in some specifi c motor activities as 
vocalization (Holstege, 1989; Zhang et al., 1995), vomiting (Miller et al., 1987), and 
mating behavior (VanderHorst and Holstege, 1995). We predict that different NRA 
cells project to different motoneurons or set of motoneurons, and that the ER-α-IR 
PAG cells specifi cally project to the NRA cells, that are involved in reproduction. 
Recently, Boers et al. (2005b), in a physiological study, demonstrated a group of 
neurons in the NRA which project to the lumbosacral cord, but are not active during 

PAG

NRA

L4-S1

estrogen
EstrousNon-estrous

estrogen

Fig. 7. Schematic diagram showing the possible route by which estrogen could act via the 
PAG on the estrogen-sensitive NRA-motoneuronal pathway. 
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respiration. It is possible that these neurons are involved in mating behavior and 
that they receive projections from the ER-α-IR cells in the PAG. 
Perhaps, the ER-α-IR PAG cells projecting to the NRA, may also play a role in 
vocalization control, since vocalization in female cats differs greatly between 
estrous and non-estrous periods. Part of the PAG cells inducing this motor activity 
are not expected to contain estrogen receptors, because vocalization (hissing, 
meowing a.s.o.) takes place independent of which part of the estrous cycle the 
female cat is in. This corresponds with the present fi ndings that only a minority of 
the PAG cells that project to NRA contain ER-α-IR, and that most of the PAG-NRA 
neurons are not involved in activities infl uenced by estrogen. 
In cat estrogen infl uences the PAG-NRA-motoneuronal pathway at the motoneuronal 
level (VanderHorst and Holstege, 1997b), but according to the present results 
estrogen could also act at the level of the PAG. Thus, elevated levels of estrogen 
produce strong growth of the NRA terminations on certain motoneurons in the 
lumbosacral cord, but also could stimulate the activity of some of the PAG neurons 
projecting to the NRA (Fig. 7). However, the majority of the ER-α-IR neurons 
in the PAG do not project to the NRA and must, therefore, play different roles. 
Although some of them might represent projection neurons to other structures, 
in all likelihood, most of the ER-α-IR in the PAG are local interneurons (Barbaresi 
et al., 1994; Jansen et al., 1998). Such interneurons may project to projection 
neurons that in turn project to NRA and other structures. In this way, estrogen may 
directly and indirectly infl uence the PAG pathway involved in mating behavior.
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