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Previously we reported the effects of postnatal castration 
on the postorganizational development of the sympathetic 
hypogastric ganglion (Hamill and Guernsey, 1983; Melvin 
and Hamill, 1988). “Postorganization” implies an activational 
role for gonadal hormones, in contrast to the permanent 
organizing effects that occur perinatally. We now report re- 
sults that suggest that the major pelvic ganglion (PG), a 
mixed parasympathetic and sympathetic ganglion, is simi- 
larly regulated by testosterone during development. Choline 
acetyltransferase (CAT) and tyrosine hydroxylase (T-OH) ac- 
tivities were used to examine normal PG ontogeny. The nor- 
mal development of these biochemical indices occurs pri- 
marily after day 10. 

Postnatal castration at IO-I 1 d of age completely pre- 
vented the postorganizational developmental increase of 
T-OH activity. At 12 postoperative weeks T-OH activity in 
castrates was approximately 8% that of the control animals 
(control, 2880 i 127 pmol/ganglion. hr; castrated, 181 ? 18 
pmol/ganglion.hr; p < 0.001). In fact, by only 1 postoper- 
ative week, T-OH activity was already significantly reduced 
in castrated animals (control, 480 + 89 pmol/ganglion.hr; 
castrated, 179 ? 8 pmol/ganglion.hr; p < 0.001). CAT ac- 
tivity and total ganglion protein were also significantly re- 
duced by 1 postoperative week. In contrast to T-OH activity, 
however, these indices continued to develop at diminished 
rates. By 12 postoperative weeks CAT activity and total gan- 
glion protein in castrates were 30 and 50% of control values, 
respectively, resulting in a significant developmental ab- 
normality in CAT-specific activity. Testosterone replace- 
ment reversed the castration-induced developmental defi- 
cits of T-OH and CAT activities. 

These results suggest that hormonal mechanisms regu- 
late the postorganizational development of the major pelvic 
ganglion. The PG appears to be dependent on testosterone 
and/or its metabolites for developmental increases of CAT 
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and T-OH activities, whereas total ganglion protein is ap- 
parently not fully dependent on the presence of testoster- 
one. 

Neurotransmitter-synthesizing enzyme activities in the sym- 
pathetic hypogastric ganglion (HG) have previously been shown 
to be highly dependent on androgens for normal development 
(Hamill and Guernsey, 1983; Melvin and Hamill, 1986) and 
adult maintenance (Hamill et al., 1984). Tyrosine hydroxylase 
(T-OH) activity, an index for postsynaptic noradrenergic on- 
togeny (Black et al., 1972; Black and Geen, 1973) has failed to 
develop following postnatal castration (Hamill and Guernsey, 
1983; Melvin and Hamill, 1986) while choline acetyltransferase 
(CAT) activity, a marker for presynaptic cholinergic maturation 
in sympathetic ganglia (Black et al., 1971a), has continued to 
develop, but at a diminished rate (Melvin and Hamill, 1986). 
Testosterone restored both adult and postnatal castration en- 
zyme activity deficits (Hamill et al., 1984; Melvin and Hamill, 
1986). Taken together, the above results suggest that testoster- 
one is necessary both for adult maintenance and the normal 
development of neurotransmitter-synthesizing enzymes in the 
HG. In order to determine whether neurotransmitter-synthe- 
sizing enzymes in other pelvic autonomic ganglia are androgen- 
dependent during development, we studied the major pelvic 
ganglion (PG), a ganglion containing both parasympathetic and 
sympathetic components. 

The major pelvic ganglion, located at the posterolateral border 
of the prostate in male rats, receives the main sacral parasym- 
pathetic outflow via the nervi erigentis. In addition, the PG, 
although classically defined as a parasympathetic ganglion, re- 
ceives input from the sympathetic nervous system via the hy- 
pogastric nerve (Langworthy, 1965; Purinton et al., 1973). These 
preganglionic sympathetic fibers presumably innervate the cate- 
cholamine-positive neurons within the PG. The preganglionic 
parasympathetic fibers, in contrast, synapse on cholinergic cell 
bodies within the PG. Thus, within the PG, CAT enzyme ac- 
tivity serves as a marker of preganglionic and postganglionic 
parasympathetic components, as well as of preganglionic sym- 
pathetic terminals. Postganglionic fibers originating from the 
PG innervate pelvic accessory sex organs, as well as nonandro- 
gen-sensitive target tissues such as the rectum and bladder. Pre- 
vious studies suggest that the PG is sensitive to gonadal hor- 
mones during development. Postnatal testosterone treatment of 
developing rats increases both cell size and catecholamine his- 
tofluorescence in males but not females (Hervonen et al., 1972; 
Partanen and Hervonen, 1979a). Prepubertal orchiectomy de- 
creases catecholamine histofluorescence and produces smaller 
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than normal noradrenergic neurons (Partanen and Hervonen, 
1979b). Testosterone replacement completely reverses the ef- 
fects of castration on catecholamine histofluorescence and cell 
size. The PG may also be permanently organized by gonadal 
hormones, since male rats have approximately 2.5 times as 
many neurons as do female rats (Greenwood et al., 1985). In 
addition, both prenatal testosterone propionate and diethylstil- 
bestrol administration have been shown to increase the number 
of PG neurons in mice (Suzuki et al., 1982). 

The studies cited above focus primarily on the noradrenergic 
component of the PG; similar studies of the cholinergic com- 
ponent are not available. Also, these reports describe the effects 
of testosterone treatment and castration on PG catecholamine 
histofluorescence. Catecholamine histofluorescence can be em- 
ployed to estimate the concentration of noradrenergic neuro- 
transmitter, but does not reflect the levels of noradrenergic syn- 
thesizing and metabolizing enzymes or the state of the 
neurotransmitter reuptake mechanism. Thus, changes in fluo- 
rescence can suggest either an altered synthetic rate or a change 
in transmitter turnover. T-OH activity has previously been em- 
ployed to monitor noradrenergic development in sympathetic 
ganglia (Black and Geen, 1973; Hamill et al., 1977; Melvin and 
Hamill, 1986). Therefore, in order to compare prior studies of 
PG development and to determine the effect of neonatal cas- 
tration on the biochemical maturation of noradrenergic syn- 
thesizing enzymes in the PG, T-OH and DOPA decarboxylase 
(DDC) activities were examined subsequent to castration at 1 O- 
11 d of age. The development of ganglionic CAT activity fol- 
lowing castration was studied as well to assess the hormonal 
regulation of the cholinergic components of the PG. 

Materials and Methods 
Experimental animals. Postnatal Sprague-Dawley male rats, obtained 
from Charles River Laboratories, Boston, MA, were subjected to either 
bilateral castration or sham operation under halothane anesthesia at 
1 O-l 1 d of age. At 2 1 d of age they were weaned and housed, 3-5 rats/ 
cage, with free access to food and water. Although puberty begins at 
approximately day 35, adult sexual maturity is considered to occur at 
60-75 d. Rats were maintained in a temperature-controlled environ- 
ment (24 ? 1°C) and exposed to 12 hr of light daily. For testosterone 
replacement studies, animals were injected with either 0.1 ml of vehicle 
(soybean oil) or testosterone decanoate (20 mg/kg) on the day of surgery 
and every 2 weeks until killed. Prior to assay animals were killed by 
exposure to ether vapor. 

Surgical procedures. Animals were anesthetized with 3.0% halo- 
thane in 100% oxygen and underwent either sham-operation or bilateral 
castration that preserved the vas deferens and epididymus. The surgical 
approach required bilateral abdominal incisions inferior and lateral to 
the umbilicus. Surgical wounds were closed with flexible collodion. The 
major pelvic ganglia were removed from their location next to the 
posterolateral border of the prostrate with the aid of a dissecting mi- 
croscope. 

Biochemical procedures. All enzyme activities were measured using 
aliquots from the same ganglion. Normal neurochemical development 
was determined by assaying all time points together, thus eliminating 
interassay variation. Hormonal manipulation studies (castration and 
hormone replacement) measured enzyme activities for different time 
points separately. CAT activity was assayed using minor modifications 
(Melvin and Hamill, 1986) of the methods of Fonnum (1969, 1975). 
T-OH activity was assayed using modifications (Melvin and Hamill, 
1986) ofpreviously describedmethods(Blacket al., 1971a; Black, 1975). 
DDC activity was assayed according to the methods of Lamprecht and 
Coyle (1972). Total protein estimates were performed according to Low- 
ry et al. (195 l), with BSA as standard. 

Statistics. Data were analyzed employing Student’s t test. Multiple 
data were analyzed with a 1 -way analysis of variance and the Newman- 
Keuls test. 
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Developmental increases of tyrosine hydroxylase (T-OH) 
and choline acetyltransferase (CAT) activities and total protein in the 
major pelvic ganglion. Groups of 5 or 10 male rats were taken from 
litters of varying ages, and the ganglia from each animal were assayed 
for T-OH and CAT activities and total protein. T-OH activity is ex- 
pressed as pmol/ganglion. hr + SEM. CAT activity is expressed as nmol/ 
ganglion’hr ? SEM. Total protein is expressed as wg/ganglion * SEM. 

Results 
Normal development 
The normal biochemical development of the pelvic ganglion 
was initially defined. Ten groups of 5-10 male Sprague-Dawley 
rats from litters of different ages were randomly selected and T- 
OH activity, CAT activity, and total ganglion protein deter- 
mined. Day 0, 2, 5, 10, and 15 time points represent a pooled 
sample of 4 ganglia from 2 animals. All other time points were 
obtained from 5 individual ganglion samples; thus all time points 
represent 5 separate samples. T-OH and CAT activity increased 
approximately 1 lo- and 50-fold, respectively, between the day 
of birth and 90 d of age, while ganglion protein increased lo- 
fold (Fig. 1). The CAT activity increase displayed a constant 
slope, reaching an adult plateau by 60 d of age. In contrast to 
CAT activity, T-OH activity rose continuously without reaching 
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Figure 2. Development of tyrosine hydroxylase- and choline acetyl- 
transferase-specific activities in the major pelvic ganglion. Groups of 5 
or 10 male rats were taken from litters of varying ages, and the ganglia 
from each animal were assayed for T-OH and CAT activities and total 
protein. T-OH-specific activity is expressed as pmol/pg protein’hr ? 
SEM. CAT-specific activity is expressed as nmol/pg protein’hr ? SEM. 

an adult plateau during the first 90 d. In addition, the devel- 
opment of T-OH activity was preceded by CAT activity. CAT 
activity at days 30 and 45 is approximately 55 and 70% of the 
adult plateau level, while T-OH activity at days 30 and 45 is 
25 and 55% of the 90 d value. A significant rise in T-OH- and 
CAT-specific activities resulted, as compared with ganglion pro- 
tein (Fig. 2) because of the steeper rise in T-OH and CAT 
activities. Also, the development of T-OH-specific activity did 
not reach a plateau during adulthood. 

Effects of postnatal castration 
Postnatal male rats 10-l 1 d of age underwent either sham op- 
erations or bilateral castration and the time courses for devel- 
opmental deficits in postsynaptic T-OH and ganglionic CAT 
activities were examined. At postoperative weeks 1-12, groups 
of 8 animals were killed and the PG assayed for enzyme activ- 
ities and total ganglion protein. At all time points the devel- 
opment of T-OH activity, CAT activity, and ganglion protein 
was significantly reduced. Over the 12 week postoperative ob- 
servation period, CAT activity and total ganglion protein con- 
tinued to develop, but at a diminished rate. In contrast, T-OH 
activity failed to develop following neonatal castration (Fig. 3). 
Since maturation of T-OH activity failed to occur, while protein 
continued to develop, T-OH-specific activity was significantly 
reduced (Fig. 4). CAT-specific activity was also significantly 
reduced at all time points (Fig. 4). 

Testosterone replacement therapy. Earlier studies determined 
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Figure 3. Time course of the effect of castration on the development 
of tyrosine hydroxylase and choline acetyltransferase activities and total 
protein in the major pelvic ganglion. Postnatal rats were castrated at 
10-l 1 d of age and littermates underwent sham operation. At various 
time points between 1 and 12 postoperative weeks, 8 animals in each 
group were killed and ganglion enzyme activities and total protein de- 
termined. T-OH activity is expressed as pmol/ganglion. hr t SEM. CAT 
activity is expressed as nmol/ganglion.hr + SEM. Total protein is ex- 
pressed as pg protein * SEM. Arrow indicates castration at day 10; 
broken line, castrated males; solid line, control males. All groups differ 
from controls by at least p < 0.05. 

that the testosterone dosage that was employed maintains an- 
drogen-responsive target tissue (e.g., seminal vesicle and vas 
deferens) wet weight and protein content, as well as ganglion 
enzyme activity in another hormonally responsive ganglion, the 
HG (Hamill and Guernsey, 1983; Hamill et al., 1984). Testos- 
terone decanoate (20 mg/kg) was administered to male rats fol- 
lowing castration at 1 O-l 1 d of age and every 2 weeks thereafter 
for 12 weeks. Sham-operated and castrated controls received 
vehicle only. T-OH and CAT activities were assayed in ganglia 
from groups of 8 animals each after 12 postoperative weeks to 
determine whether testosterone replacement could reverse the 
biochemical developmental deficits observed following post- 
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Figure 4. Effect of bilateral castration on the development of tyrosine 
hydroxylase- and choline acetyltransferase-specific activities in the ma- 
jor pelvic ganglion. Postnatal rats were castrated at 10-l 1 d of age and 
littermates underwent sham operation. At various time points between 
1 and 12 postoperative weeks, 8 animals in each group were killed and 
ganglion enzyme-specific activities determined. T-OH-specific activity 
is expressed as pmol/pg protein’hr * SEM. CAT-specific activity is 
expressed as nmol/pg protein’hr ? SEM. Arrow indicates castration at 
day 10; broken line, castrated males; solid line, control males. All groups 
differ from controls by at least p < 0.05. 

natal castration. T-OH and CAT activities were fully restored 
to normal levels by testosterone treatment (Fig. 5). Neonatal 
castration resulted in 94% less T-OH activity, while 70% less 
activity was observed for CAT activity (Fig. 5). In addition, the 
activity of DDC, an enzyme necessary for the synthesis of cate- 
cholamines, which is regulated differently from T-OH (Black et 
al., 197 1 b), failed to develop normally following castration (70% 
less than control). DDC enzyme activity was also restored to 
normal after treatment with gonadal steroids (Fig. 5). The levels 
of total ganglion protein were less affected by castration than 
were enzyme activities; thus, T-OH-, CAT-, and DDC- (not 
shown) specific activities were reduced. Testosterone replace- 
ment also restored enzyme-specific activities to normal (data 
not shown). 

Discussion 

Recent evidence suggests that the development of neural path- 
ways associated with sexual behavior and reproduction in the 
central nervous system are regulated by gonadal hormones (see 
reviews: McEwen and Parsons, 1982; Arnold and Gorski, 1984; 
McEwen et al., 1984). The influence of gonadal hormones on 
developing neural pathways is not limited to the CNS but in 
fact appears to apply to the peripheral nervous system as well 
(Dibner and Black, 1978; Partanen and Hervonen, 1979a, b; 
Suzuki et al., 1982; Wright and Smolen, 1983a, b; Melvin and 
Hamill, 1986). For instance, testosterone appears to influence 
biochemistry, neuron number and synapse number in the su- 
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Figure 5. Effect of testosterone replacement on tyrosine hydroxylase, 
DOPA decarboxylase, and choline acetyltransferase activities in the 
major pelvic ganglion. Postnatal rats were castrated at 10-l 1 d of age 
and sham-operated littermates served as controls. Control animals re- 
ceived vehicle and castrated animals received vehicle or testosterone 
decanoate (20 mg/kg) every 2 weeks until they were killed at 12 post- 
operative weeks. Eight animals in each group were killed and T-OH, 
DDC, and CAT activities determined. T-OH activity is expressed as 
pmol/ganglion. hr i- SEM. CAT and DDC activities are expressed as 
nmol/ganglion.hr ? SEM. *, Differs from all other groups by at least 
p < 0.05. 

perior cervical ganglion (Dibner and Black, 1978; Wright and 
Smolen, 1983a, b). In addition, the sympathetic hypogastric 
ganglion (HG) is dependent on testosterone both for adult main- 
tenance (Hamill et al., 1984) and the development (Melvin and 
Hamill, 1986) of neurotransmitter-synthesizing enzymes. 
Therefore, it was of interest to examine the role of testosterone 
on the development of neurotransmitter-synthesizing enzymes 
in a primarily parasympathetic ganglion, the PG. Initial studies 
defined the normal development of T-OH and CAT activities 
in the PG. The PG, similar to ganglia such as the HG (Melvin 
and Hamill, 1986) and the sympathetic L-6 (Hamill et al., 1977), 
does not mature in terms of neurotransmitter-synthesizing en- 
zyme activities until after puberty, which occurs at approxi- 
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mately 35 d of age in male rats. Enzyme activities in the PG, Testosterone replacement therapy reversed the effects of cas- 
HG, and L-6 ganglia do not reach adult levels until at least 60 tration on the activities of the catecholamine-synthesizing en- 
d of age, coinciding with the attainment of adult levels of plasma zymes T-OH and DDC, and restored ganglionic CAT activity 
testosterone (Resco et al., 1968) which suggests that circulating to normal. Subsequent to castration, immediate and delayed 
testosterone may regulate neurotransmitter function. testosterone replacement in the HG also restored enzyme ac- 

As in the sympathetic HG, postnatal castration at days lo- 
11 prevented the normal development of the major pelvic gan- 
glion. Postsynaptic T-OH activity failed to develop beyond the 
10 d precastration value. Since total ganglion protein continued 
to develop, a correspondingly significant loss in T-OH-specific 
activity was noted. Although noradrenergic markers such as 
T-OH may appear in cholinergic neurons under experimental 
conditions (Bjorklund et al., 1985), the observed T-OH values 
probably reflect alterations in the noradrenergic component of 
the PG. Various regulatory mechanisms could produce the ef- 
fects of castration on total and specific T-OH activities. A direct 
effect on the genome by gonadal steroids has been implicated 
in other systems (O’Malley and Means, 1974) and could explain 
the loss of T-OH-specific activity. The interaction of steroid- 
receptor complexes with the genome, which alters transcription 
rates, has been suggested as the mechanism for other neuro- 
transmitter enzyme systems (Luine et al., 1980a, b). Addition- 
ally, testosterone could act directly as a trophic factor. It has 
the ability to induce sprouting from neural explants in the ab- 
sence of target tissue (Toran-Allerand, 1976, 1980) and to stim- 
ulate regeneration of the hypoglossal nerve following nerve re- 
section (Yu and Srinivasan, 1981; Yu, 1982). Conversely, an 
indirect effect due to a retrogradely transported trophic factor 
from target organs (Wakade and Kirpekar, 1973) similar to the 
NGF mechanism seen with the superior cervical ganglion (Hen- 
dry and Iversen, 1972; Iversen et al., 1975) and dorsal root 
ganglion (Levi-Montalcini and Angeletti, 1963) could produce 
this phenomenon. 

tivities to normal, suggesting an activational effect by testoster- 
one after day 10 (J. E. Melvin, R. W. Hamill, and T. H. McNeil& 
unpublished observations). Thus, restoration of PG enzyme ac- 
tivities by testosterone replacement probably implies an acti- 
vational effect as well. Postnatal castration reduced DDA ac- 
tivity by 70% of the PG control value, while T-OH activity 
decreased by 94%. These values are virtually identical to the 
results obtained in the HG studies (Melvin and Hamill, 1986), 
suggesting that catecholamine-synthesizing enzymes in the HG 
and PG are similarly regulated by gonadal hormones. In addi- 
tion, previous studies suggested that T-OH and DDC activities 
were regulated differently. Different developmental profiles in 
the superior cervical gangion (Thoenen et al., 1972), divergent 
responses to spinal cord transection in the L-6 ganglion (Hamill 
et al., 1977) and separate effects of reserpine treatment in the 
superior cervical ganglion and adrenals (Black et al., 197 1 b) all 
suggest that separate mechanisms regulate T-OH and DDC ac- 
tivities. Thus, the different magnitude of effects produced by 
neonatal castration on T-OH and DDC activities in the PG may 
also support different regulatory mechanisms for these 2 en- 
zymes. However, since various cell types in the ganglion may 
possess DDC activity and not be hormonally responsive, other 
possibilities may exist. 

The present neonatal studies demonstrate that the postnatal 
neurochemical development of the sexually dimorphic PG 
(Greenwood et al., 1985) is regulated by gonadal hormones, and 
that these effects appear to be secondary to the activational 
effects of testosterone after day 10 of life. Similar activational 
roles of gonadal hormone have been demonstrated in other 
neural systems (Kizer et al., 1976; Luine et al., 1977, 1980a, b; 
Wallis and Luttge, 1980). Viewed together with previous studies 
in the hypogastric ganglia (Hamill and Guernsey, 1983; Hamill 
et al., 1984; Melvin and Hamill, 1986), these current investi- 
gations in the PG indicate that gonadal hormones exert powerful 
effects on the regulation of neurotransmitter-synthesizing en- 
zymes, and therefore neural function, in pelvic autonomic gan- 
glia. Thus, these peripheral autonomic ganglia provide conve- 
nient models for the study of neuroendocrine regulation of 
peripheral neuronal systems. 

Following castration, ganglionic CAT activity and total pro- 
tein continued to develop but at a diminished rate. The devel- 
opment of CAT activity was affected to a greater extent by 
castration than was total ganglion protein; thus CAT-specific 
activity was significantly reduced at all time points (Fig. 4). By 
contrast, the sympathetic HG showed no change in CAT-specific 
activity subsequent to castration (Melvin and Hamill, 1986). 
Morphometric analyses ofthe HG after castration demonstrated 
that the reduced levels of CAT activity were related to decreased 
cell size, suggesting that cell surface area may regulate the num- 
ber of sympathetic presynaptic terminals (J. E. Melvin, R. W. 
Hamill, and T. H. McNeill, unpublished observations). The 
differing effects of postnatal castration on CAT-specific activity 
in the 2 ganglia could be due to the different makeup of the 
principal cells. The sympathetic HG (J. E. Melvin, A. Hervonen, 
T. H. McNeil& and R. W. Hamill, unpublished observations), 
like the superior cervical ganglion (Yamauchi et al., 1973) ap- 
pears to be composed predominantly of noradrenergic cell bod- 
ies, while the PG is a mixed ganglion with large numbers of 
both noradrenergic and cholinergic cell bodies (Dail et al., 1975). 
Therefore, a reduction in CAT-specific activity in the PG might 
not solely reflect an effect on the sympathetic preganglionic ter- 
minals, as would be suggested in the HG. The reduced levels 
of CAT-specific activity in the PG might also indicate a loss of 
parasympathetic presynaptic terminals and/or reduced levels of 
CAT activity in the parasympathetic postganglionic cell bodies. 
Thus, decreased levels of CAT-specific activity suggest that both 
the parasympathetic and sympathetic components of the PG 
are sensitive to gonadal hormones. 
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