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ABSTRACT

Guanethidine, a chemical that selectively abolishes periph-
eral noradrenergic nerves, was used to investigate the role of
sympathetic innervation in the maintenance of epididymal
sperm quantity and quality. Four groups of 10 adult male rats
each were treated daily for 21 days, by i.p. injections, with ei-
ther 0 (saline vehicle), 6.25, 12.5, or 25 mg/kg guanethidine.
Norepinephrine content was reduced to undetectable levels in
the cauda epididymidis in all guanethidine groups after 3 wk of
treatment and was reduced to 7.4% of the control values after
1 wk of 6.25 mg/kg treatment. While body weight gain was sig-
nificantly decreased at 12.5 and 25 mg/kg compared to that in
controls, there was a significant increase in the weights of the
seminal vesicles/coagulating glands in all treated groups. The
number of homogenization-resistant spermatids per testis and
the daily sperm production per testis remained unchanged. The
weight of the epididymis was significantly increased at 6.25 and
12.5 mg/kg. Moreover, the number of cauda epididymal sperm
and the transit time were increased significantly at 6.25 mg/kg
(10.2 days) compared to values in the control cauda (6.3 days).
Neither serum testosterone levels nor LH was affected in a dos-
age-related manner. There were no effects of guanethidine treat-
ment on cauda epididymal sperm motility or morphology. A
quantitative analysis of detergent-extracted cauda epididymal
sperm proteins by SDS-PAGE revealed no differences, but there
were diminutions in seven proteins in homogenates of caput/
corpus tissue. Histologic analysis of testis and epididymis sec-
tions revealed no differences between control and denervated
animals. In a subsequent experiment the lowest effective dosage
(6.25 mg/kg) was given to rats for 1 wk, and an increased num-
ber of cauda epididymal sperm and a delay in sperm transit were
observed. Our results indicate that low-dosage guanethidine ex-
posure denervates the epididymis within 1 wk, thereby delaying
epididymal transit; however, neither 1- nor 3-wk exposure pro-
duces qualitative changes in the sperm.

INTRODUCTION

The male reproductive tract receives abundant innerva-
tion from the autonomic nervous system. This innervation,
which encompasses adrenergic, cholinergic, and nonadre-
nergic noncholinergic (NANC) systems, has been shown to
influence vasoactivity within the testis [1], sperm transport
through the excurrent duct system, [2] and muscle contrac-
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tion and secretion within the sex accessory glands [3–5].
While the effects of autonomic innervation on neurovas-
cular and neuromuscular events within male reproductive
tissues are well established, the effects of autonomic inner-
vation on reproductive capacity and fertility are poorly un-
derstood.

Both surgical and chemical approaches have been used
to study in vivo the role of sympathetic innervation. One
advantage of chemical sympathectomy, when mechanistic
specificity can be maintained, is that it is relatively nonin-
vasive. For denervation of noradrenergic sympathetic tar-
gets, guanethidine has been frequently employed, since it
does not cross the blood-brain barrier and has not been
found to affect cholinergic or sensory neurons or adreno-
medullary cells [6]. Guanethidine is able to block norepi-
nephrine uptake into adrenergic neurons while being itself
actively and selectively taken up by the catecholamine up-
take pump. This results in a reduction in tissue norepi-
nephrine concentrations [7] and leads ultimately to a cy-
totoxic immune-mediated destruction of the neuron [8].

Morphological studies have shown that the testicular au-
tonomic innervation of most mammals seems to be restrict-
ed to the capsule and most superficial blood vessels, thus
strongly suggesting its role in the control of blood flow and
temperature (for references, see [9]). Unlike the classical
concept of sympathetic innervation, the sympathetic supply
to the vas deferens and the accessory glands has been
shown to be innervated chiefly by ‘‘short’’ postganglionic
adrenergic neurons, located close to the target organs [3].
Collectively these nerves have been termed the ‘‘short ad-
renergic neuron system’’ or the ‘‘urogenital short neuron
system’’ [10].

Chronic treatment of adult rats with low dosages (5–10
mg/kg) of guanethidine causes long-lasting damage to the
short noradrenergic innervation of the male internal geni-
talia but only minor effects on adrenergic neurons in other
parts of the body, including those innervating the vascula-
ture of the genital organs and those that innervate the testis
[11, 12]. Widespread sympathectomy, involving the degen-
eration of over 95% of peripheral noradrenergic neurons
(‘‘short’’ and ‘‘long’’), occurs after chronic treatment with
high dosages (20–25 mg/kg, 2–6 wk) [13, 14]. Consequent-
ly, it has appeared that administration of low concentrations
of guanethidine to rats would effectively target only a sin-
gle cell type: the postganglionic sympathetic neuron.

The epididymis is an organ in which sperm undergo final
maturation and storage prior to ejaculation. It receives au-
tonomic innervation (adrenergic, cholinergic, and NANC
nerves) from the inferior mesenteric ganglion (IMG), major
pelvic ganglion, and pelvic accessory ganglion [15]. Within
the epididymis, nerve fibers are immunolocalized to peri-
tubular and subepithelial regions [16, 17]. Studies using
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both chemical and surgical denervation have confirmed that
autonomic innervation plays a significant role in epididy-
mal functions [12, 18–21]. Billups et al. [22] have shown
that surgical removal of the rat IMG caused a significant
increase in the number of spermatozoa present in the cauda
epididymidis; alterations in epididymal histology, luminal
fluid protein, and sperm motion parameters were also re-
ported.

If autonomic denervation does indeed perturb the struc-
ture and function of the epididymis, we hypothesized that
sperm reproductive capacity would be affected by the loss
of the short, postganglionic sympathetic innervation in-
duced by low-dosage guanethidine exposures. The present
study investigated the effects of guanethidine treatment on
sperm number, sperm quality (sperm motility and protein
composition), and epididymal morphology.

MATERIALS AND METHODS

Animals

Adult (380–430 g, 90–120 days old) male Sprague-
Dawley rats (Charles River, Raleigh, NC) were housed one
per cage (clear plastic, 20 3 25 3 47 cm) with laboratory-
grade pine shavings as bedding. Rats were maintained un-
der controlled temperature (228C), humidity (40–50%), and
light (14L:10D, lights-out 0900 h EST) conditions and were
provided with Purina (Ralston-Purina Co., St. Louis, MO)
laboratory chow and tap water ad libitum. Animals were
allowed to adapt for at least 2 wk before beginning treat-
ment. Animals were maintained and handled according to
IACUC/LAPR protocols approved by the Institute Animal
Care and Use Committee.

Experimental Protocols

Experiment 1. Rats were randomly assigned to four dif-
ferent groups of 10 animals each: 0 (saline vehicle), 6.25,
12.5, or 25 mg guanethidine sulfate (G-8395; Sigma Chem-
ical Co., St. Louis, MO)/kg body weight. Animals were
weighed daily, and dosing solutions, prepared weekly, were
administered daily for 21 days via i.p. injection.

Histology

After 21 days of treatment, 4 of 10 rats from each group
were anesthetized with halothane, and the left testis and
epididymis were isolated and collected following hemicas-
tration prior to whole-body perfusion. A 20-gauge needle
was inserted into the right atrium of the heart, and blood
(3–5 cc was aspirated into a 5-cc syringe. A 16-gauge
blunted needle was then inserted through the left ventricle,
into the aorta, and the right atrium was incised. Once vas-
culature was flushed with Dulbecco’s PBS, tissues were
perfused-fixed with 5% glutaraldehyde in 0.05 M collidine
buffer containing 0.1 M sucrose, pH 7.4. When fixation was
complete, the testis and epididymis were removed, and
small cubes of testis, mid-caput, mid-corpus, proximal, and
distal cauda epididymidis [23] were immersed in fixative
overnight at 48C. Tissues were subsequently washed with
buffer, postfixed in 1% aqueous osmium tetroxide, and pro-
cessed for light microscopy [24]. Animals not used for his-
tology were killed by CO2 asphyxiation and cervical dis-
location. Blood (5–8 cc) was removed by cardiac puncture,
and organs and fluids were collected and analyzed as de-
scribed below.

Organ Weights

The left testis and epididymis of all animals, and seminal
vesicles (including coagulating glands, with fluid) of non-
perfused rats, were trimmed of fat and fascia and weighed.

Hormone Assays

Testosterone levels. Blood collected at necropsy was
held 45 min at room temperature, and serum was obtained
after centrifugation (3000 3 g, 15 min, 48C) in serum sep-
arator tubes (Vacutainer; Becton Dickinson, Rutherford,
NJ). Serum was stored at 2708C until testosterone was as-
sayed using a Coat-A-Count kit (Diagnostic Products Corp.,
Los Angeles, CA). The minimum expected detectable limit
was 0.20 ng/ml, and inter- and intraassay coefficients of
variation were 10.8% and 5%, respectively [25].

In vitro testosterone production. The left testis of each
animal was removed and decapsulated, and the parenchyma
was sliced into ;50-mg pieces. Each piece was weighed
and placed into a 1.5-ml microfuge tube containing 1.0 ml
Medium 199 (M199). The M199 was buffered with 0.71 g/
L sodium bicarbonate (NaHCO3) and 2.1 g/L Hepes, and
contained 0.1% BSA (Schwartz-Mann, Orangeburg, NY)
and 25 mg/L soybean trypsin inhibitor, pH 7.4. Testosterone
production was assessed by incubating parenchyma in du-
plicate, either with or without maximal hCG stimulation
(100 mIU/ml), for 2 h at 348C [26]. After centrifugation (5
min, 10 000 3 g), medium was frozen at 2708C until tes-
tosterone assay.

LH levels. LH levels were analyzed by RIA. Materials
kindly provided by the National Hormone and Pituitary
Program (Rockville, MD) were as follows: iodination prep-
aration, I-9; reference preparation, RP-3; and antiserum, S-
11. Iodination materials were radiolabeled with 125I (New
England Nuclear, Boston, MA) as described previously
[27]. The assay was performed according to provided rec-
ommendations, with the sensitivity for LH optimized by a
24-h coincubation of sample and first antibody prior to the
addition of 125I-labeled hormone. The sensitivity and inter-
and intraassay coefficients of variation were 12 pg/tube,
10.3%, and 9.6%, respectively.

Norepinephrine Determination

Cauda epididymidis norepinephrine levels were deter-
mined by HPLC. Weighed left caudae from all rats were
first minced and then sonicated (over ice) in a 1:11 dilution
of cold HPLC mobile phase (pH 3.1), consisting of 58 mM
dibasic sodium phosphate (Fisher Chemical, Fairlawn, NJ),
0.09 mM EDTA (Mallinckrodt, Paris, KY), 1.5 mM 1-hep-
tanesulfonic acid sodium salt (Eastman Kodak, Rochester,
NY), and 8% acetonitrile (Burdick & Jackson, Muskegon,
MI) in HPLC-grade water previously filtered and deionized
through a Milli-Q system (Millipore, Marlborough, MA).
The samples were centrifuged (20 min, 13 000 rpm, 48C),
and each supernatant was drawn off and filtered (Gelman
Acrodisc LC13, 0.2; Ann Arbor, MI), prior to HPLC injec-
tion. The HPLC system consisted of a Waters model 510
isocratic pump, Waters model 717 plus refrigerated auto-
sampler, Waters Bondapak C18 (3.9 3 300 mm) reversed-
phase column (Marlborough, MA), and an ESA Coulochem
II electrochemical detector (Bedford, MA) with ESA model
5014 high-performance analytical and model 5021 condi-
tioning cells. A flow rate of 1.5 ml/min was employed for
all separations. Norepinephrine standard was obtained from
Sigma. The norepinephrine recovery was 95%.
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TABLE 1. Body and organ weights after 21-day (experiment 1) or 7-day (experiment 2) guanethidine treatment (mean 6 SEM).

Dosages (mg/kg)

Body/organ

Experiment 1a

0 6.25 12.5 25

Experiment 2b

0 6.25

Final body weight (g)
Testis (g)
Epididymis (g)

Caput/corpus (g)
Cauda (g)

493.5 6 7.1
1.69 6 0.10
0.60 6 0.03
0.34 6 0.02
0.25 6 0.01

484.6 6 10.6
1.78 6 0.05
0.69 6 0.02*
0.36 6 0.01
0.33 6 0.01*

438.8 6 5.5*
1.82 6 0.05
0.67 6 0.02*
0.35 6 0.01
0.31 6 0.01*

398.2 6 5.76*
1.77 6 0.11
0.58 6 0.01
0.32 6 0.01
0.25 6 0.01

483.6 6 9.4
1.38 6 0.16
0.59 6 0.01
0.34 6 0.01
0.25 6 0.00

480 6 7.3
1.55 6 0.06
0.67 6 0.02*
0.35 6 0.01
0.32 6 0.01*

Seminal vesicles/coagulating glands (g) 1.78 6 0.09 2.88 6 0.12* 2.89 6 0.15* 2.25 6 0.12* 1.78 6 0.08 2.86 6 0.09*
a Experiment 1, n 5 10 for all measures, except seminal vesicles/coagulating glands weight (n 5 6).
b Experiment 2, n 5 8 for all measures.
* Significantly different from the control group (p , 0.05).

Enumeration of Sperm Numbers, Daily Sperm
Production, and Epididymal Transit

Homogenization-resistant testicular spermatids and
sperm in the caput/corpus epididymidis and cauda epidid-
ymidis from nonperfused rats (right side) were enumerated
as described previously [28]. Cauda epididymal sperm
numbers determined from the suspension used for motility
(see below) were combined with the number of sperm in
the remaining cauda tissue. Daily sperm production (i.e.,
DSP) was derived by dividing the total number of homog-
enization-resistant spermatids per testis by 6.1 days, the
number of days of the seminiferous cycle in which these
spermatids are present. Transit time through the caput/cor-
pus epididymidis or cauda epididymidis was calculated by
dividing the number of sperm within each of these regions
by the DSP.

Sperm Motility

Sperm were recovered from the epididymis for sperm
motion analysis as previously described [29]. Briefly, the
right cauda epididymidis of all nonperfused rats was nicked
with a no. 11 scalpel blade in order for sperm to disperse
in 2 ml of Hanks’ Balanced Salt Solution (HBSS) buffered
with 4.2 g/L Hepes and 0.35 g/L NaHCO3 and containing
2.0 g/L BSA, 0.9 g/L D-glucose, 0.1 g/L sodium pyruvate,
and 0.025 g/L soybean trypsin inhibitor, pH 7.4, at 348C.
Sperm were diluted with HBSS just prior to analysis on a
Hamilton-Thorne (Beverly, MA) IVOS using the Toxicol-
ogy software version 10.6. A minimum of 200 motile sperm
were analyzed per sample. For each field, 60 frames were
analyzed at a rate of 60 frames/sec. Sperm were considered
motile when average path velocity (VAP) exceeded 20 mm/
sec and considered progressively motile if straightness
(VSL [straight line velocity]/VAP) was greater than 50.

Sperm Morphology

The cauda sperm suspensions used for the motility as-
says were diluted 1:10 with 10% neutral buffered formalin
in Dulbecco’s PBS with 5% sucrose, and the spermatozoa
were evaluated for individual sperm morphology. Two hun-
dred spermatozoa (heads only or intact sperm) per animal
were evaluated for head and/or flagellar defects by phase-
contrast microscopy (3200, total magnification) in wet
preparations. Classifications of individual spermatozoa
were: a) normal, b) normally shaped head separated from
flagellum, c) misshapen head separated from flagellum, d)
misshapen head with normal flagellum, e) misshapen head
with abnormal flagellum, f) degenerative flagellar defect(s)
with a normal head, and g) other flagellar defects(s) with a

normal head. Spermatozoa obtained through a tiny incision
in the right caput epididymidis of nonperfused rats were
similarly processed and classified.

Sperm and Caput/Corpus Protein Analysis

Quantitative analysis of epididymal sperm and tissue
proteins has been recently described elsewhere [30, 31].
Briefly, sperm remaining in the HBSS after videotaping of
motility were washed twice in buffer without BSA and cen-
trifuged (1000 3 g, 15 min, 48C). After the final wash,
sperm were extracted for 1 h at room temperature with 1
ml of 80 mM n-octyl-B-glucopyranoside (OBG) in 10 mM
Tris, pH 7.2, containing freshly added PMSF. After a final
centrifugation (10 000 3 g, 5 min), the supernatant was
removed and frozen (2708C) until concentration and dial-
ysis. Left caput/corpus epididymal tissues (;100 mg) from
all rats were minced with scissors and detergent extracted
in 1 ml of 10 mM Tris buffer containing 1 mM EDTA,
0.5% 3-[(3-cholamidopropyl)-dimethylammonio]-1-pro-
panesulfonate, 0.25% OBG, pH 7.2, to which 0.2 mM
PMSF was freshly added. The extract was homogenized on
ice in a ground-glass homogenizer and allowed to sit for 1
h, and after centrifugation (10 000 3 g, 5 min), the super-
natant was removed and frozen (2708C).

Upon thawing, extracts (sperm, tissue) were desalted and
concentrated with 1 mM Tris buffer by two centrifugations
(3000 3 g, 45 min, 48C) in Centricon-10 units (Amicon,
Danvers, MA). Protein concentration was determined using
a Pierce protein assay kit (Rockford, IL), and a volume
equivalent to 30 mg was solubilized for 30 min at room
temperature in 20 ml of sample solubilization buffer con-
sisting of 5.7 g urea, 4 ml 10% Nonidet P-40, 0.5 ml am-
pholytes (Serva, Heidelberg, Germany; 3–10), and 0.1 g
dithiothreitol per 10 ml. A mini 2-dimensional electropho-
resis system (Bio-Rad, Richmond, CA) was used. Isoelec-
tric focusing (750 V, 3.5 h) was carried out in gels con-
sisting of 6.24 g urea, 1.5 g acrylamide, 2.25 ml 10% Non-
idet P-40, and 0.65 ml ampholytes (Serva; 3–10) per 10
ml. Molecular weight separation was carried out in 14%
acrylamide gels (200 V, 45 min). Gels were silver stained
using a Daiichi silver-staining kit (Integrated Separation
Systems; Daiichi Pure Chemical Co. Ltd., Highpark, MA).
A Kepler 2-dimensional gel analysis system (Large Scale
Biology Corp., Rockville, NM) was used for background
correction, spot matching, and spot area quantitation. Im-
ages were acquired by transmittance at 80-mm spatial res-
olution and 4096 gray levels on an Ektron 1412 scanner
(Kepler 2D gel system) and converted to 256 gray levels.
Quantitation was done by fitting 2-dimensional gaussian
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FIG. 1. Effect of sympathectomy on the body weight gain of control rats
and rats treated with guanethidine for 21 days. Means 6 SEM (n 5 10
per group). The asterisks represent the day of treatment on which when
the results started to be different from those for the control group (p ,
0.05).

TABLE 2. Catecholamine, serum and parenchyma testosterone (without and with hCG stimulation), and serum LH levels after 21-day treatment with
guanethidine (mean 6 SEM; n 5 10).

Catecholamine/Hormone

Dosages (mg/kg)a

0 6.25 12.5 25

Norepinephrine (ng/mg)
Serum testosterone (ng/ml)

0.93 6 0.10
2.16 6 0.42

ND
3.21 6 0.74

ND
1.36 6 0.44

ND
1.27 6 0.24

Parenchyma testosterone (ng/g) 505.34 6 82.63 609.73 6 67.11 364.54 6 43.57 297.75 6 36.49*
Parenchyma testosterone

(hCG stimulated) (ng/g)
1576.33 6 285.24 2038.92 6 230.15 1361.66 6 195.62 994.55 6 171.52

Serum LH (ng/ml) 0.23 6 0.05 0.18 6 0.03 0.10 6 0.02* 0.23 6 0.06
a ND, nondetectable.
* Significantly different from the control group (p , 0.05).

distributions to the density distribution of the spot area after
background subtraction.

Experiment 2

In an attempt to correlate changes in cauda epididymidis
norepinephrine levels and sperm transit time in a shorter
period of treatment, rats were randomly assigned to two
groups of 8 animals each: 0 (saline, vehicle) or 6.25 mg
guanethidine/kg BW, administered daily for 7 days, via i.p.
injection. At the end of the treatment, the animals were
killed by CO2 inhalation, and the testis, epididymis, and
seminal vesicles/coagulating glands were weighed. The
right testis and epididymis were used for spermatid and
sperm counts, and the left cauda epididymidis was used for
norepinephrine determination, as described above.

Statistics

Organ weight, hormone, and sperm number and mor-
phology data from control and experimental treatment
groups were compared using the nonparametric Kruskal-
Wallis and Mann-Whitney tests. The differences were con-
sidered statistically significant when the probability was
less than 5%. Sperm protein and motility results were an-
alyzed using the General Linear Models procedure (one-
way ANOVA) of the Statistical Analysis System [32]; and
if significant differences were found (p , 5%) in the over-
all ANOVA, the least-square means were compared to de-
termine differences between the vehicle- and guanethidine-
treated groups.

RESULTS

Experiment 1

While the animals appeared healthy and active through-
out the experiment, body weight gain was significantly de-
creased at the two higher dosages as compared to that in
controls. No difference was observed at 6.25 mg/kg (Table
1). For the highest dosage the decrease was detectable as
early as the 4th day of treatment, and in the animals treated
with 12.5 mg/kg it was detectable by the 10th day (Fig. 1).

There was a lack of dose responsiveness in organ weight
increases (Table 1). Testis weight was unaffected by gua-
nethidine treatment, but there was a significant increase in
the weight of epididymis at 6.25 and 12.5 mg/kg. This in-
crease in epididymis weight was attributed to the increase
in the weight of the cauda region, as caput/corpus weight
was unaffected. The seminal vesicles/coagulating glands
were significantly heavier in all treated groups.

Norepinephrine levels were reduced to undetectable lev-
els in the cauda epididymidis at all dosage levels (Table 2).
Neither serum testosterone nor LH levels were affected in
a treatment-related manner, but serum LH levels were sig-
nificantly decreased in the animals treated with 12.5 mg/kg
guanethidine (Table 2).

Table 3 shows that the number of homogenization-resis-
tant spermatids per testis and the daily sperm production
per testis were unchanged in all treatment groups. Neither
the sperm number (Table 3) nor the sperm transit time (Fig.
2) in the caput/corpus regions showed significant differ-
ences when compared to the control values. However, at
the level of the cauda epididymidis, both sperm number
and sperm transit time were significantly increased at 6.25
mg/kg (Table 3 and Fig. 2). Neither sperm morphology nor
any of the sperm motion parameters were significantly al-
tered by guanethidine exposure (Table 4). However, there
was a tendency in the treated groups toward an increased
number of decapitate sperm. The histologic analysis of tes-
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TABLE 3. Sperm numbers after 21-day (experiment 1) or 7-day (experiment 2) guanethidine treatment (mean 6 SEM).

Dosages (mg/kg)

Sperm number

Experiment 1a

0 6.25 12.5 25

Experiment 2a

0 6.25

Spermatid number (3 106/
testis)

174.04 6 11.74 174.47 6 14.04 200.72 6 10.35 153.65 6 14.67 208.25 6 9.02 196.43 6 12.97

Daily sperm production (3
106/testis/day)

28.53 6 1.93 28.60 6 2.30 32.91 6 1.70 25.19 6 2.40 34.14 6 1.48 32.20 6 2.13

Caput/corpus epididymal
sperm number (3 106/or-
gan)

95.21 6 11.18 84.24 6 7.72 66.90 6 12.58 71.28 6 14.62 121.03 6 7.49 108.94 6 10.41

Cauda epididymal sperm
number (3 106/organ)

176.21 6 11.78 283.09 6 9.90* 235.41 6 23.06 178.78 6 19.98 218.24 6 8.47 293.82 6 24.47*

a n 5 6 of 10 (experiment 1) or 8 (experiment 2).
* Significantly different from the control group (p , 0.05).

TABLE 4. Effect of 21-day guanethidine administration on sperm motion parameters (mean 6 SEM; n 5 6).

Parameter

Dosages (mg/kg)

0 6.25 12.5 25

Motile sperm (%)
Progressive motile sperm (%)
Average cell path velocity

(mm/s)

65.87 6 3.19
50.67 6 2.14

123.98 6 2.50

63.67 6 5.77
49.87 6 7.18

131.32 6 4.69

67.75 6 1.14
38.67 6 0.87

120.86 6 3.27

60.77 6 4.88
33.48 6 8.60

112.45 6 6.71

Straight line velocity (mm/s)
Point-to-point track velocity

(mm/s)

79.37 6 3.54
304.77 6 9.37

86.62 6 7.54
303.82 6 9.91

78.80 6 2.91
284.75 6 11.39

64.50 6 8.32
258.37 6 24.33

Amplitude of lateral head
displacement

20.33 6 0.40 21.78 6 0.26 19.86 6 0.78 18.35 6 1.25

Beat/cross frequency (Hz)
Straightness (%)
Linearity (%)

24.35 6 0.90
64.23 6 1.95
25.77 6 0.76

22.02 6 0.76
65.27 6 3.64
27.97 6 1.62

21.72 6 1.08
62.49 6 1.53
26.29 6 0.72

26.10 6 1.98
56.53 6 4.12
24.20 6 1.09

Normal shaped sperm (%)
Sperm with head defects (%)
Sperm with tail defects (%)

91.84 6 2.59
2.33 6 0.59
5.83 6 3.03

82.83 6 9.16
1.50 6 0.62

15.67 6 8.82

84.08 6 7.93
2.92 6 0.85

13.00 6 7.96

79.08 6 9.29
0.75 6 0.66

20.17 6 8.98

tis and epididymis sections revealed no obvious differences
between control and guanethidine-treated groups.

A quantitative analysis of detergent-extracted cauda ep-
ididymal proteins by SDS-PAGE revealed no differences
for cauda sperm (not shown) but showed treatment-related
diminutions in seven proteins in homogenates of caput/cor-
pus (Fig. 3). Proteins CC3 (45 kDa, pI 4.4), CC8 (40 kDa,
pI 4.6), and CC20 (44 kDa, pI 5.4) were diminished sig-
nificantly (p , 0.05) in the caput/corpus homogenate in all
guanethidine-exposed animals. Proteins CC21 (16 kDa, pI
4.5), CC25 (15 kDa, pI 4.7), CC27 (26 kDa, pI 5.1), and
CC29 (65 kDa, pI 4.2) were diminished significantly only
in the 12.5 and 25 mg/kg groups.

Experiment 2

Norepinephrine levels in the cauda epididymidis of the
7-day guanethidine-treated animals were 7.4% of the con-
trol values (data not shown). There was a significant in-
crease in the weights of the seminal vesicles/coagulating
glands and epididymis (Table 1) and a significant increase
in the number of sperm in the cauda epididymidis (Table
3) of the denervated rats. Sperm transit time also was sig-
nificantly increased in the cauda epididymidis as compared
with that in the control group (Fig. 2).

DISCUSSION

In the present study the levels of norepinephrine in the
cauda epididymidis of guanethidine-treated animals were
either undetectable (after 3 wk of treatment) or markedly

lower than control values (1 wk treatment), confirming that
denervation was effective.

There was a significant increase in the number of sperm
and in the sperm transit time in the cauda epididymidis of
rats treated with 6.25 mg/kg. This is consistent with the
loss of innervation in this region, accounting for decreased
contractility of the duct, which delayed sperm transit, even
after 1 wk of treatment. It has been suggested that in ad-
dition to regulating seminal emission, adrenergic neuro-
transmitters may be involved in the control of epididymal
sperm transit [2, 5, 21, 33], thus explaining the increased
concentration of spermatozoa observed in denervated ani-
mals.

Among the multiple epididymal functions there is a re-
sorption of fluids, resulting in a progressive concentration
of sperm within the lumen [34]. The process of fluid re-
sorption in the epididymis has also been shown to be under
the control of testicular androgens as well as of adrenergic
neurotransmitters (for references, see [20]). In the present
study, an increased concentration of sperm (i.e., sperm/g
tissue, not shown) at 6.25 mg/kg in the cauda epididymidis
was observed in rats presenting normal testosterone levels,
reinforcing the notion that sympathetic nerves may be in-
volved in the control of epididymal mechanisms of fluid
resorption. The lack of dose responsiveness in the weight
of the epididymis, and the failure to observe increases in
cauda sperm number and transit time at 12.5 and 25 mg/
kg, are most likely related to systemic alterations and a
possible toxicity associated with these higher exposures, as
evidenced by the decreases in body weight gain.
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FIG. 2. Caput/corpus and cauda epididymidis sperm transit time in control and 21-day (experiment 1, n 5 6 of 10) or 7-day (experiment 2, n 5 8)
guanethidine-treated groups. Values are expressed as mean 6 SEM. *Significantly different from the control group (p , 0.05).

FIG. 3. Silver-stained 2-dimensional profiles of proteins from the caput/
corpus epididymidis; y-axis: molecular weights (3 10-3), x-axis: pI range.
Proteins numbered 3, 8, 20, 21, 25, 27, and 29 refer to as CC3, CC8,
CC20, CC21, CC25, CC27, and CC29 in the text. Note that proteins sur-
rounded by circles are diminished at all guanethidine exposures. Proteins
surrounded by squares are diminished with the two highest dosages only
(12.5 and 25 mg/kg).

Although epididymal function was altered, sperm pro-
teins, motility, and morphology of the sperm were not sig-
nificantly affected by guanethidine-induced denervation.
These results are similar to those of another study [22] in
which no differences were found between control and IMG-
ablated rats in the percentage of motile cauda epididymal
spermatozoa. Similarly, Ricker et al. [35] failed to produce
any significant change in cauda epididymal sperm-associ-
ated proteins after sympathetic denervation by surgical re-
moval of the IMG. These results are in agreement with the
lack of an effect on fertility after in utero insemination with
sperm retrieved from the cauda epididymidis of guanethi-
dine-treated or surgically denervated rats (presented in the
companion paper [36]).

In the present study we have found differences between
control and guanethidine-treated rats in some caput epidid-
ymal tissue proteins. Therefore, as sperm proteins in the
cauda epididymidis are not altered, the changes in caput
proteins must reflect proteins of epithelial or neuromuscular
origin. At the lower dosage, the changes in proteins might
be related to the sperm transit delay in the cauda epididymi-
dis, particularly if the same proteins are altered in the cau-
da. On the other hand, with the higher dosages, the effect
on the proteins might be related to more generalized gua-
nethidine toxicity as discussed above. No significant
changes in caput epididymal fluid proteins were detected
1–4 wk after surgical IMG removal [35].

Seminal vesicle/coagulating gland weights were mark-
edly increased in all treated groups, and the epididymis
weight was increased at 6.25 and 12.5 mg/kg, presumably
due to persistent accumulation of unexpressed secretion and
retention of sperm at the cauda epididymidis, respectively.
Seminal emission is brought about by contraction of the
smooth muscle of the epididymis and accessory sex organs,
an autonomically regulated process. Of the genital organs,
those having a thicker muscular coat (such the vas deferens,
cauda epididymidis, and seminal vesicle) receive rather
abundant amounts of noradrenergic terminals and are ap-
parently designed for a rapid, forced ejection of their sem-
inal contents [3, 37]. After sympathectomy, they are typi-
cally enlarged, showing signs of marked distention by re-
tained sperm and secretory products [2, 12, 20, 33, 38].

Neither testis weight nor spermatid numbers and daily
sperm production were changed by treatment with guaneth-
idine. These results agree with those of other authors who
failed to show any testicular effects in male rats after chem-
ical (with guanethidine) [20] or surgical denervation [22].

While guanethidine has a proven selective effect on the
peripheral postganglionic sympathetic neurons and there is
evidence that it does not cross the blood-brain barrier [7],
central neurotoxic effects may be induced by its action on
central areas of the brain that lack this barrier [39]. How-
ever, no dosage-related effect on LH was observed; a sig-
nificant decline was observed only at 12.5 mg/kg. Normal
levels of plasma testosterone are a common finding after
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guanethidine-induced sympathectomy [5, 38]. Indeed, tes-
tosterone was decreased significantly only when testicular
parenchyma from the group treated with 25 mg/kg was in-
cubated ex vivo without hCG. Thus, it does not appear as
though guanethidine exerts effects in the hypothalamic-pi-
tuitary-gonadal axis.

We conclude that low-dosage guanethidine exposure de-
nervates the epididymis within 1 wk, thereby delaying ep-
ididymal transit, but does not produce qualitative changes
in the sperm, i.e., sperm motion, sperm morphology, or
sperm protein. At higher dosages, guanethidine seems to
produce systemic alterations, impeding the epididymal re-
sponse to chemical sympathectomy. The relationship be-
tween delayed cauda epididymal transit and fertility is dis-
cussed in the companion paper [36].
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