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Nuclear expression of PG-21, SRC-1, and pCREB
in regions of the lumbosacral spinal cord
involved in pelvic innervation in young adult
and aged rats
Richard N. Ranson1,2, Jennifer H. Connelly1, Robert M. Santer1, Alan H. D. Watson1
1

Cardiff School of Biosciences, Cardiff University, Cardiff, 2School of Applied Sciences, Northumbria University, Newcastle upon Tyne, UK

Abstract: In rats, ageing results in dysfunctional patterns of micturition and diminished sexual reflexes that may reflect
degenerative changes within spinal circuitry. In both sexes the dorsal lateral nucleus and the spinal nucleus of the
bulbospongiosus, which lie in the L5-S1 spinal segments, contain motor neurons that innervate perineal muscles, and the
external anal and urethral sphincters. Neurons in the sacral parasympathetic nucleus of these segments provide autonomic
control of the bladder, cervix and penis and other lower urinary tract structures. Interneurons in the dorsal gray commissure
and dorsal horn have also been implicated in lower urinary tract function. This study investigates the cellular localisation
of PG-21 androgen receptors, steroid receptor co-activator one (SRC-1) and the phosphorylated form of c-AMP response
element binding protein (pCREB) within these spinal nuclei. These are components of signalling pathways that mediate cellular
responses to steroid hormones and neurotrophins. Nuclear expression of PG-21 androgen receptors, SRC-1 and pCREB in
young and aged rats was quantified using immunohistochemistry. There was a reduction in the number of spinal neurons
expressing these molecules in the aged males while in aged females, SRC-1 and pCREB expression was largely unchanged.
This suggests that the observed age-related changes may be linked to declining testosterone levels. Acute testosterone therapy
restored expression of PG-21 androgen receptor in aged and orchidectomised male rats, however levels of re-expression varied
within different nuclei suggesting a more prolonged period of hormone replacement may be required for full restoration.
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Introduction
The rat lumbosacral cord contains many neurons involved
in the spinal circuitry that modulates lower urinary tract
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(LUT) function. The sacral parasympathetic nucleus (SPN),
which lies in spinal segments L6-S1, contains neurons that
project to the parasympathetic component of the major pelvic
ganglion in male rats [1-6] and the paracervical ganglion in
females [7, 8]. The postganglionic parasympathetic neurons
of these ganglia innervate the cervix, clitoris, bladder, pe
nis, prostate, rectum, uterus, vagina, and vas deferens [914]. A number of studies have suggested that the SPN may
also contain interneurons that act in concert with the para
sympathetic preganglionic neurons to control bladder [15-17],
and genital function, e.g., urethrogenital [18, 19] and penile
reflexes [20-22]. These studies also identified interneurons
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that appear to be integral to the circuitry subserving bladder
and genital functions in the dorsal grey commissure (DGC)
and the superficial laminae of the dorsal horn (DH) [23-25]
both of which receive sensory afferent projections from the
pelvic viscera [3].
The L6-S1 region of the rat spinal cord contains a number
of motor nuclei, some of which supply the muscles of the
pelvic floor. The axons of motor neurons belonging to the
dorsolateral nucleus (DLN) project via the pudendal nerve
to the ischiocavernosus muscles and the external urethral
sphincter [26-28]. The spinal nucleus of the bulbospongiosus
(SNB), contains motor neurons that innervate the levator
ani muscle (described in some studies as the dorsal bulbo
spongiosus), the ventral bulbospongiosus muscles and
the external anal sphincter [27, 28]. Motor neurons of the
DLN/SNB play a key role in coordinating perineal muscle
activity associated with penile erection [25] and maintaining
faecal [29] and urinary continence [24, 30]. They are highly
androgen sensitive throughout life. During development,
the normally higher levels of circulating androgens in males
prevent apoptosis of DLN/SNB motor neurons in male rats
[31, 32] and as a consequence these nuclei contain signi
ficantly greater numbers of motor neurons in adult males
than females [26, 33-35]. Segments L5-L6 also contain the
retrodorsolateral nucleus (RDLN), which innervates the fle
xor digitorum brevis muscle of the rat foot [36, 37] and a
component of the ventral medial nucleus (VMN) but neither
is sexually dimorphic or significantly androgen dependent [26,
35, 36].
The effects of androgens on perineal motor neurons per
sists into adulthood as reductions in circulating testosterone
levels can cause significant changes to their morphology.
Orchidectomy has been shown to induce a decrease in
the number and size of DLN/SNB motor neuron somata
[34, 38, 39] as well as reductions in their total dendritic
length and dendritic branching [40, 41]. Ageing has also
been reported to be correlated with reductions in soma
size, dendritic length and of the abundance of synaptic
inputs [42-44]. This may be a consequence of the declining
androgen levels observed in aged male rats [45-48] which
are accompanied by a reduction in the expression of the
androgen receptor PG-21 in SNB motor neurons [46, 47].
It is well established that nuclear steroid hormone receptors
(including androgen receptors) bind to specific DNA
hormone response elements that promote the transcription
of steroid (e.g., androgen) responsive genes to up-regulate

http://dx.doi.org/10.5115/acb.2012.45.4.241

Richard N. Ranson, et al

cellular activity [49, 50]. Binding of steroid receptors to the
promoter region of the target gene is enhanced by a number
co-activators including steroid receptor co-activator one
(SRC-1) and c-AMP response element binding protein
(CREB) [51-53]. CBP is a CREB-binding protein which acts
as a co-activator for the transcription factor CREB [54].
CREB is activated by phosphorylation of a serine residue at
position 133 by a c-AMP dependant protein kinase [55, 56],
and this stimulates the transcription of c-AMP responsive
genes by binding to the c-AMP response element [57]. This
transcriptional activity of phosphorylated CREB (pCREB) has
been linked to the neuronal cell signalling cascades induced
by neurotrophin binding [58, 59] and promotes neuronal
survival and plasticity during aging [60-62]. Consequently,
any decline in the activity or expression of pCREB may lead
to cellular dysfunctions that are synergistic to the age-related
degenerative changes observed in perineal motor neurons as
a consequence of androgen depletion. Previous studies have
used immunhistochemistry to determine the location of cells
in lumbosacral cord that express nuclear immunoreactivity
to PG-21 [46, 63-68], SRC-1 [66, 69-71], and pCREB [72].
However previous studies of the effects of ageing on the
expression of these proteins have been confined mainly to
the SNB of male rats [46, 47, 66, 72]. A preliminary study by
Ranson et al. [71], though wider in scope, did not analyse
sufficient numbers of animals to obtain statistically significant
results. The object of the current investigation was to provide
a comprehensive and quantitative description of the cellular
expression of PG-21 in male rats and SRC-1/pCREB in both
sexes, within functionally defined regions (DGC, DH, DLN,
RDLN, SNB, SPN, and VMN) of the lumbosacral cord. The
pattern of immunoreactivity in young (3 months) and aged
(24 months) animals was compared. In addition the effect
of orchidectomy, with or without subsequent testosterone
replacement, was examined on the cellular expression of these
receptors and associated proteins in young and aged male
rats.

Materials and Methods
Animals and tissue collection

Male and female Wistar rats (obtained from Harlan UK
Ltd., Bicester, Oxon, UK) from two age groups of between
12-15 weeks (33 young males and 8 young females) and 104112 weeks (18 aged males and 8 aged females), were used
in the study. The stage of the oestrous cycle of the young

www.acbjournal.org

Nuclear signalling in aged pelvic neurones

females was not known at the time of anaesthetisation. The
aged rats were taken from an established aged colony within
Cardiff University. Animals were maintained under the
conditions of a 12 hour light/dark cycle, constant temperature
and humidity, with ad libitum watering and feeding. All
procedures performed were in accordance with UK. Home
Office regulations under the Animals (Scientific Procedures)
Act 1986. Experiments were designed to reduce the number
of animals required and to minimize animal discomfort
through the use of deep anaesthesia during surgery and by
the administration of post-operative analgesics.
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phosphate buffered saline (PBS) within three separate vials,
one for each primary antibody. This ensured that sections

Surgical procedures and testosterone replacement

Male Rats (20 young, 10 aged) were bilaterally orchi
dectomised under Halothane anaesthesia (4% in O2, Concord
Pharmaceuticals Ltd., Dunmow, Essex, UK). After surgery
the animals were administered the analgesic buprenorphine
(1% by volume, Vetergesic, Reckitt Benckiser Healthcare
[UK] Ltd., Hull, UK) in their drinking water. After a recovery
period of five days, seven of the young rats were processed for
immunohistochemistry without having undergone any form
of testosterone replacement schedule. The remaining animals
each received a single subcutaneous injection containing
500 µg of testosterone propionate (TP; T-1875), dissolved in
sesame oil (S-3547) both from Sigma-Aldrich Co. Ltd. (Poole,
Dorset, UK). After a period of 2 hours spinal segments from
these animals were also processed for immunohistochemistry.
All procedures were approved and carried out under the
Animals (Scientific Procedures) Act 1986, UK.

Immunohistochemistry

All animals were terminally anaesthetized using ‘Euthatal’
(sodium pentobarbitone at 400 mg/kg i.p., J. M. Loveridge
P.L.C., Southampton, UK) and transcardially perfused
with 125 ml of 0.9% saline solution followed by 300-500
ml of fixative (4% paraformaldehyde in 100 mM sodium
phosphate buffer, pH 7.4). Spinal segments L5-S1 were
removed and fixed for a further 3 hours by immersion in
the same solution then stored overnight at 4°C in 100 mM
sodium phosphate buffer containing 30% sucrose. Spinal
segments were then sectioned at 45 µm using a Bright
OTF5000 Cryostat (Bright Instrument Co. Ltd., Huntingdon,
Cambridgeshire, UK). Sections were viewed under a light
microscope to ensure collection of those containing the
SPN at S1 levels as well as the entire caudal-rostral extent of
the DLN/SNB (Fig. 1). Sequential sections were placed in
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Fig. 1. Diagram showing the areas of the spinal cord (rectangles)
analysed in the fifth and sixth lumbar (L5, L6) and first sacral (S1)
segments. The dimensions of the rectangles are 120×120 µm (1),
180×180 µm (2), and 240×240 µm (3). DGC, dorsal grey commissure;
DH, dorsal horn; DLN, dorsolateral nucleus; RDLN, retrodorsolateral
nucleus; SNB, spinal nucleus of the bulbospongiosus; SPN, sacral
parasympathetic nucleus, VMN, ventromedial nucleus.
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stained with a particular antibody were separated by at least
90 µm and that cells demonstrating nuclear immunoreactivity
could not be counted twice in the subsequent analysis. The
sections were then washed in buffer and treated with 0.3%
hydrogen peroxide in PBS to quench any endogenous tissue
peroxidases. Further washing was followed by immersion for
30 minutes in a permeabilising/blocking solution consisting
of 10% normal goat serum (cat no. 005-000-121, Stratech
Scientific, Soham, Cambridgeshire, UK) in PBS containing
0.3% Triton X-100 (T9284, Sigma-Aldrich Co. Ltd.). They
were then incubated for 3 days at 4°C in the relevant primary
antibody in PBS containing 1% normal goat serum and 0.3%
Triton X-100. The primary antibodies were 1) rabbit antiPG-21 (1 : 333, androgen receptor, cat no. 06-680, Upstate/
Chemicon Europe Ltd., Chandlers Ford, Hampshire, UK)—
raised against a synthetic peptide representing amino acids
1-21 of human androgen receptor; 2) rabbit anti-SRC-1 (1
: 333, Sc-8995, Autogen Bioclear, Calne, Wiltshire, UK), a
rabbit polyclonal antibody raised against amino acids 350690 of SRC-1 of human origin; and 3) rabbit anti-pCREB
(1 : 500, cat no. 06-519, Upstate/Chemicon Europe Ltd.), a
polyclonal antibody raised against a synthetic phosphopeptide
corresponding to residues 123-136 of rat CREB. Following
the primary antibody incubation, sections were washed in
PBS then reacted with a Vector Elite ABC-peroxidase kit (PK6101, Vector Laboratories Ltd., Peterborough, UK) involving
a 2 hour incubation in anti-rabbit IgG solution followed by 1
hour in avidin-biotin-peroxidase complex. After washing in
PBS, sections were developed with a VIP substrate kit (SK4600, Vector Laboratories Ltd.) or DAB (SK-4100, Vector
Laboratories Ltd.) using identical incubation times. Sections
were mounted on glass slides, cleared through an alcohol/
xylene series and coverslipped in DPX mounting medium
(R1340, Agar Scientific Ltd., Essex, UK).

Imaging and data analysis

The labelled sections were divided into seven groups
comprising non-orchidectomised young males, non-orchi
dectomised aged males, orchidectomised young males,
orchidectomised young males+TP, orchidectomised aged
males+TP, young females and aged females. Sections were
viewed under bright field illumination with a Leica DMR
microscope (Leica Microsystems [UK] Ltd., Milton Keynes,
Bucks, UK) and representative images were captured with a
SPOT digital camera (Diagnostic Instruments Inc, Sterling
Heights, MI, USA). Selected images showing the distribution
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of immunoreactivity for pCREB, PG-21 or SRC-1 were
subsequently compiled into figures using Adobe Photoshop
6 (Adobe Systems Inc., San Jose, CA, USA). Small changes to
the brightness and contrast levels of these images were made
in order to optimise the visibility of the immunolabelling
for documentation purposes but no processing was carried
out on images used to obtain the quantitative data described
below.
Sections that were undamaged, i.e., with no folding or
tearing within the counting areas (Fig. 1), were used for
quantitative analyses. Counts were made on sections, viewed
with a ×40 objective lens, of the numbers of nuclei displaying
immunoreactivity to pCREB, PG-21 or SRC-1 within the
selected regions of the lumbosacral spinal cord (Fig. 1). To
achieve this, a graticule square covering 240×240 µm was
used for RDLN, while one of 180×180 µm was used for DGC,
DLN, SNB, SPN, VMN and of 120×120 µm for the DH. Only
immunoreactive somata lying entirely within the confines of
the square and displaying medium to high-density nuclear
staining were counted. Lightly stained cells were omitted
from the count as it was our experience that the antibody
staining was very sensitive to minor changes in fixation which
sometimes increased the number of such cells, suggesting
that they represented false positives. All counts were made
by a single observer to ensure consistency of evaluation. Cell
counts were taken from all of the selected regions, where
present (e.g., RDLN neurons are not found at S1 levels) in
two sections at L5, four at L6 and two at S1. In this fashion,
48 sample counts (eight per animal/one per section) were
made from the DGC and DH whilst 36 sample counts (six
per animal/one per section) were made for the DLN, RDLN,
SNB, SPN for each of the antigens studied. In the case of the
VMN, which is primarily found at L6, a smaller sample size
of 24 samples was used (four per animal/one per section).
For DLN, RDLN, SNB, and VMN, only those cells that likely
represented motor neurons (i.e., with a cell diameter greater
than 25 µm) were counted. For the SPN a distinction was
made between immunoreactive cells with a diameter of 2025 µm which probably represent preganglionic neurons, and
those that were smaller and likely to be interneurons or glial
cells.
For each antibody and each region of analysis e.g., DGC
(through L5-S1), data sets were analysed for homogeneity of
variance using Bartlett’s test. Since at least one of our data sets
demonstrated heterogeneity, we used unpaired t-tests with
Welch’s correction (which does not assume equal variances)
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in order to compare the data from young and aged animals
from each region in both sexes. In addition further analyses
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were performed to determine the effects of orchidectomy and/
or TP replacement. The means and standard errors described

Fig. 2. PG-21 (androgen receptor) immunoreactivity within lumbosacral spinal cord. (A) Low power photomicrograph of PG-21 immunostaining
in a section from a young male rat. Staining (black punctate dots) is seen predominantly within the nuclei of pudendal motor neurons of the
dorsolateral nucleus (DLN) and spinal nucleus of the bulbospongiosus (SNB), and within the neurons of the dorsal grey commissure (DGC).
Moderate numbers of cells in the dorsal horn (DH) and sacral parasympathetic nucleus (SPN) are immunoreactive. By contrast labelled motor
neurons within the retrodorsolateral nucleus (RDLN) are sparser. Dashed lines indicate the approximate boundaries of the RDLN and SPN. (BE) show labelled motor neurons in the SNB. More cells are labelled in intact young male rats (B) or those orchidectomised with testosterone
replacement (C) than in aged intact males (D). Testosterone replacement is also effective in orchidectomised aged rats (E) although expression does
not match that seen for young animals. (F-I) show motor neurons within the DLN. Young male rats show robust nuclear immunoreactivity for PG21 which is completely abolished by orchidectomy (G) and only partially restored by testosterone propionate treatment (H). The number of PG21 immunoreactive motor neurons within the DLN of aged male rats (I) is significantly smaller than in young rats (F). A similar situation prevails
in the DGC where numbers of PG-21 immunoreactive cells were significantly higher in young animals ( J) compared to orchidectomised animals
+TP treatment (K) and aged animals (L). CC, spinal central canal. In young males (M), labelled nuclei in the DH appeared largely confined
to laminae I-III. (N) Immunoreactivity of nuclei within the SPN of an aged male rat. The larger nuclei (large arrowheads) probably belong to
preganglionic neurons whilst the smaller nuclei (small arrowheads) may belong to glial cells or interneurons. Scale bars=200 µm (A), 50 µm (B-N).
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below and displayed in the bar charts 7 represent the values
obtained from all the data collected for a particular region at
each age/experimental manipulation. Thus e.g., for the DLN,
the mean cell number was obtained from 120 images in total
and does not represent the mean of means for each individual
rat. A probability of less than or equal to 0.05 was considered
statistically significant in all analyses and all references to
significant difference in the results section equate to this
value.

Results
PG-21 (androgen receptor) immunoreactivity

Cells displaying immunoreactivity for PG-21 in nonorchidectomised rats (Fig. 2A) were found to be most
prominent in the pudendal motor nuclei (DLN/SNB) and the
DGC. In addition both the DH and SPN contained numerous
immunoreactive cells, whilst within the RDLN there were
relatively few cells with only low levels of expression of PG21. Within the SNB of non-orchidectomised rats PG-21
immunoreactivity was present in the nuclei of cells which
on the basis of size appeared to be motor neurons (Fig.
2B). Sections through this nucleus contained of 2.91±0.3
(mean±SEM) cells immunoreactive for PG-21 (Fig. 3).
Orchidectomy completely abolished this nuclear staining
(not shown) but nuclear expression of PG-21 immuno
reactivity was restored by TP treatment (Fig. 2C) to a 2.3
±0.2 motor neurons per section (Fig. 3); a figure not sig
nificantly different to that of young non-orchidectomised
rats. By contrast, in aged animals 1.75±0.21 cells per section
showed nuclear immunoreactivity for PG-21 (Fig. 3) in
this nucleus (Fig. 2D), which represented approximately
a 40% decline compared to young non-orchidectomised
rats (significant at P<0.05). In orchidectomised aged rats
TP treatment also resulted in re-expression of nuclear PG21 (Fig. 2E) in 2.08±0.23 cells per section which was not
significantly different to the number of cells observed for
aged non-orchidectomised rats but was significantly lower
(P<0.05) than that seen in young non-orchidectomised rats.
In the DLN, nuclear expression of PG-21 was also present
in putative motor neurons of non-orchidectomised animals
(Figs. 2F, 3) in 4.89±0.41 immunopositive cells per section.
This was completely abolished by orchidectomy leaving only
residual cytoplasmic labelling in some cells (Fig. 2G). TP
treatment of orchidectomised young animals was significantly
less effective in stimulating nuclear re-expression of PG-21
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within DLN motor neurons (Fig. 2H) generating a mean of
3.05±0.3 immunopositive cells per section. Likewise ageing
also significantly (P<0.05) reduced the numbers of PG-21
expressing cells in the DLN to 3.81±0.37 (Figs. 2I, 3) which
represented a decline of approximately 23% from the numbers
seen in young, non-orchidectomised rats. In the DLN, TP
treatment of orchidectomised aged rats generated levels of
nuclear PG-21 that were not significantly different from nonorchidectomised aged rats but remained well below those of
young non-orchidectomised animals. In regions other than
the pudendal nuclei, the effects of ageing and/or testosterone
replacement were similar to those described for the DLN. In
the case of the DGC the highest numbers of cells expressing
PG-21 immunoreactivity were seen in sections obtained
from young non-orchidectomised rats (Fig. 2J) with a mean
of 41.8±1.36 labelled cells per 180×180 µm quadrat (Fig.
3). This was in marked contrast to orchidectomised young
rats receiving TP treatment in which the population of PG21 immunoreactive cells (19.94±1.28) was only 48% of this
value (Figs. 2K, 3). Similarly, in aged non-orchidectomised
rats, the number of PG-21 expressing neurons in this region
(30.3±1.29, representing a 28% reduction), was significantly
lower (P<0.05) than in young (non-orchidectomised) animals
(Fig. 2L). In contrast to the young animals, TP treatment in
aged orchidectomised rats restored PG-21 re-expression to a
level that did not significantly differ from aged intact animals
though it remained well below young levels (Fig. 3). In the
DH, PG-21 immunolabelled cells are largely confined to
laminae I-III (Fig. 2M). Averaged data from a 120×120 µm
quadrat placed in the middle of the DH revealed that young
non-orchidectomised rats showed the greatest abundance
of PG-21 immunoreactive cells (26.7±1.5) (Fig. 3). The DH
of testosterone treated orchidectomised young animals and
non-orchidectomised aged rats contained 15.65±0.83 and
20.17±1.12 cells per section, respectively. Consequently
testosterone replacement in young animals resulted in reexpression of nuclear PG-21 in approximately 59% of the
number of DH cells seen in young intact animals or 81%
of the number in aged animals. On the other hand, TP
treatment in aged orchidectomised rats produced comparable
levels of expression of PG-21 to those seen in intact aged
males. In the SPN (Fig. 2N) two types of cell were analysed.
Large immunoreactive nuclei (10-12 µm) are likely to be
long to preganglionic parasympathetic neurons, whilst
smaller (5-7 µm) nuclei probably belong to glial cells or
interneurons. In line with previous observations, analysis of
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Fig. 3. Graphs showing the number of cells with nuclei immunoreactive
for PG-21 in segments L5-S1. Data is presented for young and aged (3
and 24 months) intact male rats and for orchidectomised animals (orchid)
with and without testosterone propionate replacement (+TP). For the
sacral parasympathetic nucleus (SPN) a distinction was made between
immunoreactive cells with a diameter of 20-25 µm which probably represent
preganglionic neurons (SPNp), and those that were smaller and likely
to be interneurons or glial cells (SPNi). DGC, dorsal grey commissure;
DH, dorsal horn; DLN, dorsolateral nucleus; SNB, spinal nucleus of the
bulbospongiosus.

this region revealed that PG-21 immunoreactive cells were
most abundant in young (non-orchidectomised) rats and
that ageing reduced their number by approximately 24%
for probable preganglionic neurons and 26% for other cell
types (Fig. 3). A comparable situation was found in young
orchidectomised rats receiving TP injections, in which PG21 re-expression occurred in about 40% of preganglionic
neurons and 43% of glial cells/interneurons compared to
young intact animals. TP treatment in aged animals was again
more effective in inducing nuclear re-expression of PG-21
in aged orchidectomised rats (Fig. 3) although young (nonorchidectomised) levels of expression were never achieved.

SRC-1 immunoreactivity

Cells immunoreactive for SRC-1 were extensively distri
buted throughout the grey matter of the spinal cord (Fig.
4A). Within the SNB of male rats (Fig. 4B-E) larger cells,
(putative motor neurons), stood out distinctively from the
smaller cells surrounding them (Fig. 4C). Within the SNB, the
highest numbers of putative motor neurons expressing SRC1 were observed in young male rats (Fig. 4B-D) and neither
the effects of orchidectomy (Fig. 4C) nor of orchidectomy
with testosterone replacement (Fig. 4D) produced numbers
www.acbjournal.org

significantly different from those seen in non-orchidec
tomised young male rats (Fig. 5). However in aged intact rats
(Fig. 4E) there was approximately an 18% reduction (Fig. 5)
in the numbers of putative motor neurons compared to young
intact rats (3.67±0.3 young vs. 3.00±0.28 aged, significant
at P<0.05). In female rats (not shown) a maximum of 1-2 of
putative motor neurons, were occasionally observed in the
region of the SNB. In the DLN the major significant difference
observed in male rats was between young (Fig. 4F) and aged
(Fig. 4G) non-orchidectomised animals. In the aged animals
there was an approximately 23% reduction (Fig. 5) in the
numbers of putative motor neurons expressing nuclear SRC1 (6.75±0.54 young vs. 5.22±0.42 aged, significant at P<0.05).
In the DLN of female rats (Fig. 4H, I) the numbers of SRC1 expressing putative motor neurons was not significantly
affected by age, being 3.56±0.33 for young, and 3.42±0.24
for aged animals (Fig. 5). By contrast the number of motor
neurons within the DLN of females was significantly less
(P<0.05) than that observed in either young or aged males
(Fig. 5). Nuclear expression of SRC-1 was also observed in
cells of the RDLN (Fig. 4J, K) and VMN (Fig. 4L). The greatest
difference in cell numbers was seen between intact male rats
(Fig. 4J, K), in which there was an age-related decline of 16%
http://dx.doi.org/10.5115/acb.2012.45.4.241
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Fig. 4. Immunolocalisation of steroid receptor co-activator one (SRC-1) in lumbosacral spinal cord. (A) Section from L6 of a young intact male
rat showing neurons with labelled nuclei distributed widely throughout the spinal grey matter. DH, dorsal horn. (B-E) Large labelled nuclei in
the spinal nucleus of the bulbospongiosus (SNB) probably belong to motor neurons (e.g., black arrowhead in C) while smaller nuclei belong
to glial cells or interneurons (white arrowhead). SRC-1 immunolabelling is robust in intact young male rats (B) and appears unaffected by
orchidectomy (C), regardless of testosterone replacement (D), but the number of labelled nuclei is reduced by ageing (E). A similar relationship
is seen in the dorsolateral nucleus (DLN) of young (F) vs. aged (G) intact male rats. There are no differences in numbers of labelled nuclei in
DLN motor neurons between young (H) and aged (I) female rats. In (F-I), the larger cells (black arrowhead in G) are likely to be motor neurons
whilst the smaller cells (white arrowhead in G) are probably glial cells or interneurons. The retrodorsolateral nucleus (RDLN) in male rats also
appears susceptible to the effects of ageing since more motor neurons with labelled nuclei are present in young ( J) than in aged animals (K). Black
arrowheads indicate likely motor neurons whilst white arrowheads point to nuclei of interneurons or glia. A small group of L6 motor neurons
with SRC-1-labelled are present in ventromedial nucleus (VMN) (L, young female rat). SRC-1 was abundant in laminae I-III of the dorsal horn
(M, aged male rat). Many labelled nuclei were seen in the dorsal grey commissure (DGC) (N, aged male rat). The cell marked by the arrowhead
is seen at higher magnification in the inset. (O) Labelling in the sacral parasympathetic nucleus (SPN). The highlighted area is shown at higher
magnification in (P) in which putative preganglionic neurons (black arrowheads) can be distinguished from smaller cells (white arrowheads) that
may represent interneurons or glial cells. (N-P) are from an aged male rat. Scale bars= 200 µm (A), 50 µm (B-M), 100 µm (N, O), 25 µm (P).
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in neurons exhibiting nuclear expression of SRC-1 (Fig. 5). In
female rats RDLN cell number did not change significantly
with age and was similar to that in male rats (Fig. 5). In the
VMN there were no significant differences in labelled cell
numbers with age, experimental procedure or gender (Fig. 5).
In the DH considerable labelling was seen in laminae I-III of
both males (Fig. 4M) and females (not depicted). Fourteen
percent fewer SRC-1 immunoreactive cells were seen in the
DH of young female rats compared to young intact males (Fig.
5). TP treatment appeared to increase the expression of SRC1 in orchidectomised rats by approximately 19% compared
to intact rats of the same age, whilst in aged rats the number
of cells expressing SRC-1 appeared to decline by 14% from
the levels seen in young animals (44.4±1.6 cells in young vs.
38.1±1.14 in aged, significant at P<0.05) (Fig. 5). By contrast
the numbers of cells with nuclei expressing SRC-1 in the DH
of female rats did not change with age (Fig. 5). In the DGC
(Fig. 4N) the process of orchidectomy (with or without TP
therapy) appeared to increase the number of cells expressing
SRC-1. For example, in the DGC of young orchidectomised
males, an average of 53.0±1.9 cells expressed SRC-1 per 180×
180 µm quadrat, compared to 44.42±1.6 in young intact rats.
The value for young intact rats was significantly (P<0.05)
higher than that obtained for aged intact rats (38.1±1.12 cells,
a decline of approximately 14%). In females, the number of
SRC-1 expressing cells was not significantly different between
young and aged animals but was again significantly lower
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than in young adult males (Fig. 5). In the SPN (Fig. 4O), it
was again possible to distinguish different phenotypes of
SRC-1 expressing cells (Fig. 4P). The numbers of putative
preganglionic SRC-1 expressing cells in the SPN were signifi
cantly higher in males than in females (7.31±0.5 cells for
young males vs. 5.00±0.5 cells for young females) (P<0.05)
however there was no significant age-related change in either
sex (Fig. 5). As in the DH, orchidectomy with TP treatment
appeared to increase the number of putative preganglionic
neurons expressing SRC-1 by approximately 17% (Fig. 5).
A similar relationship was seen for the putative glial cell/
interneuron population, with a significant increase in
expression of 22% following orchidectomy and of 11% for
orchidectomised animals receiving TP (Fig. 5). However aged
animals displayed a reduction of around 15% in the number
of smaller (glial/interneuron) cells located within the SPN
compared to young non-orchidectomised males. This agerelated difference was not seen in female rats (Fig. 5). As for
the potential preganglionic neurones within this nucleus, the
larger cells that expressed SRC-1 were 16% more numerous in
young intact males than in young females (Fig. 5).

pCREB immunoreactivity

In lumbosacral spinal cord, cells whose nuclei express
pCREB were abundant throughout the grey matter and
were often also observed in the white matter (Fig. 6A).
Within the SNB, putative motor neurons immunoreactive

Fig. 5. Graphs showing the numbers of steroid receptor co-activator one immunoreactive cells within lumbosacral spinal nuclei. Counts were
performed in spinal sections derived from gonadally intact males and females aged 3 and 24 months and male rats that were orchidectomised
(orchid) with or without testosterone replacement (+TP). Values are presented as mean±SEM. DGC, dorsal grey commissure; DH, dorsal horn;
DLN, dorsolateral nucleus; i, interneurons orglial cells; p, preganglionic neurons; RDLN, retrodorsolateral nucleus; SNB, spinal nucleus of the
bulbospongiosus; SPN, sacral parasympathetic nucleus; VMN, ventromedial nucleus.
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for pCREB were surrounded by smaller cells, probably glia
or interneurons that were also immunoreactive (Fig. 6B,
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C). In young intact male rats, one to ten (4.00±0.41) pu
tat ive motor neurons immunoreactive for pCREB were

Fig. 6. Phosphorylated form of c-AMP response element binding protein (pCREB) localisation within lumbosacral spinal cord. Cells expressing
immunoreactivity for pCREB are extensively located throughout the grey matter and are also observed to a lesser extent within the white matter (A,
from a young female rat). VMN, ventral medial nucleus. (B-E) illustrate labelled cells within the region of the spinal nucleus of the bulbospongiosus
(SNB) which are relatively few in females. (B) Probable motor neurons (black arrowhead) and interneurons or glial cells (white arrowhead) in
an intact young male rat. Nuclear expression of pCREB appears similar to this in orchidectomised rats regardless of whether they did (D) or did
not (C) receive testosterone injections. However the numbers of pCREB expressing motor neurons within the SNB appears reduced in aged (E)
in comparison to young male rats (B). (F-I) show the immunolocalisation of pCREB within the dorsolateral nucleus. pCREB expressing motor
neurons in young intact males (F) are present in greater numbers then in aged intact males (G) or either young (H) or aged (I) females, however
there is no age-related decline in the females. ( J) Nuclear immunoreactivity for pCREB in the retrodorsolateral nucleus (RDLN) of an aged male
rat is seen both in putative motor neurons (black arrowhead) and other cells (glia or interneurons, white arrowhead). A similar situation prevails
in the sacral parasympathetic nucleus (SPN) (K, young intact male). In the dorsal horn (DH), (L, M) cell nuclei are immunoreactive for pCREB
are particularly abundant in laminae I-III (L, young intact male) and their numbers increase significantly following orchidectomy (M, young male).
pCREB containing cells are also densely packed within the dorsal grey commissure (DGC) (N, O) and exhibit an age related decline in number (N,
young intact male; O, aged intact male). Scale bars=200 μm (A), 50 μm (B-J), 100 μm (K-O).
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observed per section (Figs. 6B, 7). The abundance of labelled
motor neurons in the SNB of young intact male rats (Fig.
6C) or orchidectomised, TP treated rats (Fig. 6D) was not
significantly different (Fig. 7). Intact aged rats (Fig. 6E)
displayed a 47% decrease (2.14±0.25, P<0.05) in pCREB
immunoreactive motor neurons per section compared to
young intact males (Fig. 7). As with SRC-1, very few putative
motor neurons immunoreactive for pCREB were present
in the SNB of female rats (Fig. 7). The DLN exhibited a
similar pattern of putative motor neurons immunoreactive
for pCREB surrounded by smaller labelled cells (Figs. 6FI). In young intact males (Fig. 6F) up to fifteen pCREB
immunoreactive motor neurons were present in each section
through the DLN (mean, 6.17±0.43) (Fig. 7). This value was
significantly higher than that recorded in either aged males
(Fig. 6G) or in young or old female rats (Figs. 6H, I, 7). The
number of immunoreactive motor neurons seen in aged
males (3.97±0.04) represented a 36% decline compared to
young adult males. The number of pCREB immunoreactive
motor neurons in the DLN of females is approximately 56%
of that of young males (Fig. 7). There was no significant agerelated change in the DLN of female rats (Figs. 6H, I, 7).
In the RDLN (Fig. 6J), putative motor neurons expressing
pCREB were again surrounded by numerous smaller immu
noreactive cells. In intact aged male rats, there was a decline
of 25% in pCREB immunoreactive motor neurones in this
nucleus. pCREB immunoreactive cells were also present in
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the VMN (not shown). In this nucleus, age-related changes
in numbers were seen in female animals in which there was
a decline from 3.3±0.5 cells to 1.5±0.39 cells per section
(P<0.05). In terms of pCREB expression there was no sexual
dimorphism in either the RDLN or VMN. Cells expressing
pCREB nuclear immunoreactivity were also abundant in the
SPN (both large and small) (Fig. 6K), the DH (Fig. 6L, M) and
the DGC (Fig. 6N, O). In the SPN, there was no age-related
difference in the numbers of probable preganglionic or other
cell types in either intact male or female rats though there was
a small but significant difference between young female and
young intact male rats (10.44±0.65 female vs. 7.7±0.55 male,
significant at P<0.05). This difference was not however, seen
in the population of small pCREB immunoreactive cells that
probably represent glia or interneurons. In the SPN of young
males there appeared to be a small increase in the number of
pCREB expressing cells of all types following orchidectomy
(with or without TP treatment) (Fig. 7). This was also seen
in both the DH and the DGC. In the DH, cells expressing
pCREB nuclear immunoreactivity were densely distributed
throughout the first three laminae (Fig. 6L, M). Analysis of
120×120 µm quadrats in these laminae (Fig. 7) revealed an
average of 39.42±1.13 pCREB immunoreactive cells in young
intact males (Fig. 6L) compared to 49.27±1.64 cells in young
orchidectomised males (Fig. 6M) and 51.52±1.54 in young
male orchidectomised rats treated with TP (not shown). There
were significant differences in numbers (P<0.05) between

Fig. 7. Graphs showing numbers of phosphorylated form of c-AMP response element binding protein immunoreactive cells in lumbosacral spinal
nuclei. For each region data is provided for male and female rats, that are gonadally intact, and at two ages. Further data is provided for males
that have been orchidectomised (orchid) with or without testosterone replacement (+TP). All counts represent mean±SEM. DGC, dorsal grey
commissure; DH, dorsal horn; DLN, dorsolateral nucleus; i, interneurons orglial cells; p, preganglionic neurons; RDLN, retrodorsolateral nucleus;
SNB, spinal nucleus of the bulbospongiosus; SPN, sacral parasympathetic nucleus; VMN, ventromedial nucleus.
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orchidectomised and young intact males. The addition of TP
did not significantly affect numbers in young orchidectomised
animals. Female rats exhibited significantly higher numbers
of pCREB immunoreactive cells in DH than males (Fig. 7).
The effects of ageing differed between the sexes: while there
was no significant change with age between the numbers of
pCREB expressing cells in the DH of male rats, there was
an age-related decline of about 10% in females. Many of the
changes described for the DH were also seen in the DGC (Fig.
6N, O). Orchidectomy, with or without TP administration,
resulted in increased numbers of pCREB immunoreactive
cells in both young and aged males (Fig. 7). Young and aged
female rats had higher numbers of pCREB immunoreactive
cells than intact males of equivalent age (Fig. 7). However in
contrast to the DH, though immunoreactivity for pCREB in
the DGC did not differ significantly with age in female rats,
there was an 18% decline in intact males rats (Fig. 7).

Discussion
This study has shown that the nuclear expression of PG21, SRC-1, and pCREB is widespread within the spinal nuclei
associated with the control of LUT functions. Ageing resulted
in a decrease in the number of cells immunoreactive for these
proteins, within the DH, DGC, SPN, and pudendal motor
nuclei that are involved in the control of micturition and/
or sexual function. However these reductions were confined
primarily to male rats. This suggests that the decreases in
expression are probably linked to testosterone levels (which
decline in aged male rats) and could contribute to the sexual
dysfunction observed in aged male rats. The time of onset
of these changes could not be determined by the availability
of only ‘young adult’ and ‘aged’ groups of animals. Acute
testosterone replacement therapy in orchidectomised rats did
not return the numbers of cells expressing nuclear PG-21 to
levels seen in intact animals in either age group, suggesting
that a more prolonged replacement schedule is required for
full restoration. Studies of SRC-1 and pCREB expression
following orchidectomy with or without testosterone replace
ment produced inconsistent patterns of labelling which likely
reflects the fact that these proteins can be activated through a
variety of different signalling pathways.

Changes in PG-21 expression as a consequence of age,
orchidectomy and hormone replacement

In the present study, immunohistochemistry for the and
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rogen receptor PG-21 produced nuclear labelling in signi
ficant populations of cells within the nuclei associated with
control of the LUT. The DLN/SNB, which constitute the
pudendal motor nuclei, contained many strongly label
led motor neurons while in the RDLN only low levels of
immunoreactivity were observed. This is in agreement
with many previous studies [46, 47, 63-65, 73]. The current
investigation showed that cells with nuclear PG-21 expression
were also abundant in the DGC and SPN and to a lesser
extent within the DH of L6-S1 cord. PG-21 expression within
other spinal nuclei has only been briefly described previously
[46, 68, 73] in studies that considered neither the effects of
ageing nor of orchidectomy with hormone replacement.
The distribution of PG-21 immunoreactive cells matches
that of populations within L6-S1 revealed by viral tracer
injections into the bladder, penis and perineal muscles [16,
20, 74, 75]. Furthermore, male rat urethrogential reflexes [21]
or mating behaviour [73] leads to immediate early gene c-fos
expression predominantly in the DGC and SPN. Ninetynine percent of the c-fos expression induced by mating was
found in cells immunoreactive for androgen receptors [73].
Retrogradely labelled parasympathetic neurons projecting to
the major pelvic ganglion have been shown to express PG-21immunoreactivity which was diminished by orchidectomy
[68]. These observations suggest that the PG-21 nuclear
expressing cells seen in the current study are likely to be
involved in both male sexual reflexes and micturition.
Functionally, however, orchidectomy does not appear to
alter natural micturition cycles in rats [76]. Motor neurons
innervating the external anal and urethral sphincters, despite
displaying PG-21 immunoreactivity [63], appear insensitive
to the effects of androgen and do not exhibit morphological
changes in response to orchidectomy, with or without
testosterone replacement [77]. This suggests that the effect
of circulating androgens on the lumbosacral cord is largely
confined to the circuitry controlling male sexual function.
It is well established that a decline in the levels of circulating
androgen in male rats, either through orchidectomy or the
process of ageing, has a strong negative effect on copulatory
behaviour and penile reflexes [78-83]. This can be correlated
with a decline in the nuclear expression of steroid receptors,
including PG-21 [46, 47, 67], which has a direct effect on
the structural and physiological properties of the cells con
cerned [49, 50]. Studies by Matsumoto and Prins [46, 47]
have revealed that orchidectomy completely abolishes the
nuclear expression of PG-21 in SNB motor neurones and
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that ageing leads to an approximately 41% reduction in the
numbers of SNB motor neurons displaying nuclear PG21 immunoreactivity, a figure almost identical to the one
we report here (40%). We can also confirm the complete
abolition of nuclear PG-21 expression in all cells of the DLN
at L5-S1 following orchidectomy. However, we also observed
reductions in PG-21 nuclear expressing cells in the other
nuclei associated with male sexual function, i.e., DGC (by
28%), DH (19%), DLN (23%), DH (19%), and SPN (24% for
probable preganglionic and 26% for other cell types).
In order to reverse the age-related decline [47, 67] we in
jected rats with 500 mg of TP, five days after orchidectomy.
Two hours after this hormone replacement therapy, PG21 expression in SNB motor neurons either matched or
surpassed that seen in intact animals. To facilitate comparison
with Masumoto and Prins’ work [46, 47], we employed the
same treatment regime and we were able to confirm their
results for the SNB, however our observations for the other
spinal nuclei associated with male sexual function were less
consistent. In young male rats, TP replacement did not lead
to significant re-expression in any of the other nuclei assessed
(DGC, DH, DLN or SPN). In aged rats, TP administration
was more effective in inducing nuclear re-expression of PG21 although it was not sufficient to restore the levels to those
of gonadally intact young males. Consequently therapies
aimed at restoring sexual function in aged animals must
recognise that testosterone levels are already declining at
eleven months of age [48] and that this fall is accompanied
by a shrinkage of SNB motor neuron dendrites [42]. By 22
months, the dendrites are 50% smaller than at 9 months
[42] but this decline can be reversed by the implantation of
silastic capsules containing testosterone for a period of six
weeks at an age of 20.5 months. This treatment regime may
be more effective in restoring PG-21 expression in the nuclei
of cells controlling sexual function than the one employed
here, however whether testosterone replacement therapy
alone is sufficient to restore full copulatory behaviour in
aged males remains uncertain. It has been shown that long
term testosterone replacement (e.g., for up to 6 months from
age 18 months) does not restore the number of mounts and
ejaculation episodes to levels seen in young gonadally intact
animals [78, 79, 84]. This suggests that low serum testosterone
levels are only one factor contributing to neurally mediated
age-related sexual dysfunction observed in male rats. Other
factors such as changes in the synaptic inputs to the L6-S1
nuclei from both intraspinal and supraspinal sources, may be
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equally as important. Indeed studies from our laboratory have
demonstrated that glutamatergic synapses on the dendrites
of SNB motor neurones decrease significantly with age
[44]. Likewise there is a decline in descending serotonergic
pathways terminating in the DGC and DLN and also in the
abundance of axon terminals immunoreactive for substance P
or tyrosine hydroxylase, within the DGC and SPN [70, 85].

SRC-1 nuclear expression changes in response to
ageing, hormone depletion and replacement

As steroid receptor co-activators enhance transcription
of steroid responsive genes [52, 53] any decline in PG-21
expression as a consequence of ageing or orchidectomy is likely
to be reflected in changes in the expression of SRC-1. In male
rats, SRC-1 nuclear expression was seen in all populations of
cells that demonstrated PG-21 immunoreactivity, although
the number of SRC-1 immunoreactive cells was markedly
more abundant in the DH. Nuclear expression of SRC-1 was
also seen in motor neurons of the RDLN and VMN of males
which exhibit scant or no PG-21 expression. In female rats,
SRC-1 was present in all of the lumbosacral spinal nuclei
associated with micturition or sexual function as well as
the RDLN and VMN. This has been reported previously for
both males and females [71], however statistical analysis in
the present investigation has generated new findings. Our
previous subjective conclusion that female rats exhibited agerelated changes in the numbers of cells expressing nuclear
SRC-1 was not confirmed for any of the spinal nuclei assessed.
In the light of the observations presented here, the single 24
month old female available for analysis in the previous study
appeared to exhibit unusually low levels of SRC-1 expression.
The current investigation also revealed that the number of
cells with nuclear expressed SRC-1 was significantly lower
in females than in males for many of the nuclei analysed
(reductions were 17% in DGC, 14% in DH, 47% in DLN, and
in the SPN, 31% for putative preganglionic neurons and 6.6%
for other cell types). The SNB is virtually absent in females
and there was no sex difference for the RDLN and VMN.
The sexual dimorphism probably reflects the developmental
consequences of lower levels of circulating testosterone in
females [26, 31-35].
In the rat spinal cord, the distribution of SRC-1 immuno
reactivity is probably correlated with the expression of type
1 nuclear receptors which bind androgens, estrogens, gluco
corticoids and progesterone [51]. In female rats and cats,
estrogen receptor immunoreactivity has been identified in the
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nuclei of cells within laminae I/II of the DH, and in the DGC
and SPN of the lumbosacral cord [86-89]. By combining
retrograde tracing with estrogen receptor localisation, it
has been shown in female cats that SPN neurons projecting
to the bladder express estrogen immunoreactivity [86].
Vaginocervical mechanostimulation induces virtually
identical patterns of c-fos and estrogen receptor expression
in the DH and SPN [89]. Information on estrogen receptor
localisation in the spinal cord of males rats is sparse although
it has been reported in the SPN before 4 weeks of age [90].
It has been suggested that androgens can exert an influence
on motor neurones by acting as antagonists at glucocorticoid
receptors. Immunoreactivity for glucocorticoid receptors has
been demonstrated in the nuclei of SNB motor neurons in the
male rat [91] and at levels more rostral to L5, in the cytoplasm
and nuclei of motor neurons and associated glial cells in
both sexes [92, 93]. There is one report of progesterone
receptors in the cytoplasm of motor neurons in intact male
rats [94] though this was not confirmed by a second study
using different antibodies [95]. In ovariectomised female rats,
estrogen treatment induces nuclear progesterone receptor
immunoreactivity in the DGC and intermediolateral cell
column at L3-S1, which represents the SPN at this level [95].
The distribution of androgen receptors in the lumbosacral
spinal cord of males has been extensively discussed above. In
females, androgen receptor expression is present in pudendal
motor neurons that innervate the external urethral sphincter
[96], however the micrographs in this paper suggest that the
labelling is primarily cytoplasmic. The significance of this (if
any) for continence control is unknown.
It seems likely that the greater number of SRC-1 expressing
cells in male rats than in females, is attributable to the greater
number of cells that express PG-21 and are involved in male
sexual reflexes. The age-related decline in SRC-1 nuclear
expressing cells in intact male rats matches the decline in PG21 expression. It has previously been claimed that the number
of SRC-1 expressing cells in the SNB falls by 40% in aged
rats [66]. The much smaller decline seen here may reflect
differences in criteria for identifying immunolabelled cells
as Matsumoto [66] included very lightly stained cells in the
sample he used for analysis. Interestingly, orchidectomy five
days prior to perfusion, whether followed by TP replacement
or not, did not cause significant changes in SRC-1 expression
in any of the lumbosacral motor columns. This may indicate
that these motor neurons are still responsive to circulating
glucocorticoids (the animals were not adrenalectomised)

http://dx.doi.org/10.5115/acb.2012.45.4.241

Richard N. Ranson, et al

and that SRC-1 remains involved in promoting the nuclear
translocation of glucorticoid receptors which are also known
to be present in pudendal motor neurons [91]. Alternatively
SRC-1, despite being present in the majority of SNB motor
neurons [69, 97] may not in fact be linked to androgen
responsiveness. In SRC-1 null mutant mice, the dimensions
of SNB motor neuron somata are similar to those of wild type
animals [98]. If the same is true for rats, then the decline in
SRC-1 expression seen in the aged males may be independent
of the progressive reduction in testosterone levels though
still indicative of an age-related down-regulation of cellular
activity, perhaps linked to the effects of other steroids or
cell signalling pathways such as those involving CREB. An
association with CREB pathways via CBP might also account
for the fact that in the cells of DH and DGC, orchidectomy
appears to lead to a slight increase in SRC-1 expression. This
might be related to the up-regulation of pCREB observed
within cells in the same region (see below).

Lumbosacral spinal expression of pCREB: effects of
ageing, orchidectomy and TP treatment

Immunohistochemistry for pCREB revealed that in both
sexes it was almost ubiquitously expressed in the nuclei of
cells in both the grey and white matter of L5-S1. Nuclear
labelling was present in putative motor neurons within the
DLN, RDLN, SNB, and VMN. These were surrounded by
other pCREB immunoreactive cells that were likely to be
either glial cells or interneurons. Other regions examined,
including the DGC, DH, and SPN, also displayed abundant
labelling for pCREB. These observations support a brief prior
report by Matsumoto [72] who also noted an age-related
decline of about 40% in the numbers of immunopositive
SNB motor neurons in male rats. We observed a similar
(47%) decline in the SNB, as well as a reduction of 36% and
24% for motor neurons in the DLN and RDLN respectively,
and an 18% decline in cells in the DGC which probably
represented glia or interneurons. By contrast, the only signi
ficant decline in female rats was one of 10%, in regions of
DH associated with the control of micturition or sexual func
tion. This would support the argument that a long-standing
decline in testosterone levels is necessary to induce the agerelated attrition in pCREB expression. Acute changes due
to orchidectomy appeared to exert much less influence on
pudendal motor neurons as regardless of age, this did not
affect the numbers of pCREB nuclear expressing cells. This
is perhaps not surprising since a variety of physiological
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stimuli in addition to circulating androgens can lead to
phosphorylation of pCREB, including cellular responses to
stress, the actions of neurotransmitters (including glutamate)
and neurotrophins such as brain-derived neutrophic factor
(BDNF) [99-102]. Significant in this regard may be the above
mentioned age-related reduction in the glutamatergic input to
SNB motor neuron dendrites [44]. A similar down-regulation
of pCREB expression may be linked to an absence of BDNF.
Through its interactions with the high affinity receptor TrkB,
BDNF can activate a series of cell signalling pathways that lead
to the phosphorylation of CREB and thus the cellular changes
underlying neuronal plasticity and long-term potentiation
[58, 59, 103]. Immunoreactivity for TrkB receptors has been
demonstrated within SNB motor neurons [104] while in situ
hybridisation studies have revealed mRNA encoding TrkB
in motor neurons of the DLN, RDLN, and SNB [105]. As
BDNF levels are reduced in the spinal cord of aged rats [61]
and TrkB mRNA expression falls by approximately 25% in
motor neurons of the DLN, RDLN, and SNB [105], this may
account for some of the decrease in pCREB expression seen
in the present study. This is probably exacerbated by the fact
in pudendal motor neurons, BDNF and testosterone have an
aggregative effect on soma size and dendritic morphology
[106, 107]. Whether such processes play a role in senescence
in other regions of the lumbosacral cord here remains to be
explored.
Many factors influence pCREB expression and the increase
in levels of expression following orchidectomy, which is
most marked in the DH and DGC, could be a general effect
of surgery as noxious stimulation of peripheral tissues has
been shown to have this effect on spinal neurons, including
presumptive nociceptive interneurons in the superficial
laminae of the DH [108, 109]. The increase might also be
related to the up-regulation of SRC-1 following orchidectomy.
pCREB, through its interaction with CBP and hence with
SRC-1, is able to influence the activity of steroid receptor
responsive genes. By this means, it might facilitate SRC-1
expression.
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