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Summary. The ultrastructure of the atrial myocardium 
in the monkey (Macaca fascicularis) was studied after 
bilateral cervical vagotomy and survival times of 100,175 
and 367 days. Changes were observed in the nucleus and 
the cytoplasm of the myocyte. Sequestered within the 
nuclei of the affected myocytes were cytoplasmic 
organelles and inclusions. In the late stages, there was a 
tendency towards condensation and margination of the 
heterochromatin. Changes in the cytoplasm included 
increased glycogen, mitochondrial degeneration and 
myofibrillar disorganisation and degeneration. There 
was increased collagen and mononuclear cell infiltration 
in the extracellular space in the later stages. This study 
has shown that the long term structural integrity of the 
atrial myocyte depends on an intact vaga1 innervation. 
The survival of the monkey after chronic bilateral 
vagotomy suggests that this nonhuman primate is 
a suitable model for functional studies of the 
parasympathetically denervated heart. 
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lntroduction 

Although the normal ultrastructure of the 
mammalian atrial myocardium has been well described 
(Canale et al.. 1986; Sommer and Jennings, 1986) 
accounts of the effects of vagotomy on its structural 
integrity are relatively few. Tchervova (1960) has 
described, histologically, leucocytic infiltration, 
dedifferentiation of connective tissue cells and myocardial 
fibers following vagotomy, while Chernukh et al. (1974) 
mentioned mitochondrial changes in their ultrastructural 
study. Imataka et al. (1982) observed cellular enlargement, 
nuclear degeneration and fibrosis in the interstitial spaces 
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in the rabbit ventricle 7 to 8 days after a unilateral 
vagotomy. More recently, Wong et al. (1987) followed 
the sequential ultrastructural changes in the monkey's 
atrial myocardium up to 4 weeks after a bilateral vagotomy. 
In that study, it was uncertain if the observed atrophic 
changes were transient and reversible or prolonged and 
irreversible. The present study was therefore undertaken 
to answer that question and to describe the ultrastructural 
changes in the chronically vagotomised atrial 
myocardium in the monkey. A brief account of the 
results has been published (Wong et al., 1988). 

Materials and methods 

Six healthy adult monkeys (Macaca fascicularis) of 
either sex and weighing 2.0-4.2 kg were used. Their ages 
could not be ascertained as they were trapped in the wild 
by animal suppliers. In 3 animals, under intraperitoneal 
Sagatal (sodium pentobarbital30 mglkg) anesthesia and 
aseptic conditions, a ventral midline incision was made in 
the neck to expose both vagi. The nerves were sectioned 
above the omohyoid muscle and to avoid reinnervation a 
10 mm length of each nerve was removed. Survival times 
were 100, 175 and 367 days. One monkey was sham 
operated in which the vagi were exposed but not sectioned 
and was allowed to survive 175 days. The 2 remaiiling 
monkeys were used as unoperated controls. At the time 
of sacrifice each animal was reanesthetized and received 
artificial respiration through a tracheostomy by a Palmer 
animal ventilator. The mediastinum was exposed and the 
pericardium slit to allow the routine intraventricular 
injection of 1000 units of heparin (1 ml) and 1 m1 of 1% 
sodium nitrite per kg body weight. The animal was 
rapidly perfused through the left cardiac ventricle with 
500 m1 of Ringer's solution at pH 7.3-7.4 followed by 
1000 m1 of dilute fixative (1% paraformaldehyde + 
1.25% glutaraldehyde) and then 2000 m1 of concentrated 
fixative (4% paraformaldehyde + 5% glutaraldehyde) in 
0.1M cacodylate buffer at pH  7.4. 

After perfusion, the heart was removed and placed in 
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Experimental animals 

A spectrum of abnormal myocytic profiles was seen in 
the chronically vagotomised myocardium. Changes were 
observed in the nucleus and cytoplasm. 

Cytoplasmic organelles and inclusions such as 
mitochondria, atrial granules, sarcoplasmic reticulum, 
tubulovesicular structures, myofilaments, lipid droplets 
and electron-dense bodies were located within deep 
nuclear invaginations which communicated with the 
cytosol (Figs. 3, 4). In other instantes, the cytoplasmic 
organelles were apparently lying freely in the nucleoplasm 
(Figs. 4, 5). The outlines of other nuclei were deeply 
indented assuming polylobular forms (Fig. 6). The 
chromatin in these and other nuclei was patchily 
distributed. There was a tendency towards condensation 
and margination of the heterochromatin, especially in 
the later stages. 

The sarcolemma of some atrial cells was deeply folded 
with outpockets or cell projections resulting in peripheral 
displacement of the nucleus (Fig. 7). Giant mitochondria 
(Figs. 7, 8) were more commonly seen than in control 
animals. Many mitochondria showed disintegration of 
cristae, vacuolation and sequestered glycogen granules 
(Figs. 4 ,8,9) .  Glycogen granules were increased in many 
myocytes with the formation of alpha particles, hardly 
encountered in control animals (Fig. 10). Large glycogen 
deposits rnay entrap within themselves mitochondria 
which undergo dissolution (Fig. 11). 

Myofibrillar disorganisation was reflected in a general 
edema of the myocyte, loss of myofilaments and distor- 
tion, fragmentation or disappearance of Z discs (Figs. 12, 
13). The loss of myofilaments in the myocytes rnay be 
replaced by a proliferation of sarcoplasmic reticulum, 
mitochondria and accumulation of alpha glycogen 
particles (Fig. 10) or an undefined granular substance in 
the cytosol (Fig. 12). 

There was increased collagen in the extracellular 
space, especially in the 175- and 367-day animals with 
infiltration of mononuclear cells (Fig. 14). some of which 
were in close relation with myocytes (Fig. 15). 

Discussion 

The present study provides the first direct evidence 
that the long term structural integrity of the atrial 
myocardial cell is dependent upon an intact vaga1 
innervation. As an extension of our earlier observations 
(Wong et al., 1987), the present results also suggest that 
the ultrastructural changes in the chronically vagotomised 
myocardium are progressive and irreversible. These 
changes rnay be attributed to the bilateral vagotomy as 
none were observed in the sham operated or unoperated 
control animals. Moreover, experimental and control 
animals were subjected to a similar procedure before and 
during perfusion. 

The intranuclear inclusion of cytoplasmic organelles 
and inclusions observed in the present study compare 
with those described in a variety of normal, degenerating 
and diseased mammalian tissues (Leduc and Wilson. 1959; 

Brandes et al., 1965; Bloom. 1967; Sobe1 et al.. 1969; De 
Lellis et al., 1980; Sanford et al., 1987), including human 
myocardial cells in coronary heart disease (Schaper and 
Schaper, 1986). Interestingly, the nuclei of smooth 
muscles in the cerebral artery wall also assumed 
polylobular forms after long-term sympathectomy 
(Dimitriadou et al., 1988). 

Various explanations have been proposed to account 
for the phenomenon. They include undulation of the 
nuclear envelope and lobulation of the nucleus (Brandes 
et al., 1965; De  Lellis et al., 1980), abnormal or unusual 
mechanisms during cell growth (Brandes et al.. 1965; 
Bloom. 1967) and the maintenance of a constant ratio of 
nuclear surface to nuclear volume (Leduc and Wilson, 
1959; Sanford et al., 1987). In the present study, the 
second alternative is not likely since such nuclear profiles 
were not encountered in the control animals: nor indeed 
were they in the short-term survival studies (Wong et al., 
1987). The invagination of the nuclear membrane 
resulting in an increase of the nuclear surface rnay reflect 
functional demands, since in the atrophic myocytes there 
was degradation and degeneration of cytoplasmic 
organelles. 

A lowered DH has been associated with ultrastructural 
changes in the myocardium, including aggregation of 
nuclear chromatin (Armiger et al., 1977). In the present 
results the changes observed in the nuclear chromatin 
could be a reflektion of the accumulation of metabolites 
or breakdown products in the atrophied myocytes. Such 
changes rnay be indicative of cell injury. 

In the experimentally-induced ischemic myocyte 
there is a rapid depletion of glycogen due to the 
acceleration of glycogenolysis and anaerobic glycolysis 
(see Reimer and Jennings, 1986). In contrast, in the 
chronically vagotomised myocyte there is increased 
glycogen, possibly due to decreased demand or accelerated 
synthesis. The deformation and disintegration of the 
mitochondria entrapped within the large glycogen deposits 
could be a mixed physical and chemical phenomenon. 
Another feature is the increased glycogen within the 
mitochondria. Intramitochondrial glycogen has been 
reported in normal rat retina1 receptors (Ishikawa and 
Pei, 1965), frog spinal ganglia (Berthold, 1966) and 
dystrophic axons (Lampert, 1967) among others. An 
occasional glycogen granule has been observed by us in 
the normal myocyte. The abnormal accumulation rnay 
be due to a decreased demand and metabolism. 

Tomanek and Cooper (1981) have demonstrated the 
role of stretch andlor tension in maintaining the 
structural integrity of the myocardial cell by severing the 
chordae tendineae of a ventricular papillary muscle. 
They described rapid and marked cellular degeneration 
in the myocytes. In the present study, the bilateral 
section of the vagus nerves would have interrupted not 
only their efferent but also their afferent components 
which are concerned with the cardiac reflexes (Higgins et 
al., 1973; Corr et al., 1986). Sectioning of the vagus 
nerves would remove the parasympathetic innervation to 
the atrium and abolish these reflexes. This could be a 
contributing factor to the changes in the myocytes which 
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included myofibrillar degeneration and extensive loss of 
contractile elements. 

While bilateral vagotomy in the present study has 
been shown to be correlated with degenerative changes 
in the atrial myocardium, whether the operation also 
affected its functional integrity and to what degree is not 
known. Previous functional studies have emphassied the 
poor survival of animals after a bilateral cervical 
vagotomy (Sharpey-Schafer, 1920: MacCanon and 
Horvath, 1957; Schmitt and Meyers. 1957; Sloan et al., 
1959; Shephard and Whitty, 1964). Consequently. it has 
been difficult to obtain a chronically parasympathectomised 
heart (Kaye, 1984). Some observations on the isolated 
cat papillary heart rnuscle one week after a bilateral 
cervical vagotomy (Vergara and Penna, 1984) suggest a 
possible n~odulatory role of the vagus nerve in the 
synthesis and/or release of the adrenergic neurotrans- 
mitter in the ventricular myocardiurn. The present 
successful survival of our animals following chronic 
bilateral cervical vagotomy. coupled with our earlier 
shorter term study (Wong et al., 1987) suggests that the 
monkey could serve as a suitable experimental model for 
functional studies of an extended timeframe of the 
parasympathetically denervated heart. 
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