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Abstract

 

Uterine sympathetic innervation undergoes profound remodelling in response to physiological and experimental

changes in the circulating levels of sex hormones. It is not known, however, whether this plasticity results from

changes in the innervating neurons, the neuritogenic properties of the target tissue or both. Using densitometric

immunohistochemistry, we analysed the effects of prepubertal chronic oestrogen treatment (three subcutaneous

injections of 20 

 

µ

 

g of 

 

β

 

-oestradiol 17-cypionate on days 25, 27 and 29 after birth), natural peripubertal transition

and late pregnancy (19–20 days post coitum) on the levels of TrkA and p75 nerve growth factor receptors in

uterine-projecting sympathetic neurons of the thoraco-lumbar paravertebral sympathetic chain (T7–L2) identified

using the retrograde tracer Fluorogold. For comparative purposes, levels of TrkA and p75 were assessed in the superior

cervical ganglion (SCG) following prepubertal chronic oestrogen treatment. These studies showed that the vast

majority of uterine-projecting neurons expressed both TrkA and p75. Both prepubertal chronic oestrogen treatment

and the peripubertal transition increased the ratio p75 to TrkA in uterine-projecting neurons, whereas pregnancy

elicited the opposite effect. Prepubertal chronic oestrogen treatment had no effects on levels of TrkA or p75 in

sympathetic neurons of the SCG. Taken together, our data suggest that neurotrophin receptor-mediated events

may contribute to regulate sex hormone-induced plasticity in uterine sympathetic nerves, and are in line with the

idea that, 

 

in vivo

 

, plasticity in uterine nerves involves changes in both the target and the innervating neurons.
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Introduction

 

Dynamic responses of uterine sympathetic nerves to

changes in the circulating levels of sex hormones

represent one of the most remarkable examples of

physiological plasticity in the adult autonomic nervous

system. Studies performed on different mammalian

species, including the rat, have shown that uterine

sympathetic nerves degenerate at late pregnancy and

regenerate following delivery (Sporrong et al. 1981;

Owman & Stjernquist, 1988; Yamada, 1988; Haase et al.

1997). In addition to pregnancy-induced changes, the

density of uterine sympathetic nerves fluctuates across

the natural oestrous cycle (Melo & Machado, 1993;

Zoubina et al. 1998), and reductions in noradrenaline

levels and in the density of sympathetic nerves have

been shown during the oestrogen-dominant phases of

the cycle. Electron microscopic studies carried out on

rats confirm that these changes involve cyclic phases of

growth and degeneration of intrauterine sympathetic

nerve terminals (Zoubina & Smith, 2000). Moreover,

noradrenaline levels and the density of rat uterine

sympathetic nerves are markedly and permanently

reduced following the first ovulation at puberty

(Brauer et al. 1992). These changes would not involve

an actual degeneration of nerve fibres but a ‘spatial

dilution’ of sympathetic nerves that fail to grow in

parallel with puberty-induced changes in the size of

the uterus. Puberty-induced changes are mimicked by
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acute administration of one dose of 40 

 

µ

 

g of oestradiol

at the end of the prepubertal period (25 days of age)

(Brauer et al. 1995). Considering that high pharmaco-

logical doses of oestradiol block ovulation and the

ovarian production of progesterone (Brauer et al. 2002),

oestrogen rather than progesterone seems the more

likely candidate to cause the reduction of uterine

sympathetic nerves following puberty. In spite of these

advances, the mechanisms underlying oestrogen-induced

plasticity in uterine sympathetic nerves are not fully

understood. In particular, does such plasticity reflect

changes in the innervating neurons, the neuritogenic

properties of the target tissue or both?

Recent studies have shown that the target uterine

tissue plays a crucial role in the regulation of plasticity

of uterine innervation, and that both pregnancy and

oestrogen reduce the ability of uterine tissue to support

sympathetic neurite outgrowth (Brauer et al. 1998,

2000a, 2002; Krizsan-Agbas & Smith, 2002). In previous

studies, the contribution of target levels of nerve growth

factor (NGF) to oestrogen-induced plasticity in uterine

sympathetic nerves was analysed. In contrast to what

might be expected from the neurotrophic hypothesis

(Korsching & Thoenen, 1983; Levi-Montalcini, 1987;

Alberts et al. 1994), reduced levels of NGF in the uterus

were found not to be the primary cause of puberty- and

oestrogen-induced uterine sympathetic denervation.

On the contrary, oestrogen increases the synthesis of

NGF and other neurotrophins in the rodent uterus

(Björling et al. 2002; Chávez-Genaro et al. 2002; Chalar

et al. 2003; Krizsan-Agbas et al. 2003). The contribution

of NGF deprivation to pregnancy-induced degeneration

of uterine sympathetic nerves still remains controversial

(Brauer et al. 2000b; Varol et al. 2000). Our studies in

guinea-pigs failed to show significant reductions in NGF

concentration at term pregnancy (Brauer et al. 2000b).

Conversely, pregnancy has been shown to reduce

the concentration of NGF in the rat uterus (Varol et al.

2000), and this change might be relevant to pregnancy-

induced degeneration of uterine sympathetic nerves in

this species.

The recent finding that uterine-projecting sympathetic

neurons express oestrogen receptors (Zoubina & Smith,

2002) raises the possibility that, in addition to changes

in neurotrophic factor availability, sex hormones could

regulate plasticity in uterine sympathetic nerves by

altering their receptivity to neurotrophins. Studies

in other systems have shown the presence of putative

oestrogen response elements in some neurotrophin

receptor genes (Miranda et al. 1993; Sohrabji et al. 1995).

Moreover, co-expression and reciprocal regulation

of oestrogen receptor mRNA with the mRNAs for

neurotrophins and their receptors has been shown

in various neurotrophin-dependent cell types (Sohrabji

et al. 1994a,b; Gibbs, 1998; Toran-Allerand, 2000;

Jezierski & Sohrabji, 2001).

NGF binds two distinct cell-surface receptors: the

75-kDa low-affinity neurotrophin receptor (p75), which

displays rapid association and dissociation with most

members of the neurotrophin family (Frade & Barde,

1998), and the 140-kDa high-affinity tyrosine kinase

(TrkA) receptor, which binds NGF more specifically but

with slower kinetics (Meakin & Shooter, 1991; Hartman

et al. 1992). In most sympathetic neurons, p75 and TrkA

form complexes to generate high-affinity binding sites

for NGF (Hempstead et al. 1991; Dechant, 2001; Esposito

et al. 2001). Activated p75 and TrkA mediate positive

growth responses to NGF in both developing and adult

sympathetic neurons (Orike et al. 2001a,b). NT3 also acts

through TrkA and p75 (Brennan et al. 1999) and mediates

neuritogenesis and expression of growth-associated

genes in NGF-dependent sympathetic neurons (Zhou &

Rush, 1996a; Belliveau et al. 1997). p75 plays an important

but context-dependent role in the response of sympa-

thetic neurons to neurotrophins, where it can either

induce apoptosis or protect neurons against apoptosis

following neurotrophic factor deprivation (Miller &

Kaplan, 2001).

TrkA expression has been shown to fluctuate across

the oestrous cycle in the rat basal forebrain (Gibbs, 1998)

and in adult sensory neurons (Sohrabji et al. 1994b).

TrkA is up-regulated in PC12 cells (Sohrabji et al. 1994a),

basal forebrain (Gibbs, 1998), olfactory bulb neurons

(Jezierski & Sohrabji, 2001) and in adult sensory neu-

rons after 6 h following administration of oestradiol

(Lanlua et al. 2001). By contrast, reduced TrkA expression

was demonstrated in rat adult sensory dorsal root gan-

glion neurons following long-term (90 days) oestrogen

replacement with physiological and pharmacological

doses of Premarin (Liuzzi et al. 1999). Similarly, previous

studies of our group showed reductions in TrkA levels

in subpopulations of rat sensory neurons supplying

the uterus following prepubertal chronic oestrogen

treatment (Chalar et al. 2003). Regulation of p75 by sex

hormones has been shown in several neuronal types

(Gibbs & Pfaff, 1992; Sohrabji et al. 1994a,b), and increased

expression of p75 mRNA was seen in sensory neurons at

proestrus (Sohrabji et al. 1994b).
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Because none of these studies addressed a possible

correlation between alterations in receptor expression

and the well-known sympathetic denervation observed

in the mammalian uterus at late pregnancy and in

response to oestrogen, we chose to examine the effects

of prepubertal chronic oestrogen treatment, peripu-

bertal transition and pregnancy on the levels of TrkA

and p75 in retrogradely labelled uterine-projecting

neurons of the rat thoraco-lumbar paravertebral

sympathetic chain (T7–L2). These ganglia were selected

because they contain 65% of the postganglionic

sympathetic neurons supplying the cephalic third of

the uterine horn (Houdeau et al. 1998). Because the

ganglia contain mixed populations of neurons pro-

jecting to the uterus as well as other targets, we

decided to use quantitative densitometric immuno-

histochemistry (Cowen et al. 2003) to assess changes in

receptor expression in the morphologically identified

population of neurons. In order to analyse whether

oestrogen-induced changes in neurotrophin receptor

protein levels were selective for uterine-projecting

neurons, the effects of prepubertal chronic oestrogen

treatment on levels of TrkA and p75 were also assessed

in the superior cervical ganglion (SCG), which supply

various cephalic targets.

 

Materials and methods

 

Animals and treatments

 

Studies were carried out on female Wistar-derived

albino rats from the breeding colony held at the Insti-

tuto de Investigaciones Biológicas Clemente Estable

(Montevideo, Uruguay). Animals were sexed at birth,

weaned at 3 weeks and maintained under controlled

conditions of temperature (21–22 

 

°

 

C) and illumination

(12-h light–dark cycle), with water and food available

 

ad libitum

 

.

Prepubertal chronic oestrogen treatment

Oestrogen treatment was performed with 

 

β

 

-oestradiol

17-cypionate (Laboratorios König, Buenos Aires,

Argentina), diluted to appropriate doses with peanut

oil (Sigma, St Louis, MO, USA) and administrated

subcutaneously in a final volume of 0.1 mL per dose.

Animals (

 

n

 

 

 

=

 

 10) were given three doses of 20 

 

µ

 

g of

oestrogen on days 25, 27 and 29 after birth and killed

at 30 days of age. Ten control rats from matched litters

were injected with vehicle (peanut oil). This oestrogen

regime was selected because it causes growth-

inhibition of uterine sympathetic nerves (Brauer et al.

1995; Chávez-Genaro et al. 2002), without affecting the

body growth rate of animals.

Peripubertal transition

Pubertal females (

 

n

 

 

 

=

 

 6) were killed at the first oestrus

following vaginal canalization (42–43 days of age).

Occurrence of the first oestrus was determined by

vaginal smear. Prepubertal controls (

 

n

 

 

 

=

 

 6) were killed

at 30 days of age and before vaginal canalization.

Pregnancy

Eight adult females (3–4 months old) were mated with

fertile males and day zero of pregnancy determined

by the presence of spermatozoa in the vaginal smear.

Pregnant females were killed at 19–20 days of preg-

nancy, together with six age-matched adult controls at

dioestrus I.

 

Retrograde tracing with Fluorogold

 

Rats were anaesthetized with 45 mg kg

 

−

 

1

 

 of ketamine

(Unimedical, Montevideo, Uruguay) plus 10 mg kg

 

−

 

1

 

 of

xylazine (Unimedical) and the left uterine horn was

exposed through a small dorsal incision. Two to 4 

 

µ

 

L of

a 4% solution of Fluorogold in PBS (FG, Fluorochrome

Inc., Denver, CO, USA) was injected under aseptic

conditions at one or two sites of the cephalic (tubal)

third of the uterine horn using a 10-

 

µ

 

L microsyringe. After

completion of injection, the area was dried and rinsed

with sterile physiological saline solution and the muscle

and skin sutured. Surgical procedures were conducted

in accordance with the codes for animal care approved

by the Instituto de Investigaciones Biológicas Clemente

Estable, which are in agreement with USA-NIH and

British Home Office guidelines. Females used for

studies on the effects of puberty were injected with

the tracer at 34 days of age. Prepubertal rats serving as

controls for peripubertal animals, and those receiving

chronic oestrogen treatment or oil were injected

between 21 and 23 days of age. Pregnant females were

injected between 6 and 7 days postcoitum together

with the age-matched adult control group. In all

animal groups, total-tracing times ranged between 7

and 13 days.
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Immunohistochemistry

 

Animals were killed by an overdose of ether and

perfused transcardially with saline solution followed by

4% paraformaldehyde (PFA, Sigma). The sympathetic

chains (T7 to L2, ipsilateral to the site of FG injection)

were dissected and fixed by immersion in 4% PFA for

1.5 h at 4 

 

°

 

C, washed in PBS and stored in 20% sucrose

in PBS overnight at 4 

 

°

 

C. Ganglia obtained from each

animal group were pooled, embedded in tissue freez-

ing medium (Shandon, Pittsburgh, PA, USA) and imme-

diately frozen. A similar procedure was used for SCG

from oestrogen-treated animals and their controls. The

tissues obtained were sectioned completely at 12 

 

µ

 

m

thickness and thaw-mounted onto gelatin-coated glass

slides. For each set of ganglia, 12–20 slides containing

6–8 sections each were obtained. One group of

slides was immunostained with rabbit anti-TrkA (1 : 400,

Chemicon, Temecula, USA). This antibody was raised

against the extracellular domain of synthetic TrkA and

it has been shown to be specific for TrkA in previous

studies (Walsh et al. 1999; Xu et al. 2002). A comple-

mentary set of slides were labelled with a monoclonal

antibody against p75 (anti-p75, 1 : 75, mouse hybrid-

oma cell line Ig192). The specificity of this antibody

was assessed previously (Cowen et al. 2003). Sections

were incubated with primary antibodies overnight in

a humidified chamber and at room temperature.

Omission of primary antibodies resulted in complete

loss of immunostaining. At the end of the incubation

period, sections were washed in PBS, incubated, respec-

tively, with goat anti-rabbit IgG or goat anti-mouse IgG

conjugated with Alexa-Fluor 568 (final dilution 1 : 400,

Molecular Probes, Eugene, OR, USA) for 1.5 h at room

temperature, washed in PBS and mounted in anti-fade

mounting medium (Citifluor, London, UK).

 

Densitometric measurement of TrkA and p75

 

All sections were examined with a Nikon E800 micro-

scope equipped with epifluorescence and fitted with

the appropriate filters. Fluorogold-positive (FG

 

+

 

)

uterine-projecting sympathetic neurons were recognized

under UV light by the presence of yellow-gold granules

in the neuronal cytoplasm. All FG

 

+

 

 cells showing a

nuclear profile were captured using a 

 

×

 

20 objective

lens via a CoolSNAP-Pro Monochrome Digital camera

(Media Cybernetic, Silver Spring, USA). Resampling of

the same neurons in adjacent sections was avoided by

taking images from every fourth section (leaving a gap

of 36 

 

µ

 

m between sections). Sampling of SCG neurons

was performed on digital images after superimposing

a 10 000-

 

µ

 

m

 

2

 

 square on images. All neurons falling into

the square and showing nuclear profiles were used for

densitometric studies.

Selected neurons were examined under green light

(Nikon, filter G-2B) to assess the immunofluorescence

of TrkA and p75. Digital images were captured within

the first 48 h after completing the immunostaining and

used for densitometric studies without any contrast or

brightness corrections (Cowen & Thrasivoulou, 1992;

Chalar et al. 2003). Positive TrkA and p75 signal was

considered to be at least three times any non-specific

background. The background signal did not change

with treatment or stage (data not shown). The nuclear

and cytoplasmic outlines of neurons were traced inter-

actively and used to generate a mask within which the

intensity of cytoplasmic receptor labelling was measured

as the mean optical density per area unit (OD) using

the Image Pro Plus software by Media Cybernetics

(Chalar et al. 2003). Following evidence that preg-

nancy alters the size of uterine-projecting sympathetic

neurons, fluorescence intensity in this group was meas-

ured as both OD and integrated optical density per cell

profile (IOD 

 

=

 

 OD 

 

×

 

 cytoplasmic area). Considering that

experiments conducted on different days could yield

different absolute values of fluorescence intensity,

only intra-experimental comparisons were performed.

Cell size data (total neuronal soma area and cytoplas-

mic area) were automatically generated. Data are

presented as median (IQR) (interquartile ranges; 

 

±

 

95%

confidence limits). Medians were compared using

the Mann–Whitney non-parametric test or the Kruskal–

Wallis non-parametric 

 

ANOVA

 

 test followed by the Dunn’s

multiple comparison test. Values of 

 

P

 

 

 

<

 

 0.05 were

considered statistically significant.

 

Results

 

In both prepubertal and adult rats, the vast majority of

sympathetic neurons of the thoraco-lumbar sympathetic

chain in general (Fig. 1A,B) and uterine-projecting

neurons in particular (Fig. 1C,E,G) were positive for TrkA

(Fig. 1D,F) and p75 (Fig. 1H). Similarly, most sympathetic

neurons of the SCG were positive for both receptors

(data not shown). In all cases, levels of fluorescence

intensity of TrkA and p75 showed considerable varia-

tions among neurons (Tables 1–4). Visual assessment of
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receptor staining in other ganglia containing uterine-

projecting neurons (i.e. suprarenal ganglia) suggested

a consistent pattern of change with those assessed in

detail.

Prepubertal chronic oestrogen treatment (PCOT)

had no significant effects on the mean size of the soma

area of uterine-projecting sympathetic neurons (Control

332 

 

±

 

 5 

 

µ

 

m

 

2

 

 vs. PCOT 320 

 

±

 

 6 

 

µ

 

m

 

2

 

) or sympathetic

neurons of the SCG (Control 213 

 

±

 

 6 

 

µ

 

m

 

2

 

 vs. PCOT 208 

 

±

 

 5

 

µ

 

m

 

2

 

). Following oestrogen treatment, optical density

of TrkA was reduced by 18% in uterine-projecting

sympathetic neurons (Table 1), resulting in an increased

Table 1 Effects of prepubertal chronic oestrogen treatment 
(PCOT) on the mean optical density per area unit (OD) of TrkA 
in Fluorogold-positive (FG+) uterine-projecting sympathetic 
neurons of the rat thoraco-lumbar sympathetic chain and in 
sympathetic neurons of the superior cervical ganglia (SCG)

Neuron Treatment n OD – Median IQR

FG+ Control 4W 257 93 89–94
PCOT 271 76a 75–79

SCG Control 4W 234 109a,b 107–113
PCOT 225 111a,b 110–117

Data are expressed as median (interquartile ranges, IQR) and were 
compared by the Kruskal–Wallis analysis of variance followed by 
Dunn’s multiple comparison test. n = number of neurons.
aSignificant difference (P < 0.0001) against 4-week-old (4W) 
control FG+ neurons.
bSignificant difference (P < 0.0001) against PCOT FG+ neurons.

Table 2 Effects of prepubertal chronic oestrogen treatment 
(PCOT) on the mean optical density per area unit (OD) of p75 
in Fluorogold-positive (FG+) uterine-projecting sympathetic 
neurons of the rat thoraco-lumbar sympathetic chain and in 
sympathetic neurons of the superior cervical ganglia (SCG)

Neuron Treatment n OD – Median IQR

FG+ Control 4W 217 79 82–92
PCOT 217 84 87–95

SCG Control 4W 110 80 80–88
PCOT 114 82 80–90

Data are expressed as median (interquartile ranges, IQR) and were 
compared by the Kruskal–Wallis analysis of variance followed by 
Dunn’s multiple comparison test. n = number of neurons.

 

Fig. 1

 

Cryostat tissue sections of rat thoraco-lumbar 
sympathetic chain ganglia showing neurons immunostained 
for TrkA (A) and p75 (B). Arrows in B indicate p75-positive 

nerve bundles. (C–E) Fluorogold-traced (FG) uterine-
projecting sympathetic neurons displaying, respectively, high 
(D) and low (F) levels of TrkA. Fluorogold-labelled neurons 
shown in G (asterisk and arrowhead) also show marked 
differences in their levels of p75 (H). Scale bars: A,B 

 

=

 

 40 

 

µ

 

m; 
C–H 

 

=

 

 25 

 

µ

 

m.
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ratio of p75 to TrkA. However, no changes in levels of

TrkA were detected in sympathetic neurons of the SCG

(Table 1). In both uterine-projecting and SCG sympa-

thetic neurons, optical density of p75 was unchanged

by chronic oestrogen treatment (Table 2).

In the course of the peripubertal transition, no

significant changes in the size of the soma area of

uterine-projecting sympathetic neurons were detected

(Prepubertal 332 

 

±

 

 5 

 

µ

 

m

 

2

 

 vs. Pubertal 342 

 

±

 

 8 

 

µ

 

m

 

2

 

). Optical

density levels of TrkA were also unaffected by natural

puberty (Table 3), whereas levels of p75 were increased

by 29% (Table 3). Thus, the ratio of p75 to TrkA was

again increased, although via a different means

compared with PCOT.

Between the prepubertal and adult stage, the size of

the soma areas of uterine-projecting sympathetic neu-

rons was increased by 42% (Prepubertal 332 

 

±

 

 5 

 

µ

 

m

 

2

 

 vs.

Adult diestrous 470 

 

±

 

 15 

 

µ

 

m

 

2

 

, 

 

t

 

-test, 

 

P

 

 

 

<

 

 0.0001). In

late pregnancy, however, soma size was significantly

reduced by 15% (400 

 

±

 

 19 

 

µ

 

m

 

2

 

, 

 

t

 

-test, 

 

P

 

 

 

<

 

 0.002). It

is important that these size changes are taken into

account when considering alterations in receptor

expression. Thus, the optical density (per unit area of

soma) of TrkA was increased by 26% in late pregnancy

(Table 4). However, because of the reduced size of

the neurons at this stage, no significant changes in

the integrated optical density (equivalent to the total

receptor density per neuron) of TrkA were observed

(Table 4). By contrast, both the optical density and

the integrated optical density of p75 were significantly

reduced (22.5%) at late pregnancy (Table 4), resulting

in a reduced ratio of p75 to TrkA, in contrast to the

changes at earlier stages.

 

Discussion

 

The results reported in this study showed that

oestrogen influences the levels of TrkA and p75 in

uterine-projecting sympathetic neurons, as indicated by

quantitative immunohistochemistry. Prepubertal chronic

oestrogen treatment decreased the levels of TrkA

in uterine-related neurons, without affecting levels of

p75. Considering that in both developing and adult

sympathetic neurons the growth-promoting effects of

NGF and NT3 are mediated by TrkA activation (Zhou &

Rush, 1996a; Belliveau et al. 1997; Orike et al. 2001a,b),

oestrogen-induced reductions in levels of TrkA could

contribute to the inhibitory effects of oestrogen

on uterine sympathetic nerves. Reductions in TrkA

increased the ratio of p75 to TrkA by 30%, and this

change might also be relevant in determining the

response of uterine sympathetic neurons to neuro-

trophins, for example, by favouring the p75-mediated

inhibitory actions of brain-derived neurotrophic

Table 3 Effects of puberty on the mean optical density per 
area unit (OD) of TrkA and p75 in Fluorogold-positive uterine-
projecting sympathetic neurons of the rat thoraco-lumbar 
sympathetic chain

Receptor Stage n OD – Median IQR

TrkA Prepubertal 165 127 125–139
Peripubertal 162 121 125–140

p75 Prepubertal 150 78 82–96
Peripubertal 150 101a 101–117

Results are expressed as median (interquartile ranges, IQR). Data 
pairs were compared by the Mann–Whitney non-parametric test. 
n = number of neurons.
aSignificant difference in p75 (P < 0.0005) against the prepubertal 
stage.

Table 4 Effects of pregnancy on the mean optical density per area unit (OD) and integrated optical density 
(IOD = OD × cytoplasmic area) of TrkA and p75 in Fluorogold-positive uterine-projecting sympathetic neurons of the rat thoraco-
lumbar sympathetic chain

Receptor Stage n OD – Median IQR IOD Median IQR

TrkA Control 16W – DO 104 149 144–163 48 049 49 009–59 031
Pregnant 71 187a 164–189 51 418 46 022–58 878

p75 Control 16W – DO 74 102 105–127 35 697 36 113–47 503
Pregnant 60 79b 78–98 25 122c 26 182–38 798

Results are expressed as median (interquartile ranges, IQR). Data pairs were compared by the Mann–Whitney non-parametric test. n = 
number of neurons.
aSignificant difference in TrkA OD (P < 0.005) against the adult control in dioestrus (DO).
bSignificant difference in p75 OD (P < 0.001) against the adult control in dioestrus (DO).
cSignificant difference in p75 IOD (P < 0.01) against the adult control in dioestrus (DO).
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factor (BDNF) (Kohn et al. 1999). Increased levels of

BDNF have been demonstrated in the uterus of adult

ovariectomized rats following oestrogen replacement

(Krizsan-Agbas et al. 2003). Moreover, co-culture stud-

ies indicate that oestrogen may affect the neuritogenic

properties of the uterine tissue by altering the target

synthesis of BDNF (Krizsan-Agbas et al. 2003). It has

been shown that under optimal survival conditions,

BDNF-mediated activation of p75 antagonizes NGF-

mediated growth in sympathetic neurons (Kohn et al.

1999). The mechanism by which p75 inhibits TrkA-

mediated neuronal growth is still unclear, but could

involve p75-mediated generation of intracellular cera-

mide (Dobrowsky et al. 1994, 1995; Posse de Chaves

et al. 1997). In addition, it has been suggested that

inhibition of sympathetic neurite outgrowth could

occur if the activated p75 directly down-regulates

TrkA-mediated growth signals by serine–threonine

phosphorylation of TrkA receptor via ceramide-

activated kinases (Kohn et al. 1999).

In contrast to uterine-projecting neurons, levels of

TrkA were unaffected by prepubertal chronic oestrogen

treatment in sympathetic neurons of the SCG. This

difference could be explained by differences in their

constitutive expression of oestrogen receptors (ER) as

well as by selective oestrogen-induced changes in both

oestrogen receptor levels and subcellular localization

(Taleghany et al. 1999). Studies conducted in adult

ovariectomized rats have shown that the vast majority

of paravertebral chain sympathetic neurons express

ER-beta. However, whereas 76% of uterine sympathetic

neurons also express ER-alpha, only a small proportion

(29%) of the SCG neurons express this receptor subtype

(Zoubina & Smith, 2002). Inhibitory effects of oestro-

gen on uterine sympathetic nerves appear to be

mediated by ER-alpha, as suggested by the uterine

hyperinnervation observed in oestrogen receptor alpha

knockout mice (Zoubina & Smith, 2001).

The endocrine changes that accompany the first

ovulation at puberty, like prepubertal oestrogen treat-

ment, also increased the ratio of p75 to TrkA (37%)

in uterine-projecting neurons. However, this imbalance

was achieved by a different pattern of changes in

receptor levels than that elicited by PCOT. In contrast

to PCOT, the first pubertal oestrus has no effects on the

levels of TrkA, but increases levels of p75. Increases in

the ratio of p75 to TrkA could favour p75-mediated

inhibitory actions of BDNF on uterine sympathetic

nerves. However, whether natural oestrus, like oestrogen

treatment, increases BDNF in the rat uterus remains to

be determined.

The differences initiated by PCOT and the first pubertal

oestrus on levels of TrkA and p75 in uterine-projecting

neurons are not easy to explain at present, but some

interpretations could be advanced. For example, it

could involve the influence of other hormones, such

as progesterone, testosterone and prolactin (Ojeda &

Urbanski, 1994). Progesterone levels are elevated at

natural oestrus, whereas chronic oestrogen treatment

to prepubertal rats inhibits ovulation and the ovarian

production of progesterone (Brauer et al. 2002).

Progesterone receptors have been shown in different

neuronal types (Blaustein, 2003; Gruber & Huber, 2003;

Lonstein & Blaustein, 2004); however, to our knowl-

edge their presence in sympathetic neurons has not

been investigated. The differential responses elicited

by PCOT and natural puberty could also be related to

developmental changes in the maturational state of

both neurons and target, as well as to selective sex

hormone-induced changes in hormone receptor levels

and subcellular localization at both sites (Medlock et al.

1991; Katsuda et al. 1999; Taleghany et al. 1999; Toran-

Allerand, 2004).

Our current studies show that pregnancy decreases

the mean size of uterine-projecting sympathetic

neurons. This reduction could reflect a reduced

neurotrophic support resulting from: (i) complete

degeneration of intrauterine sympathetic peripheral

branches observed in the rat and other mammalian

species at late pregnancy (Owman & Stjernquist, 1988;

Haase et al. 1997; Brauer et al. 2000b), (ii) reductions in

the target levels of NGF observed in the rat uterus at

term (Varol et al. 2000) and/or (iii) changes in the neu-

ronal levels of neurotrophin receptors. As shown in the

present study, pregnancy decreases the optical density

and the integrated optical density of p75 in uterine-

projecting sympathetic neurons and provokes a

marked reduction in the ratio of p75 to TrkA. We pre-

viously argued that an increased ratio of p75 to TrkA

might be associated with a BDNF-mediated inhibition

of nerve growth in response to PCOT and pubertal

oestrus. However, it has also been argued that p75

when co-expressed with TrkA, as seems to be the case

in the vast majority of uterine-projecting sympathetic

neurons, may exert a positive influence on the respon-

siveness of neurons to trophic factors. Moreover, in

adult sympathetic neurons, activated p75 and TrkA

mediate positive growth responses to NGF (Orike et al.
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2001a) and both receptors are required for the uptake

and retrograde transport of NGF (Gatzinsky et al.

2001). Although recent studies in adult sympathetic

neurons (Cowen et al. 2003) failed to show the NGF-

induced up-regulation of p75 demonstrated in imma-

ture sympathetic neurons (Miller et al. 1991, 1994; Ma

et al. 1992; Zhou & Rush, 1996b), they do show a down-

regulation of the receptor in specific populations of

neurons that are vulnerable to age-related neurode-

generation. If p75 is considered to act cooperatively

with TrkA in binding NGF (Hempstead et al. 1991), it is

therefore likely that in uterine-projecting neurons,

reductions in levels of p75 could adversely affect TrkA

activation and/or NGF retrograde transport, and by so

doing contribute to the degeneration of uterine sym-

pathetic fibres at late pregnancy. An alternative expla-

nation is that reductions in p75 levels could represent

a protective response of uterine-related sympathetic

neurons to the NGF deprivation that occurs at late

pregnancy. Reductions of p75 have been suggested

to contribute to the survival of sympathetic neurons

deprived of NGF for short periods of time (Zhou & Rush,

1996b). Further studies, including examination of

the impact of altered expression levels on NGF uptake in

sympathetic neurons, are required to resolve the func-

tional significance of the changes observed.

Our current results suggest that oestrogen may

regulate plasticity in uterine sympathetic nerves through

neurotrophin receptor-mediated events. However, the

differential pattern of changes elicited by oestrogen,

puberty and pregnancy indicates that neurotrophin

receptor expression in sympathetic neurons supplying

the uterus may be affected by several factors, including

the hormonal status of the animal, the balance of sex

hormone receptors at both target and neurons, the

balance of target-derived neurotrophins, and probably

the maturational state of sympathetic neurons. Taken

together, these results are consistent with the idea

that, in vivo, plasticity in uterine sympathetic nerves

involves changes in both the target and the innervating

neurons.
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