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1 In vitro and in vivo studies have demonstrated a dysfunctional nitrergic system in diabetes
mellitus, thus explaining the origin of diabetic impotence. However, the mechanism of this nitrergic
defect is not understood.

2 In the penises of streptozotocin (STZ)-induced diabetic rats, here, we show by immunohis-
tochemistry that nitrergic nerves undergo selective degeneration since the noradrenergic nerves which
have an anti-erectile function in the penis remained intact.

3 Nitrergic relaxation responses in vitro and erectile responses to cavernous nerve stimulation in
vivo were attenuated in these animals, whereas noradrenergic responses were enhanced.

4 Activity and protein amount of neuronal nitric oxide synthase (nNOS) were also reduced in the
penile tissue of diabetic rats.

5 We, thus, hypothesized that NO in the nitrergic nerves may be involved in the nitrergic nerve
damage, since only the nerves which contain neuronal NO synthase underwent degeneration.

6 We administered an inhibitor of NO synthase, NG-nitro-L-arginine methyl ester (L-NAME), in
the drinking water of rats for up to 12 weeks following the establishment of diabetes with STZ.

7 Here we demonstrate that this compound protected the nitrergic nerves from morphological and
functional impairment. Our results show that selective nitrergic degeneration in diabetes is NO-
dependent and suggest that inhibition of NO synthase is neuroprotective in this condition.
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Introduction

Penile erection comprises increased arterial in¯ow and

restricted venous out¯ow from the penis, co-ordinated by
relaxation of the penile corpus cavernosum (Lue & Tanagho,
1987). Relaxation of the cavernosal smooth muscle is regulated

by local factors released from nerve ®bres and the sinusoidal
endothelium (Andersson & Wagner, 1995). The identity of the
major mediator responsible for the relaxation of the corpus
cavernosum has long been a subject for debate. Nitric oxide

(NO) is now accepted as the most important relaxant mediator
in the process of erection (Burnett et al., 1992; Andersson &
Wagner, 1995) and other putative mediators like VIP, ATP or

acetylcholine have been excluded (Wagner & Brindley, 1980;
Andersson, 1993; Andersson & Wagner, 1995)

In the penile corpus cavernosum NO is produced in the

endothelium and nitrergic nerves (Moncada et al., 1997) by
endothelial NO synthase (eNOS) and neuronal NO synthase
(nNOS) respectively. Although acetylcholine evokes endothe-

lium-dependent relaxation of the isolated corpus cavernosum
(Saenz de Tejada et al., 1988), erection is unlikely to involve
release of acetylcholine from parasympathetic nerves and its
subsequent di�usion to the endothelium to release NO, since

neither atropine nor neostigmine inhibit erection when injected
intracavernosally (Wagner & Brindley, 1980; Brindley, 1986;
Burnett et al., 1992). Furthermore, relaxation of the corpus

cavernosum by transmural stimulation does not require

functional endothelium (Saenz de Tejada et al., 1988; Kim et

al., 1991; Okamura et al., 1999). Thus the majority of NO
eliciting relaxation in penile tissue seems to be derived from
nNOS in nitrergic nerves.

In vivo and in vitro studies suggest that the nitrergic system
is essential for penile erection (Andersson & Wagner, 1995). In
anaesthetized animals, erection induced by stimulation of the
cavernous nerve or spinal cord can be inhibited by NOS

inhibitors (Holmquist et al., 1991; Burnett et al., 1992; Trigo-
Rocha et al., 1993; Finberg et al., 1993; Andersson & Wagner,
1995). Corpus cavernosum obtained from patients relaxes to

transmural stimulation in vitro, an e�ect that can be blocked
by NOS inhibitors (Bush et al., 1992; Holmquist et al., 1992).

Erectile dysfunction is caused by many diseases, one of

which is diabetes mellitus; the prevalence of impotence in
diabetic patients is up to 50% (Rubin & Babbott, 1958). Since
NO has been shown to play an important role in the

physiology of penile erection, it is not surprising that the
aetiology of impotence has been linked to impaired nitrergic
neurotransmission. In vitro and in vivo studies in animals and
in human strongly suggest that a nitrergic defect may underlie

the pathophysiology of erectile dysfunction (Saenz de Tejada
et al., 1989; Azadzoi & Saenz de Tejada, 1992; Vernet et al.,
1995; Rehman et al., 1997). The mechanism by which the

nitrergic defect occurs in diabetes is, however, unknown. We
have, therefore, investigated morphological and functional
changes in nitrergic nerves in penile tissue from experimental

streptozotocin-induced diabetic rats.*Author for correspondence; E-mail: s.cellek@ucl.ac.uk
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Methods

Induction of diabetes in rats

Male Wistar rats (200 ± 250 g, n=320) were divided into
four groups (Table 1). The ®rst and second groups were
injected with STZ (Rakieten et al., 1963) (75 mg kg71, i.p.),

the third and fourth groups were injected with sterile saline
(1 ml kg71, i.p.). The second and fourth groups were given
L-NAME (0.05 mg ml71 and 0.1 mg ml71 respectively) in

drinking water beginning 72 h (the time required for
diabetes to be established) after the injection of STZ or
saline. Diabetic rats were observed to drink approximately

100 ml day71 whereas non-diabetic rats drank approximately
50 ml day71; thus each animal in the second and fourth
groups received 5 mg L-NAME each day. This dose has

been shown to inhibit NO synthase activity but not to alter
renal function or catecholamine and insulin concentrations
in the rat (Navarro et al., 1994). Blood glucose and body
weight were monitored weekly (Table 1). At the end of the

®rst week any animal in the ®rst and second group with a
blood glucose concentration lower than 20 mM was excluded
from the study. Another group of rats (weight-matched rats;

180 ± 200 g; n=8) was also evaluated in pharmacological
experiments; no signi®cant di�erence was found between
them and Group III (age-matched control rats). L-NAME

was withdrawn 72 h prior to the experiments; this time
period has been shown to reduce the L-NAME concentra-
tions in the blood by 80 ± 90% (Piotrovskij et al., 1993;

Tabrizi-Fard & Fung, 1994).
All animal experiments were conducted according to the

rules outlined by the Home O�ce, Animals (Scienti®c
Procedures) Act 1986 (project number: 70/3842).

Immunohistochemistry

Rats were perfused through the left ventricle with 4%
paraformaldehyde in 0.1 M phosphate bu�er. Serial cryosec-
tions from the penises and anococcygeus muscles at 40 mm
intervals were stained with a polyclonal antibody against
nNOS (in order to visualize to the nitrergic nerves; 1:3000
dilution; prepared as described in Rodrigo et al., 1994) or
with a polyclonal antibody against tyrosine hydroxylase (in

order to visualize the noradrenergic nerves; 1:1000 dilution;
Pel-Freez Biologicals, U.S.A.) or with a polyclonal antibody
against nitrotyrosine (in order to visualize peroxynitrite-

induced nitrotyrosine formation; 1:1000 dilution; prepared as
described in Uttenthal et al., 1998) followed by detection
with biotinylated secondary antibodies and with the avidin-

biotin peroxidase complex and nickel-enhanced diaminoben-
zidine procedures. Because of the tortuous course of
nitrergic nerve ®bres in the penis, multiple exposures in

di�erent focal planes were obtained and then a photo-
montage technique was used to put the sequential images

together on one plane as described previously (Rodrigo et
al., 1994; 1997; 1998).

In vitro pharmacology

Bilateral anococcygeus muscles from the rats were placed in a
horizontal superfusion chamber and superfused with modi®ed

Krebs' solution containing dexamethasone (5 mM) and in-
domethacin (5 mM) as described before (Kasakov et al., 1995).
The parameters of the electrical ®eld stimulation (EFS) were

50 V, 0.3 ms pulse duration, 1 ± 25 Hz, for 5 s, every 2 min.
Nitrergic relaxation responses to EFS were recorded after
treatment of the tissues with scopolamine (5 mM) and

guanethidine (5 mM) followed by elevation of the tone with
phenylephrine (EC80) as described before (Kasakov et al.,
1995); these were a�rmed by total inhibition by 300 mM NG-

nitro-L-arginine (L-NOARG) at the end of the experiment.

In vivo pharmacology

Anaesthesia was induced in the rats with sodium thiopen-
tone (120 mg kg71, i.p.) and was maintained by a
subsequent injection of sodium pentobarbital (5 mg kg71,

i.p.) as required. The right external jugular vein and left
carotid artery were cannulated for saline infusion
(50 ml min71) and for blood pressure monitoring, respec-

tively. The penile shaft and cavernous nerve were exposed as
described (Vernet et al., 1995). Intracavernous pressure
(ICP) in the right crus of the penis was monitored using a

25-gauge cannula connected to a pressure transducer. The
cavernous nerve was stimulated by bipolar platinum hook
electrodes (0.5 mm in diameter). Square pulses of 10 Hz,
0.3 ms pulse duration, for 1 ± 3 min, 0.05 ± 0.5 mA were

applied via a Grass stimulator coupled to a Grass constant
current unit. Cavernous nerve stimulation-induced increase
in ICP was completely blocked by L-NAME (10 mg kg71,

i.v.), an e�ect reversed by L-arginine (100 mg kg71, i.v.) (not
shown).

NO synthase activity assay

The whole penis and anococcygeus muscles of the rats were
frozen in liquid nitrogen and pulverized in a stainless steel

pestle and mortar. Homogenization was performed using
HESD bu�er (HEPES 20 mM, pH: 7.2, EDTA 1 mM,
sucrose 0.2 M, dithiothreitol 5 mM, PMSF 0.1 mM,

leupeptin and soya bean trypsin inhibitor 20 mg ml71,
5 mg ml71 each pepstatin A, E-64, bestatin, aprotinin and
3,4-dichloroisocoumarin) and centrifuging at 13,000 6g for

30 min at 48C. Endogenous L-arginine in the supernatant
was removed using activated Dowex-50W resin. NO
synthase was assayed in the supernatant by the formation

of [U-14C]-citrulline from L-[U-14C]-arginine as described
(Knowles & Salter, 1997).

Table 1 Body weight and plasma glucose concentrations of the rats

Group I
STZ
n=87

Group II
STZ+L-NAME

n=57

Group III
Saline
n=25

Group IV
Saline+L-NAME

n=25

Weight at 0 week (g)
Weight at 8th week (g)
Plasma glucose at 0 week (mM)
Plasma glucose at 8th week (mM)

224.8+3.1
205.6+13.2*
5.0+0.5
41.5+1.5*

226.5+2.9
200.2+12.5*
4.9+0.5
41.9+1.8*

225.6+5.6
481.3+13.4

5.3+0.8
5.1+1.1

226.3+5.1
468.7+12.8
5.1+0.9
4.9+0.8

*Signi®cantly di�erent from Group III; P<0.05.
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Western-blot/densitometric analysis of nNOS

Equal amounts (39 mg lane71) of the same homogenates

described above were run on 7.5% polyacrylamide SDS gels,
then transferred to nitrocellulose ®lters. The blots were
incubated for 1 h with mouse anti-human nNOS (1:2000
dilution; Transduction Labs, U.K.) and anti-actin (1:2000

dilution; Boehringer-Mannheim, U.K.) monoclonal antibo-
dies. Final incubation was performed for 1 h with horse-radish
peroxidase-conjugated goat anti-mouse IgG (1:3000 dilution;

Vectors Labs, U.K.). The reactive bands were detected with a
luminol-based kit (ECL, Amersham, U.K.). The optimal X-ray
exposure was selected, scanned and the density of each band

was calculated by densitometry using a computer analysis
program.

Statistical analysis

Results are expressed as the mean+s.e.mean. n denotes the
number of experiments in each group. Student's t-test for

unpaired observations was used to determine the signi®cance
of di�erences between the groups. P value less than 0.05 was
considered signi®cant.

Results

Selective nitrergic degeneration shown by
immunohistochemistry

Immunohistochemical study of the penis from STZ-induced
diabetic rats revealed that nitrergic nerves undergo degenera-
tion, whereas noradrenergic nerves remain intact (Figures 1

and 2). We hypothesized that NO in the nitrergic nerves may
be responsible for the nerve damage, since only the nerves

which contain neuronal NO synthase underwent degeneration.
We thus administered an inhibitor of NO synthase, NG-nitro-
L-arginine methyl ester (L-NAME), in the drinking water of

rats which had received an injection of STZ 72 h previously.
After 4, 8, 12 and 16 weeks, animals were sacri®ced and some
were perfused with paraformaldehyde for immunohistochem-

Figure 1 Immunohistochemical demonstration of nitrergic degeneration in the corpus cavernosum of diabetic rats. nNOS immunostaining in a
control rat (a), in a 4 week diabetic rat (b, note the varicosity formation and breakage in the nerve ®bres), in an 8 week diabetic rat (c, note that
the nitrergic nerves became very sparse), in an 8 week diabetic rat treated with L-NAME (d, note that the structure and number of the nitrergic
nerve ®bres are preserved during diabetes) and in a rat which was treated with L-NAME for 8 weeks (e, note that the structure and number of
nerve ®bres are not di�erent from a). Scale is 33 mm for c, 43 mm for others. The results are typical of those observed in 6 ± 12 animals in each
group.

Figure 2 Tyrosine hydroxylase immunostaining in a control rat (a),
an 8 week diabetic rat (b, note that the morphology and density of
noradrenergic nerves are unchanged), an 8 week diabetic rat treated
with L-NAME (c) and a control rat treated with L-NAME for 8
weeks (d). Scale bar is 40 mm. The results are typical of those
observed in 6 ± 12 animals in each group.
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ical studies. The bilateral anococcygeus muscles and penises
were isolated from some of the remaining animals for
functional and biochemical studies; others were used for an

in vivo study of cavernous nerve stimulation-induced penile
erection. L-NAME was withdrawn from the drinking water
72 h before initiation of the in vitro and in vivo experiments to
allow the drug and its e�ect to wear o�. The experiments were

then carried out in the absence of L-NAME.

L-NAME treatment protects the nitrergic nerves against
degeneration

Immunohistochemical study of the penis and anococcygeus

muscles from 4 week diabetic rats showed varicosity formation
and breakage in the nitrergic nerve ®bres (Figure 1b). This
degenerative process was more pronounced in the tissues from

8 week diabetic animals, thus leading to a decreased number of
nitrergic nerve ®bres (Figure 1c). Noradrenergic nerve ®bres
were intact, showing no degeneration even at 8 weeks (Figure
2b). In tissues obtained from diabetic rats which had received

L-NAME, however, the degenerative process was not observed
(Figure 1d).

Functional in vitro studies with diabetic rats

Our morphological ®ndings were supported with functional

studies which were performed on the anococcygeus muscles of
the diabetic animals. Noradrenergic contractions, which are
known to be modulated by nitrergic neurotransmission (Li &
Rand, 1989; Cellek & Moncada, 1997), were enhanced in the

tissues from 4 week diabetic animals. This enhancement was
more pronounced at 8 weeks (Figure 3a). Moreover, nitrergic
relaxant responses were signi®cantly decreased at 8 weeks

(Figure 3b). In tissues from diabetic animals treated with L-
NAME, however, the noradrenergic contractile and nitrergic
relaxant responses were not signi®cantly di�erent from control

animals (Figure 3a,b). Defective nitrergic relaxation was not
due to changes in the responsiveness of the smooth muscle to
NO since concentration-response curves to exogenous sodium

nitroprusside (SNP) in control and diabetic animals were
indistinguishable (Figure 4a). Concentration-response curves
to exogenous noradrenaline were also indistinguishable
between control and diabetic animals (Figure 4b), which

excludes the possibility that the enhanced noradrenergic
contraction might be due to hyperresponsiveness of the

Figure 3 E�ect of diabetes and L-NAME treatment during diabetes
on the noradrenergic and nitrergic responses of the rat anococcygeus
muscle. (a) Noradrenergic contractions elicited by EFS (5 Hz) were
enhanced in the anococcygeus muscle of diabetic rats but not of the
diabetic rats treated with L-NAME. (*signi®cantly di�erent from
control; P50.001; n=6±12) (b) EFS-induced nitrergic relaxations in
the anococcygeus muscle of control, of 8 week diabetic rats and of 8
week diabetic rats treated with L-NAME. Note that L-NAME
administration was stopped 72 h before the experiments. (*signi®-
cantly di�erent from control; P50.05; n=6±12).

Figure 4 Responses of the rat anococcygeus muscle to exogenous
sodium nitroprusside or noradrenaline were not a�ected by diabetes
with or without L-NAME treatment. (a) Relaxation responses of the
rat anococcygeus muscle to exogenous sodium nitroprusside (0.01 ±
1 mM) after treatment with guanethidine and after elevation of the
tone with phenylephrine were similar in control, L-NAME-treated, 8
week diabetic and 8 week diabetic+ L-NAME-treated animals
(n=6). (b) Contractions elicited by exogenous noradrenaline (0.1 ±
30 mM) were not a�ected by L-NAME treatment or diabetes with or
without L-NAME treatment (n=6). Note that L-NAME administra-
tion was stopped 72 h before the experiments.
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smooth muscle to noradrenaline. These results suggest that
nitrergic neurotransmission becomes defective due to morpho-

logical changes in the nitrergic nerves which is prevented when
the animals are treated with L-NAME.

E�ect of L-NAME treatment on non-diabetic animals

In the penile tissues from non-diabetic rats which were treated

with L-NAME, there was no detectable degeneration either in
the nitrergic nerves or noradrenergic nerves (Figures 1e and
2d). In some experiments, we used some animals from which L-

NAME had been withdrawn only 1 h before. Those experi-
ments revealed that nitrergic responses (both in vivo and in
vitro) were inhibited 60 ± 75% in acutely withdrawn animals
(not shown). The control animals which received L-NAME but

which were withdrawn from L-NAME treatment 72 h prior to

the experiments did not show altered nitrergic response either in

vitro or in vivo.

The activity of constitutive NO synthase and the amount
of nNOS in diabetic rats

The nitrergic defect was con®rmed by performing a NO
synthase activity assay in a crude extract of anococcygeus

muscle of STZ-induced diabetic rats. Constitutive NO
synthase activity declined signi®cantly during the course of
the 12 week period of diabetes starting from the second week

(Figure 5a). In tissues from diabetic animals which were
treated with L-NAME and studied 72 h after termination of
the drug treatment, the decrease in the NO synthase activity
was not observed (Figure 5a). Inducible NO synthase (iNOS)

activity was not detectable in any of the groups (not shown).
Our biochemical results were further supported by Western-

blot/densitometric analysis of the crude extract of penises from

STZ-induced diabetic animals. nNOS protein was visualized

Figure 5 Constitutive NO synthase activity and nNOS protein
decreases during diabetes; this e�ect is not seen in L-NAME-treated
diabetic animals. (a) Constitutive (Ca2+-dependent) NO synthase
activity decreased gradually during the course of diabetes in the
anococcygeus muscle of rats but did not change in the L-NAME-
treated diabetic animals. The columns of the control group represent
the results from saline-injected animals and saline-injected animals
which were treated with L-NAME for 8 weeks respectively. Note that
L-NAME was withdrawn 72 h before the experiments. (*signi®cantly
di�erent from control; P50.05; n=6±20). (b) Western-blot
densitometry of crude extracts of the penis of control, 12 week
diabetic and 12 week diabetic treated with L-NAME rats. The graph
represents the relative densitometric values as calculated for the
intensities of the main 160K bands on the blots divided by the
corresponding intensity of the actin bands (*signi®cantly di�erent
from control; P50.05; n=3). (c) a reprensentative Western blot
showing the bands corresponding to nNOS and actin as indicated.
Lanes 1 ± 3 are from control rats, lanes 4 ± 6 are from 12 week
diabetic rats treated with L-NAME and lanes 7 ± 9 are from 12 week
diabetic rats.

Figure 6 E�ect of diabetes and L-NAME treatment during diabetes
on the erectile function of the rats in vivo. (a) typical traces from a
control rat (upper trace), a 12 week diabetic rat (middle trace; note
that the increase in intracavernous pressure (ICP) could not be
maintained during the stimulation period) and a 12 week diabetic rat
treated with L-NAME (lower trace). Note that L-NAME was
withdrawn 72 h before the experiments. The vertical scale corre-
sponds to 100 cmH2O ICP. The horizontal scale corresponds to
2 min. (b) The increase in ICP (measured as the area under the curve
and expressed as arbitrary units) is plotted against the amplitude of
the electrical stimulation of the cavernous nerve in the control rats,
12 week diabetic rats and 12 week diabetic rats treated with L-NAME
(*signi®cantly di�erent from control; P50.05; n=6±10).
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using a monoclonal antibody speci®c against the enzyme. The
densitometric analysis of the main band with an Mr of 160 K

revealed a signi®cant 48% reduction of the band intensity in
the 12 week-diabetic rats; this e�ect was not observed in the
diabetic animals treated with L-NAME (Figure 5b,c).

Erectile function in vivo

We investigated the protective e�ect of L-NAME treatment on

the erectile function of the diabetic rats by studying the e�ects
of in vivo electrical stimulation of the cavernous nerve. Nerve
stimulation elicited an increase in intracavernous pressure

(ICP) which was sustained during the stimulation period in the
anaesthetized control rats (Figure 6). In the diabetic rats,
however, the increase in ICP was not maintained, falling to the
basal pressure within 2 ± 3 min, during stimulation (Figure 6).

This defective erectile function was not observed in the diabetic
animals 12 weeks after treatment with L-NAME (Figure 6).
These experiments clearly showed that L-NAME could provide

protection of the erectile function in vivo.

Nitrotyrosine immunostaining

Immunostaining with anti-nitrotyrosine antibody showed a

basal level of nitrotyrosine formation located in the nerve
structures in the anococcygeus muscle and penis from control
rats (Figure 7a). Detailed analysis of these tissues using
electron microscopy revealed that nitrotyrosine was con®ned

to the Schwann cells and was not observed in the axons (not
shown). Although a similar basal level of nitrotyrosine staining
was observed in diabetic animals with or without L-NAME

treatment (Figure 7b,c), these results did not allow us to
conclude that nitrotyrosine staining was not changed during
diabetes with or without L-NAME treatment.

Discussion

Peripheral nerves have been shown to undergo a degenerative
process in the penis of diabetic men (Faerman et al., 1974).
These early studies did not, however, specify the type of the

nerves involved. Shortly after the discovery of the L-arginine-
NO pathway (Palmer et al., 1988) and the recognition of the
importance of nitrergic neurotransmission in the physiology of

penile erection (Burnett et al., 1992), nitrergic relaxations were
shown to be de®cient in the corpus cavernosum of diabetic
impotent men (Saenz de Tejada et al., 1989) and in the corpus

cavernosum of alloxan-induced diabetic rabbits (Azadzoi &
Saenz de Tejada, 1992). Neurogenic erectile function has been
shown to be diminished in diabetic rats in which diabetes was

induced either by STZ or subtotal pancreatectomy (Rehman et
al., 1997). The activity and amount of nNOS protein have been
shown to be reduced in the penis of spontaneously diabetic BB/
WORdp rats (Vernet et al., 1995). El-Sakka et al. (1999) have

shown a decrease in the number of NOS-containing (NADPH-
diaphorase-positive) nerve ®bres, a decrease in intracavernous
pressure to cavernous nerve stimulation and down-regulation

of nNOS mNRA and protein expression in the penis of
diabetic rats. Our study con®rms these previous reports and
demonstrates that the reduction in nNOS activity and protein

amount is due to selective nitrergic degeneration.
There is a report showing an increase in NOS activity in the

penis of diabetic rats (Elabbady et al., 1995) which disagrees
with our results. That study, however, did not investigate

which isoform of NOS might be responsible for this elevation
in enzyme activity. The authors observed signs of in¯amma-
tion in the penis of diabetic rats which may be related to

induction of iNOS, which we did not observe in our
experiments.

We have shown in this study that noradrenergic nerves

remain intact during diabetes. In previous studies, a decrease
in noradrenaline content in the corpus cavernosum of diabetic
men has been reported (Melman & Henry, 1979; Lincoln et al.,

1987). It is di�cult to compare these studies with ours since we
are working with animals early in their diabetic process and
we do not know whether sympathetic neuropathy would have
occurred if we had kept the animals diabetic for longer

periods. Our results clearly demonstrate a di�erence between
nitrergic and sympathetic neuropathy in diabetes. This may
explain the clinical phenomenon of earlier occurrence of

parasympathetic neuropathy than the sympathetic neuropathy
in diabetes (Clarke et al., 1979) since *85% of the
parasympathetic nerves innervating the penis are nitrergic

(Schirar et al., 1994).
We did not investigate whether or not sensory nerves

remain intact during diabetes mellitus. Our unpublished
observations suggest that sensory nerves are not involved in

Figure 7 Nitrotyrosine immunostaining in the penis of a control rat
(a), an 8 week diabetic rat (b) and an 8 week diabetic rat treated with
L-NAME (c). Note that the morphology and density of nitrotyrosine
staining are unchanged. Scale bar is 40 mm. The results are typical of
those observed in 3 ± 4 animals in each group.
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nitrergic relaxation of rabbit corpus cavernosum or rat and
rabbit anococcygeus muscles. This is in accordance with
Teixeira et al. (1998) who have shown that capsaicin-induced

relaxations are not inhibited by L-NAME in the rabbit corpus
cavernosum. Davies et al. (1998) showed that capsaicin elicits
NO-dependent relaxation in the rat anococcygeus muscle only
when the concentration of calcium in the medium is kept low.

Further research is needed to elucidate whether sensory nerves
are involved in erectile nitrergic response and whether or not
they are a�ected in diabetes mellitus.

Nitrergic control of noradrenergic responses in the human
corpus cavernosum (Cellek & Moncada, 1997) suggests a key
role for this interaction in the pathophysiology of erectile

dysfunction. Indeed, a nitrergic-noradrenergic imbalance in
favour of the anti-erectile noradrenergic system has been
implicated in penile tissues from patients with erectile

dysfunction (Taub et al., 1993; Christ et al., 1995). However,
the mechanism of this imbalance is not fully understood. Our
results with diabetic rat anococcygeus muscle suggest that the
nitrergic defect causes removal of nitrergic modulation of the

noradrenergic system which leads to an apparent overactive
noradrenergic response.

We used anococcygeus muscle instead of penile corpus

cavernosum for in vitro pharmacology experiments to assess
the functional changes in the nitrergic neurotransmission
during diabetes. In the rat, penile corpus cavernosum and

anococcygeus muscles receive motor sympathetic innervation
via the lumbar sympathetic nerves and parasympathetic
innervation via the sacral parasympathetic nerves, thus sharing

a common origin for nitrergic and noradrenergic pathways.
Moreover, the anococcygeus muscle, unlike the penile corpus
cavernosum, is a pure smooth muscle preparation containing
very few blood vessels, which makes pharmacological

experiments easier to interpret.
The non-selective NOS inhibitor, L-NAME, was adminis-

tered to diabetic rats after the diabetes was established. L-

NAME administration was not initiated during the ®rst 72 h
after STZ injection since NOS inhibitors have been shown to
interfere with the pancreatic b-cell destruction following STZ

injection (Kolb et al., 1991). L-NAME treatment did not a�ect
the progression of the diabetes. This was evaluated by two
parameters; the blood glucose and the body weight. The
diabetic animals had similar blood glucose and similar rate of

failure to gain weight in both L-NAME-treated and -untreated
groups (Table 1).

L-NAME was withdrawn 72 h prior to experiments to allow

enough time to wash the drug out of the system of animals. We
performed some experiments in which the animals were not
withdrawn from L-NAME, in order to check the e�ectiveness

of L-NAME treatment. These experiments showed a 60 ± 75%
decrease in nitrergic function in vitro and in vivo.

Our ®nding that L-NAME administration prevents devel-

opment of nitrergic dysfunction suggests that NO production
during diabetes has a role in the nitrergic degeneration. We
have not identi®ed which isoform of NO synthase is

responsible for the generation of the NO involved in this
process. It is unlikely that the source of NO responsible for the
selective nitrergic degeneration is iNOS, since neither iNOS

enzyme activity nor iNOS positive immunohistochemistry
could be detected in the penis of diabetic animals. Whether
eNOS or nNOS is responsible for the degeneration requires
further studies. However, we favour the hypothesis that nNOS

is involved because of the speci®c localization of damage to the
nitrergic nerves.

The mechanism by which NO produces nerve degeneration

also needs to be clari®ed. We did not observe any increase in
expression of eNOS or nNOS protein at any stage of diabetes;
in fact we observed a decrease in nNOS protein as early as 1

week following the development of diabetes. Often, NO-
dependent damage has been associated with increased
generation of NO (Moncada et al., 1991; Dawson et al.,

1991), although we cannot exclude the possibility that a
decreased amount of enzyme might be generating increased
amounts of NO. A further possibility is that this selective and
self-destructive degeneration of nitrergic nerves might be the

result of increased oxidative stress, known to occur in diabetes
(Baynes, 1991; Honing et al., 1998), which in the presence of
NO might generate the powerful pro-oxidant agent peroxyni-

trite. Indeed, the formation of peroxynitrite in diabetes has
been suggested before (Lyall et al., 1998). We could not
evaluate whether peroxynitrite was increased in the penis of

diabetic animals due to the unusual ®nding that there is basal
nitrotyrosine formation in the Schwann cells around the
neuronal axons. The reason for this is at present unclear,

however a basal level of nitrotyrosine immunostaining has
recently been reported in other tissues (Bian et al., 1999; Nava
et al., 1999). Further research will be needed to clarify whether
indeed peroxynitrite is formed and its role in physiological

conditions as well as its role during oxidative stress which may
be involved in nitrergic degeneration in diabetes mellitus.

In summary, we demonstrate that erectile dysfunction in

diabetes is due to a selective defect in the nitrergic system. This
defect is a result of a morphological and functional damage of
the nitrergic nerves. Our results also show that this damage is

NO-dependent since it can be prevented by an inhibitor of NO
synthase. This observation may have a signi®cant therapeutic
value in diabetes mellitus in humans.
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