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ABSTRACT  In spite of accumulating evidence for a modulation of sympathetic neurotrans-

mission by endogenously produced nitric oxide (NO), it remains unclear in which parts of the
vascular system and at what level this interaction takes place. The aim of the present study was to
investigate the distribution of endothelial and neuronal NO synthase (NOS) along the vascular tree
of the heart at the light and electron microscopic level using NADPH-diaphorase (NADPH-d)
staining as a marker for NOS. In addition, the functional effects of exogenous NO on coronary
vascular resistance and cardiac adrenergic nerves was studied using the isolated perfused rat heart
as a model. The intraaxonal catecholamine content of adrenergic nerve fibers was visualised and
morphometrically assessed by applying glyoxylic acid-induced histofluorescence. The expression of
endothelial NOS in the heart was found to depend on the diameter of the blood vessel. Arteries
>100 pm always showed intense staining, whereas staining in smaller arteries and veins was
considerably weaker. Smooth-muscle free vessels were essentially devoid of NADPH-d activity. In
atrial and ventricular myocardium, neuronal NOS localised in autonomic nerve fibers along the
entire vascular tree. Ultrastructurally, NADPH-d staining revealed adjacent localisation of NOS-
positive and -negative axons, suggesting an interaxonal modulation of adjacent autonomic nerve
fibers by NO. In isolated perfused rat hearts, the intracoronary application of 108 M NO produced
a marked decrease of coronary perfusion pressure, which was accompanied by a distinct increase in
intraaxonal catecholamine levels of intramural adrenergic nerve fibers. These results suggest that
the entire vascular system from arteries to veins is under the influence of NO and implies that two
independently operating NO-driven processes are involved in the modulation of blood vessel tone:
the well-known pathway of endothelium-derived NO acting directly on smooth muscle, and a
second indirect pathway that inhibits noradrenaline release from perivascular nerve endings by
endothelially or neuronally produced NO. The uneven distribution of endothelial NOS furthermore

suggests that the latter mechanism predominates when the size of the blood vessel decreases.
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INTRODUCTION

The tone of a blood vessel is intimately controlled by
two counterregulatory forces, namely, the tonic release
of endothelium-derived nitric oxide (NO) and the re-
lease of noradrenaline from perivascular sympathetic
nerves. The endogenous formation of NO has been
demonstrated to be an important determinant of coro-
nary vascular tone (Amezcua et al., 1989; Kelm and
Schrader, 1990) and of coronary autoregulation (Ueeda
et al.,, 1992). The NO-forming enzyme, NO synthase
(NOS), resides not only in the vascular endothelium
and in neurons of the central nervous system but is also
present in discrete neuronal structures outside the
brain, suggesting a role for NO as modulator of neuro-
transmitter release (Snyder and Bredt, 1991). Re-
cently, the occurrence of NOS has been demonstrated
in perivascular nerves innervating coronary vessels of
the rat (Klimaschewski et al., 1992; Schmidt et al.,
1992) and the guinea pig heart (Kummer et al., 1992;
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Tanaka et al., 1993), supporting the assumption that
NO is involved in the neuronal control of the heart.
In vascular tissue noradrenaline was shown to in-
duce endothelium-dependent relaxation via stimula-
tion of endothelial a,-adrenoceptors (Angus et al.,
1986) and by this to counteract the vasoconstrictor ac-
tion of noradrenaline (Cocks and Angus, 1983; Van-
houtte and Miller, 1989). Furthermore, it has been
demonstrated that basal and bradykinin-stimulated
EDRF release as well as the application of compounds
that increase the level of ¢cGMP reduce the efflux of
noradrenaline from endothelium-denuded tissue (Co-
hen and Weisbrod, 1988; Greenberg et al., 1990, 1991).
Increasing evidence suggests that the tonic release of
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NO may influence vascular tone not only by its direct
vasodilator action on smooth muscle but also by an
indirect action via modulation of sympathetic neuro-
transmission.

The first aim of the present study was to specifically
investigate at the light and electron microscopic level
the distribution of endothelial and neuronal NOS (Fér-
stermann et al., 1991) along the vascular tree of the
heart using NADPH diaphorase (NADPH-d) activity
as a marker for NOS (Hope et al., 1991). The second
aim was to study the functional effects of exogenously
applied NO on coronary vascular resistance and car-
diac adrenergic nerves using the isolated perfused rat
heart as a model. The intraaxonal catecholamine con-
tent of cardiac sympathetic nerves was visualised by
applying glyoxylic acid-induced histofluorescence.

MATERIALS AND METHODS
NADPH-Diaphorase Staining

Male Wistar rats weighing 400-500 g were anesthe-
tised with pentobarbital. After opening the chest,
hearts were perfused in situ with 500 ml of ice-cold
phosphate buffered saline (PBS, pH 7.4) followed by
1,000 m1] of a fixative containing 4% paraformaldehyde
in 0.1 M phosphate buffer (pH 7.4) via a cannula in-
serted directly into the left ventricle. Hearts were ex-
cised, postfixed with 4% paraformaldehyde in 0.1 M
phosphate buffer at 4°C overnight, and then placed in
PBS containing 18% sucrose. Free-floating 40-50 pm
vibratome sections were incubated in 100 ml 0.1 M
Tris/HCI buffer pH 8.0 containing 50 mg reduced nic-
otinamide adenine dinucleotide phosphate (NADPH),
100 mg nitroblue tetrazolium (NBT), 125 mg monoso-
dium maleate, and 0.8% Triton X-100 at 37°C for 1
hour, then washed briefly in PBS. For the respective
controls, NADPH was omitted from the incubation me-
dium. For light microscopy, some sections were coun-
terstained with cresyl violet and embedded in araldite
for production of semithin sections of 3—-4 pm. For ul-
trastructural examination, the slices were postfixed
with 2% osmium tetroxide in 0.1 M PBS for 20 minutes
at 4°C. This procedure gave rise to the formation of
poorly soluble osmium-coordinated complexes with the
formazan generated from NBT by the NADPH-d activ-
ity (Horobin, 1982), appearing as black spots at the
ultrastructural level. Following a thorough wash in 0.1
M phosphate buffer for 30 minutes, the slices were de-
hydrated conventionally in a graded ethanol series and
finally infiltrated and embedded in araldite. Ultrathin
sections (30—60 nm) were obtained with a diamond
knife on a Reichert ultramicrotome, placed on copper
crids, and examined with a Zeiss EM 902A electron
microscope.

Isolated Perfused Heart

Isolated heart perfusions were carried out on hearts
from male Wistar rats weighing 190-230 g. Rats were
anaesthetized with carbon dioxide (CO,) and sacrificed
by cervical dislocation. After opening the chest the
heart was briefly rinsed with ice-cold saline, quickly
excised after cannulation of the aorta, and retrogradely
perfused according to the Langendorff technique (Lan-
gendorff, 1895). Hearts were perfused at a constant
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flow of 9 ml/min with a modified Krebs Henseleit
buffer (composition [mM]: NaCl 126.8, KCl1 5.9, MgCl,
1.2, CaCl, 2.5, NaH,PO, 1.2, glucose 5.0, NaHCO,
24.0, sodium lactate 1.0), prewarmed to 37°C, and
equilibrated with 95% 0,/5% CQ,. Hearts were allowed
to beat spontaneously and left ventricular pressure
(LVP), coronary perfusion pressure (CPP), heart rate
(HR), and maximum rate of rise of ventricular pressure
(dp/dt) were continuously documented on a Watanabe
linear recorder. Hearts were accepted for further study
only when basal CPP was >85 mmHg. Pharmacologi-
cal effects of NO were compared between age- and
weight-matched groups of five animals each against
the respective controls receiving saline only. After an
intial equilibration period of 20 minutes, hearts were
either perfused with saline or with an NO-containing
solution at a final concentration of 1078 M NO for 3 and
20 minutes, respectively. Isotonic aqueous solutions of
NO were prepared daily and stored in gas-tight sy-
ringes as described previously (Feelisch, 1991). These
NO-containing solutions were applied to the heart as a
continuous infusion at a rate corresponding to less than
1% of coronary flow using a high precision infusion
pump, whereas the outlet of the stainless steel tubing
was placed directly in front of the coronary ostium.

Fluorescence Histochemistry of Catecholamines

After a 3 or 20 minute application of NO or saline,
respectively, the right ventricles of isolated perfused
hearts were rapidly cut off, freeze-clamped, and stored
in liquid nitrogen for later histochemical examination
of intraaxonal catecholamine stores. At a temperature
of —30°C, the frozen myocardial tissue was cut into 16
pm cryostat serial sections. Adrenergic nerve fibres of
the right ventricle were made visible by means of gly-
oxylic acid-induced fluorescence of intraneuronal cat-
echolamines using the method of De la Torre (1980).
Quantitative assessment of individual tissue sections
was performed by high resolution microfluorimetry.
The system was comprised of a Leitz orthoplan micro-
scope equipped for fluorescence with epi-illumination
and 3 mm BG 12 and Leitz K 490 primary and second-
ary filters, respectively. Using a residual light ampli-
fying caesicon camera (Kranz Pic 762), tissues under
study were focused in the way that within the visible
field of the individual preparation only sections with
nerve fibres running in parallel were processed,
whereas sections containing sympathetic plexuses
were excluded from measurement. After invertion of
the primary image by means of a computerized image
analysing system (Artek 982, Fisher Scientific), fluo-
rescing adrenergic nerves were easily detectable as
dark areas against a bright background (see Fig. 7). To
eliminate background fluorescence, points below a
given threshold intensity were filled up in brightness
with the help of a specially designed measuring mask
so that only fluorescing nerve fibres remained visible.
The proportion of fluorescing areas in relation to the
total area processed (3 mm?) was estimated from the
means of 100 consecutive measurements per section
and was expressed on a percentage basis. No correction
for fading of the fluorescence image by photodecompo-
sition was necessary as the whole processing was per-
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formed in 10 seconds. By using this technique, not only
the length and thickness of the adrenergic nerve fibres
itself but also the dimensions of their axonal dilata-
tions, the “varicosities,” were recorded.

RESULTS
NADPH-Diaphorase Activity in the Rat Heart

Light microscopic tissue examination revealed
strong NADPH-d activity in the vascular endothelium
of the rat heart. Dark blue reaction products were
evenly distributed throughout the endothelial cell with
the exception of the nucleus. The distribution of
NADPH-d activity in endothelial cells along the vas-
cular bed depended critically on the diameter of the
blood vessel. Intramyocardial arteries of >100 pm in
diameter always showed strong NADPH-d positive
staining in their endothelial cells (Fig. 1,1a), suggest-
ing that the entire endothelial cell layer of larger myo-
cardial arteries contains NO synthase. In contrast,
smaller arterial vessels displayed only isolated
NADPH-d positive plaques in their endothelial cell
layer (Fig. 2), the frequency of which clearly decreased
with decreasing vessel diameter. Endothelial cells of
arterioles very rarely displayed NADPH-d positive
staining and, if present at all, this activity always was
very weak. The smooth muscle-free terminal capillar-
ies and postcapillary venules essentially were free of
formazan reaction products (Fig. 2a). In contrast, en-
dothelial cells of venous blood vessels showed weak
NADPH-d staining in most cases.

Ultrastructural examination of NADPH-d activity of
arterial and venous endothelial cells confirmed the re-
sults obtained at the light microscopic level. Besides its
endothelial localisation, considerable activity was also
demonstrated at the ultrastructural level in intracar-
diac nerve fibres, especially in axonal varicosities (Fig.
4). Parts of the axon bundles in the atrial myocardium
and surrounding intramural and extramural vessels
displayed diffuse distribution of electron dense spots.
As in endothelial cells, a specific localisation of for-
mazan precipitates in axonal organelles could not be
demonstrated. Axonal and endothelial cell mitochon-
dria were clearly free of NBT reaction products. De-
spite the negative staining of capillary endothelium,
perivascular fibres innervating the capillaries showed
positive NADPH-d staining (Fig. 3). Some nerve bun-
dles contained positively and negatively stained axons
side by side (Fig. 4), demonstrating selective localisa-
tion of NO-synthase in nerve fibres of the heart.

Hemodynamics of Isolated Hearts

Under the conditions of this study, isolated perfused
rat hearts revealed the following baseline hemody-
namic parameters: CPP 105 = 14 mmHg, HR 314 = 25
beats/min, +dp/dt 3690 = 545 mmHg x s™! (n = 20).
Mean data obtained after 20 minutes of equilibration
were not significantly different between groups (not
shown). Intracoronary infusion of aqueous solutions of
authentic NO produced a concentration-dependent re-
duction in CPP with half-maximal effects at about 1078
M (data not shown), confirming the potent dilator effect
of NO on coronary resistance vessels. Application of
1078 M NO for 3 and 20 minutes produced a decrease in
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CPP of 31.7 = 5.1% and 32.5 = 4.0%, respectively, as
compared to the corresponding control, whereas heart
rate and contractility were not significantly affected.

Catecholamine-Related Fluorescence of
Myocardial Nerve Fibres

Adrenergic nerve fibres were investigated 200 um
subepicardial. Nerve fibres running in parallel with
cardiac muscle fibres displayed bright fluorescing axon
varicosities. Application of NO produced both an in-
crease in the number of visualised fluorescing nerve
fibres and in the size of axon varicosities (Figs. 6 and
7). Under basal conditions, the area of fluorescing cat-
echolamine stores corresponded to 1.88 * 0.05% and
1.50 = 0.08% of the total area processed upon saline
perfusion of the hearts for 3 and 20 minutes, respec-
tively. Application to the heart of 1078 M NO for 3 and
20 minutes increased catecholamine related fluores-
cence by 26.1% and 24.7%, respectively, as compared to
the control (Fig. 8).

DISCUSSION

By using NADPH-d staining we demonstrate here
selective endothelial and neuronal localisation of NOS
in the rat heart. The applied fluorescence histochemi-
cal technique provided evidence, for the first time, for a
modulation of the intraaxonal content of catechola-
mines in cardiac adrenergic nerve fibres by exoge-
nously applied NO, thus suggesting a role for NO in the
regulation of sympathetic neurotransmission. Two im-
portant findings emerged from this study: firstly, NOS
is unevenly distributed in endothelial cells along the
vascular tree with decreasing expression from larger to
smaller vessels and an essential lack of expression in
the terminal vessels. Secondly, neuronal NOS activity
is present in all perivascular nerves, regardless of the
size of the innervated vessel. These results imply the
involvement of two independently operating NO-
driven processes in the modulation of blood vessel tone:
one pathway where endothelium-derived NO acts di-
rectly on the smooth muscle cell, and another indirect
pathway in which endothelium-derived or neuronally
produced NO acts via inhibition of noradrenaline re-
lease. '

The expression of NOS in endothelial cells appeared
to depend on the diameter of the blood vessel. The most
intense staining occurred in arteries with a diameter of
>100 nm, and a considerably weaker staining was seen
in smaller arterial and venous vessels. This finding is
in agreement with a recent report from another group
demonstrating that smaller arterioles contain very lit-
tle NOS (Bredt et al., 1990). Blood vessels of the rat
heart lacking smooth muscle, such as capillaries and
postcapillary sinuses, did not reveal any detectable
NADPH-d activity. The demonstrated augmentation of
intraaxonal catecholamine content by exogenously ap-
plied NO provides further support for a feedback reg-
ulation between endothelial NO formation and the pe-
ripheral sympathetic system, and explains the finding
of an enhanced efflux of noradrenaline following endo-
thelial denudation (Cohen and Weisbrod, 1988; Green-
berg et al., 1989, 1990 ).

The noradrenaline content of sympathetic nerve fi-
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Fig. 1. Histochemical demonstration of NADPH-diaphorase in an
artery of rat myocardium. Positive reaction is seen by darkening of
endothelial cell bodies. All visible endothelial cells show positive
NADPH-diaphorase reaction products. The individual positively
stained endothelial cells are marked with an arrowhead (Fig. 1). E:
endothelial cell, M: layer of smooth muscle cells, St: surrounding tis-
sue. Image inversion shows a distinct white colouring of the arterial

bers was visualised using glyoxylic acid-induced his-
tofluorescence. Compared to the determination of
tissue catecholamine content, this method allows dif-
ferentiation between the intraaxonal and extraaxonal

endothelium, which contrast against the darker surrounding tissue
(Fig. 1a). Bar = 12 um.

Fig. 2. Parts of the endothelial cells of rat intramyocardial arte-
rioles (A) (Fig. 2) and venules (V) (Fig. 2a) show positive NADPH-
diaphorase staining (arrows). Capillary endothelial celis {(C) are de-
void of NADPH-diaphorase reaction products (Fig. 3). Bar = 12 pm.

localisation of catecholamines in the myocardium and
direct visualization of changes in intraneuronal stor-
age sites that are otherwise difficult to examine. Using
this technique a significant difference in intraaxonal
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Figs. 3.4. Ultrastructural localization of formazan precipitates in  associated with capillary endothelial cells (E) (Fig. 3). Positively (A*)
rat myocardium following NADPH-diaphorase staining. Formazan and negatively (A) stained axons appear adjacent to one another (Fig.
precipitates appear as dark spots {arrowheads) in axons and axon 4). Bar = 250 nm.
varicosities. NADPH-diaphorase positive axons (A*) are found closely
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Figs. 5,6. Glyoxylic acid induced catecholamine histofluorescence
of intramural adrenergic nerve fibers in the right ventricle of the
isolated perfused rat heart. After an equilibration period of 20 min-
utes, the hearts were perfused for 20 minutes with a perfusate con-
taining nitric oxide at a concentration of 107® M or the vehicle alone.
In control hearts, fluorescing nerve fibres course paraliel to the axis
of cardiomyocytes and form chainlike varicosities (Fig. 5). Following
infusion of nitric oxide, a marked increase of catecholamine histoflu-
orescence was observed, indicating an augmentation of intraaxonal
catecholamines in myocardium (Fig. 6). Bar = 20 um.

catecholamine content of nonstimulated isolated spon-
taneously beating hearts was observed between 3 and
20 minutes after equilibration, which is likely to re-
flect a continuous moderate release of catecholamines
from the heart. The intracoronary a&nplication of a
physiological concentration of NO (107° M) resulted in
modulation of basal catecholamine levels in that it lead
to an increase in glyoxylic acid-induced histofluores-
cence in the right ventricular myocardium. The rapid
(within 3 minutes) augmentation of intraaxonal cate-
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Fig. 7. Appearence of the intraaxonal catecholamine content in
cardiac adrenergic nerve fibers after glyoxylic acid-induced catechol-
amine histofluorescence. After inversion on the monitor image, nerve
fibers are displayed as black areas (a). Subsequent to elimination of
points below a given threshold intensity (background fluorescence),
the area of remaining points is determined with the aid of a specially
designed measuring mask. Thus, only fluorescing nerve fibres are
visible as white areas (b).

cholamine levels persisted even after 20 minutes of
perfusion with NO and suggests that in the heart, NO
directly affects the steady state between release and
reuptake of catecholamines and that this phenomenon
is not prone to rapid tachyphylaxis.

Interestingly, the stimulation of sympathetic nerves
in the heart leads to vasoconstriction of coronary ar-
teries with larger diameter, whereas smaller arteries
are known to respond with vasodilation (Moreland and
Bohe, 1984). According to the results of the present
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Fig. 8. Changes in catecholamine-related fluorescence of isolated
perfused Langendorff hearts upon intracoronary infusion of authentic
NO. Results are presented as the means = SD of five individual ex-
periments. Differences between group means were determined by cal-
culation of one-way analysis of variance {ANOVA). Multiple compar-
1sons were performed using adjusted t tests with P values corrected by
the Bonferroni method (*P < 0.05; **P < 0.01).

study, the mechanism of inhibition of noradrenaline
release by NO appears to operate predominantly in
those parts of the coronary vascular bed that are con-
stricted by noradrenaline. The weak expression of NOS
in small arterioles, and the lack of expression in cap-
illaries, fits the physiological evidence that endothe-
lially supplied NO is more important in the regulation
of large rather than small blood vessels.

At the ultrastructural level the NADPH-d staining
technique demonstrated NOS activity in autonomic
nerve fibres of the rat myocardium that innervate the
blood vessels, particularly in axonal varicosities. These
results are in accordance with findings by other groups
(Bredt et al., 1990; Burnett et al., 1992; Klimaschewski
et al,, 1992; Kummer et al., 1992; Schmidt et al., 1992),
who demonstrated blood vessel-associated NOS-con-
taining nerve fibres in various tissues when applying
the immunohistochemistry and NADPH-d techniques
used in the present study. One important finding of our
study is the universal perivascular localisation of NOS
throughout all coronary vessels, despite the selective
localisation of NOS in the endothelium of larger blood
vessels. This may help to explain previously published
data showing that part of the action of endogenous NO
on the release of noradrenaline from vascular tissue
still persists after complete removal of the endothelium
(Greenberg et al., 1991).

We demonstrate side-by-side localisation of NADPH-
d positive and negative nerve fibres in rat myocardium,
which provides strong evidence for interneuronal com-
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munication between adjacent nerves via reiease of NO.
Although no NADPH-d activity was found in capillary
endothelial cells, the axonal varicosities of perivascu-
lar nerve fibres of the capillary wall, especially in rat
myocardium, were, as a rule, NADPH-d positive. This
implies that the entire vascular system from arteries to
veins is under the influence of NO, and that regulation
via inhibition of catecholamine release by neuronally
produced NO becomes more and more important when
the size of the blood vessel and the expression of endo-
thelial NOS decreases. Our results furthermore sug-
gest that NO modulation of catecholamine storage or
release may have an important effect on capillary func-
tion. Several years ago, it became evident that the cap-
illary system is also regulated by the activity of auto-
nomic nerve fibres and that biogenic amines are
involved in the modulation of capillary vessel diameter
(Addicks et al., 1979; Weigel and Schwarzmann, 1981).
Our results suggest that one such factor resonsible for
the modulation of neurotransmitter release in the cap-
illary bed of the heart may be NO. It further suggests
that other factors, such as capillary permeability, may
be under the control of NO released from perivascular
nerve endings.

In spite of the association of adrenergic nerve fibers
with the vascular system in the heart (Braunwald et
al., 1964; Addicks, 1982), the implications of the
present study are not necessarily limited to the regu-
lation of coronary blood flow and vascular tone but
may extend to other metabolic events in the heart. Re-
cent evidence suggests that the endocardium of iso-
lated perfused hearts is involved in the control of car-
diac contractility (Ramaciotti et al., 1992; Shah et al.,
1991). Because of the similarity between the effects
seen in this study with those known to be produced by
catecholamines, it appears conceivable that an NO-me-
diated modulation of noradrenaline release may ac-
count for this phenomenon. Until now, only very few
data are available on the regulation of the neuronal
synthesis of NO in the heart. Hence, a detailed analysis
of the functional role of nitrergic nerve fibers and their
interaction with the adrenergic nervous system re-
mains to be established.
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