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Nuclear membranes of cardiac muscle cells were studied in 134 patients with
cardiac hypertrophy of various causes. Abnormalities observed consisted of: a)
increased foldings and convolutions; b) nuclear pseudoinclusions formed by cyto-
plasmic organelles protruding into saccular invaginations of the nuclear membranes,
and c) intranuclear tubules. The increased foldings and convolutions of the nuclear
membranes and the nuclear pseudoinclusions appear to result from synthesis of
nuclear membranes in excess of that needed to accommodate the increase in nuclear
volume which occurs in hypertrophy. Intranuclear tubules were found in 6 patients
and consisted of tubular invaginations, 400 to 650 A in diameter, of the inner
nuclear membranes into the nucleoplasm. Some of these tubules were straight and
cylindrical, and were associated with a peripheral layer of marginated chromatin;
others were not associated with chromatin, appeared coiled and followed irregular
courses. Intranuclear tubules in cardiac muscle cells probably represent an extreme
cellular response to the stimulus of hypertrophy. (Am J Pathol 78:427-460, 1975)

ALTHOUGH it has long been known that the nuclei of hyper-
trophied cardiac muscle cells show prominent morphologic abnormalities,
including hyperchromasia, enlargement and bizarre modifications of
shape, little is known of the ultrastructural aspects of these changes. In-
deed, the ultrastructure of nuclei of abnormal cardiac muscle cells has
received little attention. During recent studies of hypertrophied cardiac
muscle cells in human hearts ** we have observed a spectrum of altera-
tions in the configuration of the nuclear membranes of hypertrophied
myocytes. The present communication describes these alterations, which
range from increased convolutions of the membranes to the formation
of different types of intranuclear tubules, and discusses their significance.

Materials and Methods

The ultrastructural observations reported in this communication were made on
cardiac tissues obtained from a total of 134 patients as follows: a) crista supra-
ventricularis muscle resected at operation from 59 patients with various congenital
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cardiac diseases associated with infundibular 'stenosis ; b) ventricular myocardium
obtained at operation from the septum and the left and right ventricular free walls
from 28 patients with hypertroi)hic cardiomyopathy (asymmetric septal hyper-
trophy, ASH)23; c) left ventricular apical myocardium obtained at operation from
16 patients with aortic valvular disease (8 patients with predominant aortic valvular
stenosis, 5 patients with pure aortic regurgitation and 5 patients with combined
aortic stenosis and regurgitation)4; and d) ventricular myocardium (obtained in
14 patients by Konno catheter biopsy of the right side of the ventricular septum
and in 17 patients by Menghini needle biopsy of the left ventricular free wall)
from 31 patients with congestive cardiomyopathies of various types.5

All tissues were fixed with cold 3% glutaraldehyde in 0.1 M phosphate buffer,
pH 7.2, washed with several changes of buffer, postfixed with cold 1% osmium
tetroxide in Millonig’s phosphate buffer, dehydrated with ethanol and propylene
oxide, and embedded in Maraglas.® Ultrathin sections were stained with lead citrate
and uranyl acetate and examined with the electron microscope.

Results

Observations made on nonhypertrophied human cardiac muscle cells
confirmed findings of recent ultrastructural studies which have defined
certain aspects of the morphology of nuclei and nuclear membranes of
normal cardiac muscle cells in other species.”® The nuclei in nonhyper-
trophied cells are centrally located and appear as smooth, elongated,
oval-shaped structures, the major axes of which are oriented parallel to
the myofibrils (Figure 1). The nuclei are limited by the inner and the
outer nuclear membranes, both of which are single and trilaminar (Fig-
ures 2-4). These two membranes run a parallel course and are sepa-
rated from each other by a space which measures approximately 200
to 250 A in width and appears electron lucent. This space hereafter will
be referred to as the perinuclear cistern. The outer nuclear membrane
is continuous with the membranes which form the tubules of the sarco-
plasmic reticulum (Figure 3). Thus, the lumen of the perinuclear cistern
is continuous with the lumina of the tubules of sarcoplasmic reticulum.
This continuity is evident with respect to tubules of both smooth- and
rough-surfaced reticulum (Figures 3 and 4). Occasionally, ribosomes
are attached to the outer surface of the outer nuclear membrane. The
inner nuclear membrane normally does not form projections or protru-
sions into the nucleoplasm. The inner surface of the inner nuclear mem-
brane is closely associated with an electron-dense zone of marginated
chromatin. Presumably involved in this association are the sites of at-
tachment of the nuclear chromatin to the inner surface of the inner
nuclear membrane. A fibrous lamina immediately adjacent to the inner
surface of the inner nuclear membrane is prominent in certain cell types,
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but it is not present in cardiac muscle cells. The inner and the outer
nuclear membrane fuse with each other at points where nuclear pores
are formed (Figure 1). Nuclear pores are complex ring-like structures
which measure from 700 to 900 A in diameter (Figures 2, 3 and 5).
Each nuclear pore has a central opening which provides direct con-
tinuity between the cytoplasm and the nucleus and also serves as a selec-
tive barrier for the nucleocytoplasmic exchange of macromolecules.

The configuration of the nuclear membranes is known to vary accord-
ing to the state of contraction of the cardiac muscle cells.®® The nuclear
membranes appear smooth in contour during diastole and become wrin-
kled during systole. The degree of systolic wrinkling or redundancy of
the nuclear membranes has been found to be proportional to the extent
of sarcomere shortening.’® The outer nuclear membranes of cardiac
muscle cells are connected to the Z bands of the myofibrils by means of
cytoskeletal filaments which measure 100 A in diameter and differ mor-
phologically from the actin and myosin classes of filaments.?* These
cytoskeletal filaments (Figure 5), the connections between the outer
nuclear membrane and the tubules of the sarcoplasmic reticulum (Fig-
ures 3 and 4), and the basket-like network of microtubules which sur-
round the nucleus (Figures 2 and 4) are the three structural compo-
nents which maintain the nucleus in a stable position in the cardiac
muscle cell.

The various nuclear membrane alterations which we observed in car-
diac muscle cells were classified into three categories according to
whether such changes involved the formation of: a) simple convolu-
tions or irregularities of contour of the nuclear membranes; b) nuclear
pseudoinclusions formed by the presence of cytoplasmic components
in invaginations of the nuclear membranes, or ¢) intranuclear tubules
derived from the inner nuclear membrane.

Convolutions or Irregularities of Contour of Nuclear Membranes

The nuclear membranes in nonhypertrophied or minimally hyper-
trophied cardiac muscle cells followed wavy courses (Figure 1),
because most muscle cells in biopsy specimens were contracted. There-
fore, the nuclear membranes appeared serrated in sections cut perpen-
dicular to their surfaces, ie, in longitudinal sections through central areas
of nuclei. In longitudinal sections which just grazed the nuclear surfaces
the folds of the nuclear membranes of highly contracted cells often were
evident as isolated, discontinuous areas of nuclear material which ex-
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tended in a transverse direction and which, due to the highly tangential
plane of sectioning, had poorly defined limiting membranes. These ob-
servations indicated that the folds of the nuclear membranes were pleat-
like and were oriented perpendicular to the longitudinal axis of the cell.
These folds were present only along the lateral surfaces of the nuclei.
The tips of the nuclei consistently appeared smooth in contour, usually
having a convex face, or less commonly, a concave one.

Alteration of shape was the most common change in the nuclei of
hypertrophied cardiac muscle cells (Figures 6-11). Although present
to some extent in each of the biopsies examined, this alteration was most
pronounced in biopsies from patients with hypertrophic cardiomyopathy.
As described in detail elsewhere,** the latter patients showed the most
severe degrees of cellular enlargement and irregularity of cellular shape.
Alterations of nuclear shape in hypertrophied cells (Figures 6-10) con-
sisted of variously irregular deviations from the smooth, ovoid shape
(ie, circular in transverse sections and oval in longitudinal sections) of
nuclei in nonhypertrophied cells. These changes in overall nuclear shape
frequently were accompanied by severe, localized irregularities of con-
tour of the nuclear membranes (Figure 6). The extent of these irregu-
larities was such that they could not be accounted for on the basis of
contraction of the muscle cells. Smaller irregularities of contour of nu-
clear membranes often occurred in the form of focal areas of marked
convolutions which showed no relationship to other nuclear or cyto-
plasmic structures (Figure 6). A manifestation of larger irregularities
in contour of nuclear membranes was the occurrence of multiple lobu-
lations of the nuclei (Figures 8 and 9). Owing to the plane of section-
ing, these lobulations at times appeared disconnected from the main
portion of the nucleus (Figure 9).

Nuclear Pseudoinclusions

Nuclear pseudoinclusions occurred as consequences of invaginations
of the nuclear membranes (Figures 11-15). These invaginations mea-
sured up to 5 p in diameter and were filled with variable numbers of
mitochondria, lysosomes, lipofuscin granules and glycogen particles. In
tangentially cut sections these cytoplasmic protrusions into nuclei ap-
peared circular in outline and simulated intranuclear inclusions. The
cytoplasmic pseudoinclusions differed from true intranuclear inclusions
by being separated from the nucleoplasm by the outer nuclear mem-
brane, the perinuclear cistern and the inner nuclear membrane (Figure
15). Some of these pseudoinclusions represented cytoplasmic protru-
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sions into shallow, pleat-like folds of the nuclear membranes. Other
pseudoinclusions resulted from large, cup- or flask-like invaginations of
the nuclear membranes. This was shown by the fact that their shapes
appeared round in sections cut tangential to the surface of the nucleus.
Concave depressions filled with Golgi cisterns and other cytoplasmic
components occasionally were present at the ends of the nuclei. When
cut transversely, these depressions appeared as circular areas of cyto-
plasm completely surrounded by a ring-shaped nucleus (Figure 11).
Because of this arrangement, these areas of cytoplasm enclosed by nu-
clear material also gave the erroneous impression that they were intra-
nuclear inclusions. As in the case of the pseudoinclusions described
above, these areas of cytoplasm were separated from nuclear compo-
nents by the inner and outer nuclear membranes and the perinuclear
cistern.

In some cardiac muscle cells the nuclear pseudoinclusions were nu-
merous and occupied large portions of the nuclear surfaces (Figure 12).
In other cells the pseudoinclusions were clustered to one side of the
nucleus, the remainder of which was uninvolved. The clusters of pseu-
doinclusions were encountered most frequently in biopsies in which
tubules derived from the inner nuclear membranes also were present
(Figures 12-15). Nuclear pores were present consistently in areas of
nuclear membranes involved in the formation of pseudoinclusions.

Intranuclear Tubules Derived from the Inner Nuclear Membrane

Two types of intranuclear tubules were recognized. The clinical and
morphologic observations in the 6 patients in whom these tubules oc-
curred are presented in Table 1. Both types of tubules were intranu-
clear; both were derived from inward extensions of the inner nuclear
membrane, and both showed continuity of their lumina with the lumen
of the perinuclear cistern. Cardiac muscle cells containing intranuclear
tubules showed varying degrees of hypertrophy and degeneration. Such
changes, however, occurred to a similar extent in adjacent cells in which
intranuclear tubules were not present. The 6 patients in whom these
tubules were found did not fit into a single diagnostic category and did
not have clinical features that could distinguish them from other pa-
tients in whom intranuclear tubules were not present.

Tubules of the first type (Figures 12-16) were rodlike, measured
from 420 to 650 A in diameter, had well-defined points of branching
or bifurcation, and extended into the depths of the nuclei, where they
terminated. They occurred in clusters of up to several hundred tubules
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per nucleus (Figure 13). These clusters usually involved only one area
of the nucleus and frequently were adjacent to nuclear pseudoinclusions
(Figures 12 and 14). Remaining areas of such nuclei usually showed
prominent convolutions and infoldings of their membranes. Some of
these infoldings simulated intranuclear tubules, from which they dif-
fered by being associated with both the inner and the outer nuclear
membranes (Figure 17). The chromatin in nuclei containing these
tubules was more extensively marginated than usual, but otherwise was
normal in appearance. The tubules were not associated with the nucleoli.
The distinctive characteristics of these tubules were the straight, smooth,
cylindrical shape of their walls and the consistent association between
their outer surface (ie, the inner surface of the inner nuclear membrane)
and a band of marginated chromatin which surrounded each tubule and
measued from 200 to 300 A in width (Figures 15 and 16). Such an asso-
ciation was similar to that existing between the nuclear chromatin and
the inner nuclear membrane in areas not involved in the formation of
intranuclear tubules. Some of these tubules had electron-lucent lumina
(Figure 15). Others were filled with moderately electron-dense, finely
granular material (Figure 18). In some nuclei this material also was
present in wide, saccular, dilated spaces, up to 2 p in diameter, which
were formed by larger invaginations of the inner nuclear membrane
(Figure 18). Some of the accumulations of this material did not show
connections with the perinuclear cistern and appeared as rounded (Fig-
ure 19) or oval (Figure 20) intranuclear bodies limited by a single,
trilaminar membrane (ie, the inner nuclear membrane). Proliferation
of the outer nuclear membrane occurred extremely rarely and only in
association with other, severe abnormalities of the nuclear membranes
(Figure 14).

Intranuclear tubules of the second type (Figures 18 and 21) had the
same diameters (400 to 650 A) as the straight tubules described above.
They were highly coiled or convoluted, showed irregular branching,
usually had clear lumina, and formed rounded or irregularly shaped
tangles in peripheral areas of the nucleoplasm. The membranes forming
these tubules were single and trilaminar but, in contrast to those of the
first type of intranuclear tubules, were not associated with marginated
nuclear chromatin. These membranes were continuous with the inner
nuclear membrane. This continuity was easily recognized by the fact
that the area of demarcation between these two structures showed an
abrupt termination of the association between marginated nuclear chro-
matin and the surface of the membrane. The areas of connection be-
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tween the inner nuclear membrane and the membranes of the coiled
intranuclear tubules sometimes were localized near the nuclear surfaces;
more commonly, however, the coiled tubules appeared to be connected
with straight segments of invaginated, chromatin-associated inner nu-
clear membrane rather than being directly connected with the inner
nuclear membrane at the nuclear surfaces (Figures 18 and 21). Coiled
tubules were observed only in nuclei in which straight tubules also were
present.

Discussion

This study describes certain alterations which the nuclear membranes
of human cardiac muscle cells undergo during the course of cardiac
hypertrophy. These alterations range from foldings and convolutions,
which involve both the inner and the outer nuclear membranes to the
same extent, to intranuclear tubules, which result from asymmetric,
selective growth of the inner nuclear membrane. It is clear from the
observations reported herein that the nuclear membranes follow more
tortuous and convoluted courses in hypertrophied than in normal car-
diac muscle cells. The irregularities of contour of the nuclear membranes
are accentuated by the contraction of muscle cells which takes place
during cutting and fixation of biopsy material.® Nevertheless, the extent
to which convolutions of nuclear membranes occur in hypertrophied
cardiac muscle cells is much greater than can be accounted for on the
basis of contraction artifact. These irregularities markedly increase the
surface area of the nuclei and, therefore, the area available for nucleo-
cytoplasmic interactions. Thus, it appears that the synthesis of nuclear
membranes in hypertrophied cardiac muscle cells can be in excess of
that needed to simply accomodate the increase in nuclear volume which
occurs as nuclei grow. This excessive growth of nuclear membranes is
manifested in the form of redundant folds and convolutions.

The irregularities of the nuclear surfaces in hypertrophied cardiac
muscle cells lead to the formation of nuclear pseudoinclusions, which
actually are globular, finger-like or flask-shaped protrusions of portions
of cytoplasm into the nuclei. In histologic preparations it is difficult or
impossible to distinguish between these pseudoinclusions and true intra-
nuclear inclusions. This distinction, however, can be made readily by
electron microscopy. In ultrathin sections the pseudoinclusions appear
as isolated areas of cytoplasm enclosed within nuclei and limited by two
membranes. The outer membrane of each inclusion is in contact with
the nuclear chromatin and therefore is the inner nuclear membrane; the
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inner membrane of the inclusion is in contact with its content (ie, cyto-
plasmic organelles) and is the outer nuclear membrane. Some pseudo-
inclusions are filled with glycogen particles and simulate intranuclear
glycogen deposits. The latter can be distinguished from glycogen-rich
nuclear pseudoinclusions by criteria outlined in a previous report from
this laboratory.*

The nuclear pseudoinclusions in hypertrophied cardiac muscle cells
are morphologically similar to those which occur in a large variety of
other types of cells,'>* including certain neoplastic cells,'®!"182023 in
which such deformations of the nuclear membranes cannot be attributed
to artifacts produced by cellular contraction. In muscle tissues, nuclear
pseudoinclusions have been described in detail only in skeletal muscle
cells of Bar Harbor strain 129 dystrophic mice * and of rats with ex-
perimentally induced vitamin E deficiency.’®* Woodard ?* found a fre-
quent occurrence of intranuclear cytoplasmic invaginations in mouse
liver and in extraorbital lachrymal glands of rats, organs which have a
high incidence of hyperploid nuclei. Woodard considered these pseudo-
inclusions to be related to abnormal or unusual mechanisms of cell
growth. Our observations are consistent with this, since hyperploid nu-
clei also are found frequently in hypertrophied human hearts.

The intranuclear tubules in cardiac muscle cells represent highly un-
usual abnormalities in which the abnormal growth of the inner nuclear
membrane is not matched by that of the outer nuclear membrane, so
that the outer nuclear membrane follows its usual course while the inner
nuclear membrane invaginates into the nucleoplasm. The nuclear cis-
terns in these areas of invaginations often contain electron-dense ma-
terial of unknown composition. The two types of intranuclear tubules
which we have described differ from each other in their geometry, their
content and their association with nuclear chromatin. A relationship be-
tween the morphology of the tubules and nuclear chromatin was clearly
evident. Tubules of the type associated with a peripheral “coating” of
marginated chromatin were straight, smooth and cylindrical, whereas
tubules not associated with chromatin were coiled and followed highly
in irregular paths. Furthermore, some tubules showed a transition from
the chromatin-associated type to the coiled type, and the coiling por-
tions of these tubules began at the points where the association with
chromatin terminated. These observations suggest: a) that certain areas
of the tubular membranes have chromatin-binding loci, as do other
areas of the inner nuclear membrane; b) that chromatin stabilizes the
structure of the tubular walls, and c¢) that the two types of tubules are
closely related manifestations of the same phenomenon.
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In discussing the possible significance of the intranuclear tubules in
cardiac muscle cells, it is useful to compare their morphologic features
with those of intranuclear tubules described in other reports. Such com-
parisons are essentially limited to cells other than muscle, because in-
tranuclear tubules in muscle cells have been reported in one other
study.?* To facilitate these comparisons, and since the subject of intra-
nuclear tubules has not been reviewed in detail, we have classified the
various types of intranuclear tubules into three groups according to the
scheme outlined in Table 2. The most basic distinction between these
different tubules concerns whether or not they are derived from the
nuclear membranes, ie, whether or not continuity between the tubular
walls and the nuclear membranes can be demonstrated. Tubules de-
rived from the nuclear membranes have been subdivided into three
categories, depending on whether or not they develop in association
with evidence of viral invasion of the cell and depending on whether
they originate from the inner or the outer nuclear membranes. Tubules
not derived from the nuclear membranes constitute a heterogeneous
group, as do tubules of uncertain or undetermined origin.

The two types of tubules reported in this communication belong to the
group of tubules which are derived from the inner nuclear membrane
and which are not associated with evidence of viral invasion of the cells.
Tubules which meet these criteria also have been described in cells of
Novikoff ascites hepatoma,?**" Taper hepatoma,*® Yoshida ascites hepa-

Table 2—Classification of Intranuclear Tubules

I. Tubules Derived from Nuclear Membranes
A. Derived from invaginations of the inner nuclear membrane; not associated with
evidence of viral infection
B. Derived from invaginations either of the inner nuclear membrane or both the inner
and outer nuclear membranes; associated with replication, coating and trans-
nuclear passage of viral particles, and with reduplications of the nuclear
membranes
C. Smooth-walled, branching tubules which occupy either the perinuclear cistern or
cisterns of endoplasmic reticulum and which can be derived from the outer nuclear
membrane, the inner nuclear membrane or the membranes of endoplasmic
reticulum
1. Tubules Not Derived from Nuclear Membranes
A. Microtubules similar to those normally present in the cytoplasm
B. Myxoviruses and paramyxoviruses
C. Myxovirus-like tubules in polymyositis
ftl. Tubules of Undetermined Origin
A. Tubules in cells transplanted into rabbits
B. Tubules induced by estrogen in mammotroph cells of pituitary
C. Tubules induced by ACTH in adrenal cortical cells
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toma,?3° proliferating, preneoplastic rat hepatocytes in carcinogenesis
induced by N,N-dimethylaminoazobenzene,® trophoblast III of rat
and mouse chorioallantoic placenta,®> and human endometrial epithe-
lium.**-¢ Tubules in the various types of hepatomas mentioned above
were few in number, were associated with a layer of marginated chro-
matin and ribonucleoprotein particles, and ranged in diameter from
500 to 3000 A. These features are similar to those of the chromatin-
associated tubules in myocardium. The nuclear tubules were more nu-
merous and occupied larger areas of the nuclear surfaces in cardiac
muscle cells than in any of the other cell types in which they have been
described. The intranuclear tubules in trophoblast III of rat and mouse
chorioallantoic placenta ** differ from the chromatin-associated intra-
nuclear tubules in cardiac muscle cells and also from the intranuclear
tubules in endometrial epithelial cells,?**#¢ preneoplastic hepatocytes **
and hepatoma cells 2*° by not being associated with condensations of
chromatin or ribonucleoprotein particles against their outer walls. In
this respect, the tubules in trophoblast III nuclei resemble the coiled
tubules in nuclei of cardiac muscle cells. The latter tubules, however,
are much more convoluted than those in trophoblast III nuclei. The
pattern of arrangement of the intranuclear tubules in trophoblast III is
reminiscent of that in the intranuclear tubules of human endometrial
epithelial cells. First described by Daubrauszky and Pohlmann,*** the
tubules in human endometrial epithelium develop only during the post-
ovulatory half of the menstrual cycle and are subject to specific hormonal
influences.?**¢ Because of their association with nucleoli, these tubules
have been variously named intranuclear corpuscles,® nucleolar chan-
nels,* nucleolar canalicular systems*' and nucleolar baskets.** More
et al *® have described these tubules as forming a “nucleolar channel sys-
tem” which consists of a hollow, spherical stack of interdigitating tu-
bules. These tubules measure from 600 to 1000 A in diameter, arise
from the inner nuclear membrane, form a nine-turn spiral and terminate
bluntly. Toward the end of the menstrual cycle, the nuclear tubules in
human endometrial epithelium form a disordered mass which often takes
the form of a nuclear protrusion.** Evidence presented by More et al
suggests that these tubules are extruded and incorporated into giant
lysosomes.*® The tubules in rat trophoblast ITI (which undergoes degen-
eration as parturition approaches) sometimes were found in close ap-
proximation to cytoplasmic membranous whorls that invaginated into
the nuclei and structurally resembled lysosomes.* Luginbuhl ¥ and
Kohorn et al *4¢ showed that the formation of intranuclear tubules in
organ cultures of human proliferative endometrium can be induced by
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progesterone, medroxyprogesterone acetate, chlormadinone, 19-proges-
terone and 19-chlormadinone, but not by estradiol, testosterone or com-
pounds of the group of 19-nortestosterone progestational steroids (ie,
norethindrone, norethynodrel, dimethisterone, norgestrel or ethynodiol
diacetate). Kohorn et al interpreted these data as indicating that the
acyl group in the 17-f position of the D ring of the progestational steroid
is necessary to induce the formation of endometrial intranuclear tu-
bules.** These observations show that the inner nuclear membranes in
certain cell types can show discrete, well-defined proliferative responses
to chemical stimuli.

Discrete responses of the nuclear membranes to other stimuli also are
evident in the changes which these structures undergo in cells infected
with viruses of the herpes,*~** adenovirus ¢ and cytomegalovirus 5%
groups, which proliferate within nuclei. Cells infected with these agents
show: a) intranuclear viral particles; b) intranuclear tubules which are
derived either from the inner nuclear membrane or from both the inner
and the outer nuclear membrane, are closely associated with viral par-
ticles, and can have single, double or multiple walls, or spiral configura-
tions; and ¢) multiple lamellar structures which are formed by redupli-
cations and foldings of the nuclear membranes. We did not observe viral
particles or lamellar structures derived from reduplication of nuclear
membranes in any of the 134 cardiac biopsies. Therefore, we do not
believe that the intranuclear tubules which we have observed represent
evidence of cardiac viral infection.

The intranuclear tubules in cardiac muscle cells also differ from the
smooth-walled, branching tubules (tubuloreticular structures) which
arise from invaginations of the membranes of nuclei or endoplasmic re-
ticulum. These smooth-walled tubules have been observed in glomerular
and capillary endothelial cells and in lymphocytes of patients with
systemic lupus erythematosus and other autoimmune diseases, in various
types of neoplastic cells, and in association with numerous viral infec-
tions (these have been reviewed by several authors ®-"2). These tubules
do not appear to be composed of viral particles. Although they have
been considered to have a similarity to myxo- or paramyxoviruses,” re-
cent studies " have shown that they differ morphologically and histo-
chemically from these viruses. These tubules occur in aggregates and
have small diameters (200 to 300 A). Their pattern of branching varies
considerably; they can form highly regular, crystalline aggregates.®” The
smooth-walled, branching tubules usually are located within cisterns of
endoplasmic reticulum or within the perinuclear cistern,®*"? but they
are also seen within nuclei.”™ In myocardium these tubules have been
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reported in the cytoplasm of capillary endothelial cells of 3 patients:
1 with Coxsackie viral myocarditis,® 1 with thyrotoxic heart disease and
thyrotoxic myopathy ® and 1 with polymyositis, chronic alcoholism and
congestive cardiac failure.® The smooth-walled, branching tubules just
described may be regarded as representing another type of proliferative
response of the membranes of nuclei and endoplasmic reticulum either
to injury or to viral infection. It must be remembered that the outer
nuclear membrane is continuous with the membranes of the endoplasmic
reticulum, and that proliferation of normal-appearing (nonaggregated )
tubules of endoplasmic reticulum occurs, particularly in liver cells,’*™
as a response to the administration of a variety of drugs. Proliferation
of smooth tubules of sarcoplasmic reticulum is a common finding in
degenerated cardiac muscle cells of patients with severe cardiac hyper-
trophy.* Furthermore, we found aggregates of tubules derived from
sarcoplasmic reticulum ™ in the cytoplasm of cardiac muscle cells in 2
of the 6 patients who also had intranuclear tubules. The pathogenesis
of these changes in cardiac muscle cells is unclear.

Two types of intranuclear tubules which are not constituted by in-
vaginations of the nuclear membranes are: a) microtubules of the type
ordinarily found in the cytoplasm, and b) myxoviruses and paramyxo-
viruses. The presence of microtubules in interphase nuclei (as opposed
to dividing nuclei, where microtubules normally form part of the mitotic
apparatus) has been reported as a rarity.**' These microtubules mea-
sure about 200 A in diameter and may form complex intranuclear ag-
gregates (see Smith and Smith * for review) similar to those which
develop in the cytoplasm of vincristine-treated cells.** The intranuclear
tubules in cardiac muscle cells differ clearly from intranuclear micro-
tubules and from the tubular structures which have been found in the
cytoplasm and nuclei of a variety of types of cells infected with myxo-
viruses and paramyxoviruses.®**® These tubular structures represent ag-
gregates of viral particles (rather than extensions of the nuclear mem-
branes ), show an axial periodicity of approximately 115 A, and are much
smaller (approximately 200 A in diameter) than the intranuclear tubules
in cardiac muscle cells. The myxovirus-like tubules observed by Chou
in nuclei and cytoplasm of skeletal muscle cells from a patient with
chronic polymyositis *2° and by Chandra et al in transplanted human
leukocytes °* also differ from the intranuclear tubules in cardiac muscle
cells.

Three other reports of intranuclear tubules of undetermined origin
remain to be considered. The first two are additional examples of forma-
tion of intranuclear tubules as responses to hormonal agents, ie, induc-
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tion by estradiol in mammotroph cells of pituitary gland of Mongolian
gerbils *2% and induction by ACTH in cells of zona fasciculata of ad-
renal cortex of calves.® In both of these cell types the hormones induce
the formation of smooth-walled vesicles, tubules and cisterns of various
sizes in nuclei. These structures showed little or no association with
nuclear chromatin. They were similar in some respects to the intranu-
clear tubules derived from the inner nuclear membranes in rat and
mouse trophoblast III. A relationship between the intranuclear tubules
and cisterns and the nuclear membranes could not be demonstrated in
mammotroph or adrenal cortical cells, and the morphogenesis of the
tubules in these cells remains unexplained. These tubules were very
pleomorphic and showed little resemblance to those in cardiac muscle
cells.

Also of uncertain origin are the nuclear tubular inclusions observed
by Stoebner et al * in several types of human, canine and rat neoplastic
cells, and in normal human pancreatic acinar cells, after implantation
into rabbits. These tubules measured 500 A in diameter and up to 6800
A in length, were straight or curved, were not associated with margin-
ated chromatin, and showed no branching. Some tubules were sur-
rounded by single, outer sleeves which measured 650 A in diameter and
had periodic striations (80 A spacing) oriented obliquely or perpen-
dicular to the longitudinal axes of the tubules. A relationship between
these tubules and the nuclear membranes was not described. Of possible
interest with respect to these tubules is the finding of intranuclear rod-
shaped viral particles having outer sleeves with a somewhat similar sub-
structure in midgut cells of Gyrinus.®* The rod-shaped viral particles *
and the tubules described by Stoebner ** are morphologically different
from the tubules in cardiac muscle cells.

It is evident from the observations in this study and from the reports
reviewed above that nuclear membranes respond to abnormal stimuli
in a number of morphologically different ways, some of which are highly
specific. Synthesis of excessive amounts of nuclear membrane material
and formation of nuclear pseudoinclusions appear to be responses to the
stimulus of cardiac hypertrophy. It is uncertain whether the intranuclear
tubules in cardiac muscle cells represent an extreme form of this re-
sponse or a specific reaction to other, unknown factors.
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Fig 1—Part of nonhypertrophied cardiac muscle cell in crista supraventricularis from 23-
year-old patient with ventricular septal defect and no obstruction to right ventricular out-
flow. The nucleus is oval shaped and contains a small nucleolus. The nuclear membranes
show several indentations in their contour. The chromatin is finely dispersed throughout
the nucleoplasm, with only a small amount of margination. The myofibrils are contracted

(x 13,500).




Figures 2-5 are higl_1 maghnification views of nuclear membranes in nonhypertrophied (e,
normal transverse diameter) cardiac muscle cells from left ventricular apical myocardium
of 40-year-old woman with aortic valvular stenosis.

Fig 2—The inner and outer nuclear membranes follow a parallel course and are separated
from one another by the perinuclear cistern. Lateral views of three closely adjacent nuclear
pores are shown in the center (single arrowheads); en face views of other nuclear pores
are shown in area at bottom (paired arrowheads), in which the nuclear membranes are
sectioned tangentially. Several microtubules are in close proximity to the nuclear mem-
branes (x 73,600). Figs 3 and 4—Connections (arrowheads) between the outer nuclear
membrane and smooth-surfaced (3) and rough-surfaced (4) reticulum are shown in these
views (X 82,000). Fig 5—Bundles of 100 A thick filaments (arrowheads) extend be-
tween nuclear membrane and an adjacent Z band. Note en face views of several nuclear
pores (X 82,000).



Fig 6—Nucleus of hypertrophied cardiac muscle cell shows marked irregularities of contour
of one of its sides. The other side and the ends of this nucleus exhibit few convolutions.
Crista supraventricularis muscle from 53-year-old man with ventricular septal defect and
infundibular stenosis (X 8750).




Figures 7-10 are of abnormalities of nuclear shape in hypertrophied cardiac muscle
cells.

Fig 7—Blunt-tipped nucleus with mildly irregular lateral surfaces and smooth ends.
Cardiac muscle from right side of ventricular septum of 46-year-old woman with thyro-
toxic heart disease (X 5775).

Fig 8—Cross-section through nucleus shows asymmetric lobulations. Crista supraven-
tricularis muscle from 36-year-old man with atrial septal defect and combined pulmonic
valvular and infundibular stenosis (x 5580).

Fig 9—Irregularly shaped, highly lobulated nucleus of cardiac muscle cell from left side
of ventricular septum of 47-year-old man with hypertrophic obstructive cardiomyopathy
(obstructive ASH, IHSS) (x 7750).

Fig 10—Large, blunt-tipped nucleus with a concave depression at one of its ends. This
depression is occupied by several large lipofuscin granules. Compare with Figure 11
which shows a section cut transversely at the level of a similar depression in the nuclear
surface. Muscle from right side of ventricular septum of 40-year-old woman with chronic
alcoholism and history of Coxsackie B viral myocarditis (X 10,200).






Fig 11—Large nuclear pseudoinclusion of the type shown here results from transverse sec-
tion through cytoplasmic invagination at the end of nucleus of a cardiac muscle cell. Compare
with Figure 10. This pseudoinclusion contains lipofuscin granules, mitochondria, glycogen,
ribosomes, Golgi cisterns and a multivesicular body. Left ventricular free wall myocardium
from 56-year-old man with polymyositis and congestive cardiac failure (X 20,350).



Fig 12—Tangential section through surface of nucleus of cardiac muscle cell shows large
nuclear pseudoinclusions formed by invaginations of both inner and outer nuclear mem-
branes, and small intranuclear tubules derived from cylindrical invaginations of the inner
nuclear membrane. The nuclear chromatin is marginated against the inner nuclear mem-
brane. Left ventricular apical myocardium from 46-year-old man with combined aortic
stenosis and regurgitation (X 29,500).



Fig 13—View of cardiac muscle cell nucleus from left side of ventricular septum of 29-year-
old woman with nonobstructive hypertrophic cardiomyopathy. Numerous intranuclear tubules
form a large cluster at one end of the nucleus and are associated with several nuclear
pseudoinclusions, one of which is rich in glycogen (x 15,000).



Fig 14—Part of highly convoluted, irregularly shaped nucleus of muscle cell from left side
of ventricular septum of 10-year-old boy with asymmetric septal hypertrophy and discrete
(fibrous ring) type of subaortic stenosis. Nucleus shows pseudoinclusions formed by cyto-
plasmic invaginations (compare with Figures 12 and 13), intranuclear tubules (compare with
Figure 15), two inclusions formed by deposition of electron-dense material between the inner
and the outer nuclear membranes (compare with Figures 18—20), and a small area of selec-
tive proliferation of the outer nuclear membrane (x 14,800). Inset—Higher magnification
view of tubules derived from proliferation of outer nuclear membrane (X 34,800).



a6

Fig 15—High magnification view of nuclear pseudoinclusions and intranuclear tubules
shown in Figure 13. Two pseudoinclusions, shown on the left side of the photograph, consist
of areas of cytoplasm surrounded by the outer nuclear membrane, the perinuclear cistern
and the inner nuclear membrane. The intranuclear tubules have single, trilaminar mem-
branes which are associated with chromatin (X 93,750).



Fig 16—Nucleus of cardiac muscle cell, from same patient as in Figure 14, contains two
types of intranuclear tubules. Intranuclear tubules of the first type are similar to those
shown in Figure 15, originate from invagination of the inner nuclear membrane (white
arrowheads) and are associated with chromatin; tubules of the second type (black arrow-
heads) are irregular in contour and are not associated with chromatin (X 40,000).

Fig 17—Lateral view of convoluted folds involving both inner and outer nuclear mem-
branes. As shown in this illustration, both membranes are clearly distinguishable, even
in very narrow folds. This differentiates between tangentially cut folds and the tubular
invaginations of inner nuclear membranes shown in Figures 15 and 16. Same patient as
in Figures 14 and 16 (X 63,000).



Fig 18—Tangentially cut section through nucleus of cardiac muscle cell shows two types
of intranuclear tubules. Tubules of the first type (top and center) are formed by inner
nuclear membranes which are associated with marginated chromatin; some of these tu-
bules (top) have clear lumina, while others (center) are filled with finely granular material
similar to that in the nuclear inclusions. The latter also are limited by inner nuclear
membranes associated with marginated chromatin. Tubules of the second type are highly
convoluted and form a tangled mass at the bottom of the picture. Same patient as in
Figures 14, 16 and 17 (x 34,500).



Fig 19—High magnification view of nuclear inclusion in cardiac muscle cell from same
patient as in Figure 12. The inclusion contains finely granular, electron-dense material and
is limited by inner nuclear membrane which is not associated with marginated chromatin
(X 72,000). Fig 20—Nuclear inclusion and intranuclear tubules are present in cardiac
muscle cell from same patient as in Figure 8. The nuclear inclusion is limited by inner
nuclear membrane; the association of this membrane with chromatin is clearly shown to
terminate abruptly (arrowheads). Some intranuclear tubules contain material similar to
that within the inclusion (X 30,000).



Fig 21—High magnification view of convoluted, coiled intranuclear tubules not associated
with chromatin. Compare with Figure 18. A few, larger tubules associated with chromatin
also are present. Cardiac muscle cell from same patient as in Figures 12 and 19 (X

63,000).



