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Abstract

Muscle hypertrophy due to enlarged muscle fibers was accom-

panied by kappa light chain myeloma in a 62-yr-old man. Im-
munofluorescence showed kappa light chain deposits around
muscle fibers. Wehypothesized that a circulating growth factor
may be involved in the pathogeny of this muscular hypertrophy.
Patient serum cultured with muscle cells showed that (a) the
patient's serum exhibited a trophic effect on human muscle cells
in culture, (b) this trophic effect increased the differentiation and
did not influence the proliferation of human muscle cells, and
(c) the fraction of the patient's serum immunoadsorbed on an-

tihuman kappa chain antibodies exhibited the same in vitro effect
on the muscle cells, whereas the fraction immunoadsorbed on

antihuman lambda chain antibodies did not. These results support
the hypothesis that the patient's kappa light chains have a spe-

cific enhancing effect on human muscle cell differentiation, per-

haps leading to an acquired muscular hypertrophy.

Introduction

A rapidly progressive and generalized skeletal muscle hypertro-
phy is often reported in pathological conditions related to en-

docrine disorders and, when the muscle enlargement is more

focal, to neurologic diseases. In a few cases, the enlargement of
the muscle mass is due to amyloid deposits and is thus a pseu-

dohypertrophy (1-8). Wehave recently reported the case of a

patient with a kappa light chain myeloma associated with an

acquired muscular hypertrophy free of endocrinological or neu-

rological pathology and without amyloid deposits (9). Thin de-
posits of kappa light chains around the muscle fibers did not
account for the muscular hypertrophy. However, they may pro-

vide a possible stimulating effect on the growth of striated muscle
fibers. In this paper, we studied the in vitro effect of the patient's
serum and kappa light chain Ig on muscle cells in culture.

Methods

Case report. The history of the patient follows, in brief. A Caucasian
male, born in 1917, first exhibited symptoms of muscular hypertrophy
on the right leg in March of 1979. Muscular hypertrophy rapidly involved
the muscles of the upper and lower members and the trunk. He was first
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hospitalized in November of 1979. The prominent finding was a huge
hypertrophy of all skeletal muscles (Fig. 1). Cardiac muscle remained
apparently intact (x-ray examination, electrocardiography, and echo-
cardiography). Routine hematological and biochemical investigations,
including plasma muscle enzymes, were normal. Endocrine and poly-
neuropathic disorders were ruled out. The patient was discharged without
diagnosis. In May of 1981, the patient was again hospitalized. The mus-
cular enlargement had progressed (e.g., an additional 6 cm at the leg
level), reducing the patient's muscular strength and impeding his life.
Test for urine proteins was positive for the first time ( 1.15 g/24 h). Serum
electrophoresis showed a slight hypogammaglobulinemia (5 g/liter). Urine
and serum immunoelectrophoresis showed a kappa chain monoclonal
component without significant albumin excretion in urines. Polyclonal
Ig were slightly decreased in the serum. A first bone marrow cytology
showed 6%of plasmacytes were of normal appearance. The skeletal ra-
diography was normal. The patient was discharged without specific
treatment. In September of 1981 the patient's clinical status worsened.
He was unable to eat normally due to pharyngeal muscle involvement.
A new bone marrow cytology disclosed that 37% of plasmacytes were
of normal appearance. All plasmacytes were positive for intracellular
kappa chains and negative for lambda, mu, gamma, and alpha Ig chains
with indirect immunofluorescence. Despite a treatment including plas-
mapheresis (seven cycles) and two cycles of prednisone, melphalan, and
cyclophosphamide, the patient died during a stay with his family. An
autopsy was not performed.

Two muscle biopsies were performed, in April of 1979 and in No-
vember of 1981. Under light microscopy, no extracellular deposit was
observed; Congo Red and Thioflavin T stain were negative. On the first
biopsy, taken from the deltoid muscle, the ratio and spatial distribution
of the muscle fibers were normal. The mean less diameter of the fibers
was at the upper limit of the normal values for this age (type I, 55 um;
type IIA, 65 Mum; type IIB, 60 Mm) (Fig. 2 A). The end-plates structure
was normal. On the second biopsy, taken from the quadriceps muscle,
there was a marked type I fiber predominance and hypertrophy (mean
less diameter, 70 Mm), and the type II fibers were slightly atrophic and
angulated (mean less diameter, 35 Mm). Electron miscroscopy showed a
normal myofibrillar organization. A striking finding was a thin fleecy
deposit along the plasma membrane of the muscle fibers (Fig. 2 B).
Numerous coated vesicles contained the same substance. A strong positive
stain was observed by immunofluorescence around all muscle fibers using
an anti-human kappa light chain antibody (Fig. 2 C). Anti-human
lambda, gamma, alpha, and muantibodies were negative. Anti-human
kappa light chain antibody did not reveal a similar deposit in the patient's
skin biopsy specimen. Renal biopsy was not performed.

Human sera. The patient's serum was sampled at the beginning of
a plasmapheresis 1 wk after the antimitotic treatment was stopped. Its
biological effect on muscle cell cultures was compared with that of (a)
pooled sera from healthy subjects, (b) serum from a male subject of the
same blood group as the patient (group B-), (c) two patients with a kappa
light chain myeloma, and (d) a patient with a muscle hypertrophy
(Thomsen's myotonia). Each serum was kept frozen at -80'C until used
in the cell cultures.

Ig with kappa and lambda light chains were purified from the patient's
serum by immunoadsorption on glutaraldehyde-activated ultrogel col-
umns coupled to anti-human kappa and lambda light chain antibodies
(Biosys, Compiegne, France) (10). After elution, they were precipitated
by dialysis of the eluted peak against (NH4)2 SO4. The precipitate was
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Figure 1. Patient's picture showing the huge hypertrophy of all skeletal
muscles.

dissolved in 1 ml culture medium and dialyzed overnight at 40C against
500 ml phosphate-buffered solution, pH 7.4. The protein content of the
eluted peak was then measured by Lowry's technique (1 1). Its biological
activity on the cultured cells was tested at a final concentration of
5 g/liter.

Muscle cell cultures. The serum effect was tested on human muscle
cell cultures in most experiments. The human myoblasts were obtained
from muscles of children and adult subjects admitted for orthopedic
surgery. The muscle piece was sampled from the quadriceps (vastus la-
teralis) at the time of surgery. Visible fat and connective tissue were
discarded by dissection, while blood cells were removed by washing and
teasing the muscle at 4VC in calcium-magnesium-free balanced salt so-
lution supplemented with 1 g/liter glucose. The tissue was then treated
by enzymatic dissociation according to a method described previously
(12). Briefly, the dissociating enzyme mixture was 0.07% trypsin (Gibco,
Grand Island, NY) and 0.07% collagenase (I131 U/mg type II; Worthing-
ton Diagnostics Div., Millipore Corp., Freehold, NJ) dissolved in balanced
salt solution, pH 7.4. 10 ml of this mixture per 100 mg of wet muscle
were poured in a stopped Erlenmeyer, which was agitated in a shaking
water bath for 30 min at 370C. The supernatant was then removed and
the enzyme activity was neutralized by adding fetal calf serum (Gibco).
The cell suspension was centrifuged for 10 min at 1,000 rpm and the
cell pellet was resuspended in 1 ml culture medium. Two successive
dissociations of 15 min each were carried out. The three resuspended
cell pellets were pooled and filtered to remove the muscle fiber debris.
The cells were spread into one or more 25-cm2 flasks (Falcon Labware,
Oxnard, CA), one flask per 100 mg wet muscle tissue. They were then
subcultured to get a sufficient number of myoblasts to allow different
experiments on the same culture and to decrease the percentage of fi-
broblasts present in the primary culture. Almost complete fibroblast re-

moval was obtained by successive passages of the cells in a medium
(described below) more favorable to the proliferation of myoblasts than
of fibroblasts and by using a plastic support on which fibroblasts were

grown slowly (Primaria; Falcon Labware). Thus, in this study, only highly
myogenic cultures were used, as demonstrated by the high fusion index
(90-95%) measured for each culture. If necessary, the cells were frozen
in liquid nitrogen until use.

In two experiments, rat embryo muscle cells were used. Rat embryo
muscle cells were obtained from 18-d-old embryos and cultured according
to the usual method ( 13).

The proliferation medium was 78%Ham's F-12 (Seromed; Biochrom,
West Berlin, Federal Republic of Germany), 20% fetal calf serum, and
2%chick embryo extract (CEE)' (Flow Laboratories, Irvine, Scotland).
The fushion and differentiation medium was 88%Dulbecco's minimum
essential medium (DME, Seromed), 10% horse serum (Gibco), and 2%
CEE. 100 U/ml penicillin, 100 Mg/ml streptomycin (Seromed) and 5 4g/
ml Fungizone (E. R. Squibb & Sons, Princeton, NJ) were added to each
medium.

The cultures were maintained at 370C in a humidified 5% CO2 in-
cubator for 2 or 7 d, according to experiments.

Analytical techniques. Myoblast proliferation was measured by the
cell doubling time. For this measure 1. I03 cells per 2-cm2 well (Falcon
Labware) were plated. 8 h after plating, the proliferation medium was
removed. The wells were washed three times with Ham's F- 12 medium
without serum. This medium was then replaced by Ham's F- 12 supple-
mented with 10% of (a) the serum from the patient, (b) the control
human serum and (c) fetal calf serum.

The cells of three different wells for each serum were counted with
a calibrated inverted phase contrast microscope each day for 4 d.

Myotube differentiation was studied on cultures grown in the pro-
liferation medium until the phase of myoblast alignment preceding their
fusion. As described above, the medium was replaced by DMEsupple-
mented with 10% tested serum. 48 h after the change of medium, the
cultures were fixed by 10% formol and stained by hematoxilin eosin to
measure the fusion index, i.e., the percentage of myoblasts that fused. It
was measured by the ratio multiplied by 100 between the number of
nuclei located within multinucleated cells and the total number of nuclei
present in the same field. Somecultures were grown for 7 d after changing
the medium to observe the cell fusion percentage and the morphology
of the myotubes when the cultures reached their maximal differentiation
(sarcomeric organization and eventual spontaneous contractions).

The rate of the proteins synthesized by the cultured cells in the pres-
ence of the different sera was measured by [3H]leucine incorporation
into TCA-precipitable material. For this study, 5 X 104 cells were plated
in 35-mm tissue culture dishes. They were grown during 24 h in conditions
similar to those used for subcultures and then cultured for 72 h in DME
supplemented with 10%of the tested material (control serum, pathological
serums, and kappa light chains were added to control serum). After
washing with serum-free DME, the cells were labeled for 30 min with 1
,uCi/mI L [4-5 3H]leucine (1 MiCi/,Ml, 160 Ci/mmol) in leucine-free DME.
The dishes were then washed three times with 2 ml DMEand after
removing all visible medium, the cell proteins were precipitated overnight
at 4°C by 1 ml of 7.5% TCA. The supernatant was removed by aspiration
and the cell precipitate was lysed with 0.5 ml of 1 MNaOHat 37°C for
at least 2 h. 300 Ml of the cell lysate was added to 2.7 ml scintillation
fluid (Ria Luma; Kontron, Zurich, Switzerland) and the samples were
counted for 3H-radioactivity (14).

Results

Effect of patient and control serum on growth of muscle cells in
culture. When added to the muscle cell culture medium, the
patient's serum exhibited a trophic effect on the growth of these
cultures, leading to fourfold cell colony growth in the wells con-

I. Abbreviation used in this paper: CEE, chick embryo extract.
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Figure 2. (A) Cryostat section of the muscle; mean diameter of fibers
are at the upper limit of normal values. No interstitial deposit was ob-
served by light microscopy. (B) Electron microscopy of muscle show-
ing the thin fleecy deposits along the muscle fiber plasma membrane.
Note that pinocytosis vesicles contain the same substance. (C) Trans-

Figure 3. Trophic effect of the patient's serum on human myoblasts
plated at the same initial density. In the presence of this serum the cell
colony size is fourfold when compared with that of myoblasts grown
in the presence of control human serum.

taining the patient's serum compared with control wells (Fig.
3). The morphology of the rat myotubes, cultured in the presence
of the pathological serum was not modified. The growth of the
human muscle cells was not modified when cultured in the pres-
ence of the serum from the patient with Thomsen's myotonia
or in the presence of pooled serum from patients with kappa
light chain myeloma but without muscle hypertrophy. On the
other hand, the trophic effect appeared specific for myoblasts,
since cultures of other cells (human skin fibroblasts, and gran-
ulocytic and erythroid bone marrow progenitors) with the pa-
tient's serum did not show an effect on the number and the size
of these cells.

Effect of the patient's serum on myoblast proliferation. The
cells were counted during their phase of exponential growth.
The daily cell numeration showed that the rate of the cell pro-
liferation in the presence of the patient's serum was identical to
that observed in the presence of the control human serum
(23±1.30 h). The curves drawn for each culture condition were
superimposable. The cell growth velocity in the presence of hu-
man serum was lower than that measured in the presence of

verse skeletal muscle cryostat section stained with fluoresceinated anti-
kappa light chain antiserum. A thin linear staining of the sarcolemma
was observed with antikappa light chain antiserum. x 160.
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fetal calf serum (population doubling time, 21±2 h), but the
difference was not statistically significant.

Effect of the patient serum on myoblast differentiation. The
influence of the serum on the cell fusion was measured by the
fusion index when the cultures were incubated in the presence
of different serums for 48 h and 7 d. As shown in Table I, after
48 h, the percentage of fused cells in the cultures grown in the
presence of the patient's serum was significantly higher than that
in the cultures grown in the presence of the control serums. The
higher the percentage of fused cells, the lower the density of
living cells. In all cultures, a significant negative correlation was
found between the total number of nuclei and their percentage
present in the myotubes. As the total number of cells varied
with the different serums added to the culture medium, the fusion
index was also calculated to account for a possible decrease of
the cell number at the end of the experiment, in comparison to
the control (normal serum). This corrected fusion index of the
cultures grown in the presence of the patient's serum remained
significantly higher (45% fusion, 62% nuclei/cm2) when com-
pared with the fusion index (6% fusion, 100% nuclei/cm2) of
cultures grown with normal serum.

After 7 d, the maximal myotube differentiation was reached.
The fusion index of the cultures grown in the presence of the
patient's serum was in the same range (80±10%) as that measured
in the control cultures. However, the myotube morphology dif-
fered significantly. Their width was three or four times greater
than that of the normal myotubes; they were so highly branched
that they formed a large syncytium with imprecise limits (Fig.
4). On the other hand, small unbranched myotubes containing
less than 10 nuclei had about two times the cytoplasm when
grown with the patient's serum, compared with control serum.

Effect of the patient serum on protein synthesis. The rate of
[3H]leucine incorporation into TCA-precipitable material was
significantly increased in the cultures grown in the presence of
the patient's serum when compared with the values obtained
either with the control serum or with the other pathological ser-
ums (Table II). On the contrary, the same experiment carried
out on two cultures of embryonic rat muscle cells did not show
differences in the rate of [3H]leucine incorporation between cul-
tures with normal and pathological serums.

Effect of the purified patient's kappa and lambda chain serum
Ig. Since the patient's urines were not available, and, following
the hypothesis that kappa light chains were responsible for the

Table I. Fusion Index of HumanMuscle
Cells in the Presence of Different Serums

Fusion
No. of nuclei index

Serum Total (N,) Myoblasts Myotubes (N.) N./N,

0Xi0-3 lX 10-3 lX 10-
Xcm2-I Xc9-I Xcm2- 1 %

C 3 2.7 0.3 10
B- 2.7 2.6 0.1 4
H 2.8 2.55 0.25 9
M 2.5 2.1 0.4 8
Patient 1.7 0.5 1.2 70

Nt, total nuclei; Nm, myotube nuclei; C, control serum from healthy
subjects; B-, serum from a male subject of the same blood group
(B-) as the patient; H, serum from a patient with Thomsen's muscle
hypertrophy; M, serum from two myelomatous patients producing
kappa light chain Ig but without muscle abnormalities.
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Figure 4. Humanmyotubes cultured in the presence of control hu-
man serum (A) and patient's serum (B). These later myotubes are
thick and branched, forming a large syncytium.

myotrophic effect in vitro, patient's kappa and lambda light chain
Ig were purified from the serum by immunoadsorption in order
to be tested on muscle cell culture. Immunofluorescence study
showed that cultured human muscle incubated with patient's
serum reacted with anti-kappa but not with anti-lambda and
anti-gamma antibodies (Fig. 5). The addition of kappa light
chain Ig to control serum induced the same differentiation as

Table IL [3H]Leucine Incorporation
into TCA-precipitable Material

Muscle Serum Control* Patient P

Human 1 (male, 31 mo) 36.5±5.3 63.4±4.7 <0.001
Human2 (male, 42 yr) 43.1±2.1 60.0±3.3 <0.001
Human3 (female, 25 yr) 38.9±10 73.2±4.4 <0.01
Human4 (female, 5 d) 49.8±2.3 70.9±1.1 <0.001
Rat fetus 29.7±2.6 33.5±2.4 NS

* Pooled sera from healthy subjects. Data expressed in counts per
minute per milligram of proteins (mean±SEM of six experiments).
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the patient's unfractionated serum. In contrast, the addition
lambda light chain Ig induced the same differentiation as t
control serum alone. Furthermore, the cell fusion was accelerat
and reached the same percentage (72%) as that obtained wi
the control cultures (Table III). Similarly, the protein synthe
was significantly increased and to the same magnitude as th
found for the total patient's serum.

Discussion

The acquired pseudoathletic morphology observed in this uniqi
patient was apparently due to an increase in the total muscul
mass and not to perimuscular deposits. Indeed, in the two bio
sies, no interstitial deposit was seen by light microscopy at
stains for amyloid deposits were repeatedly negative. The d
ameter of the muscle fibers was, on the first biopsy, at the upp
limit of the normal range for a 62-yr-old man, but it was in
possible to determine if this was the result of a recent, progressii
process. In the second biopsy, the type I fibers were marked
hypertrophic, but the type II fibers were slightly atrophied, prol
ably in relation to the steroid treatment given to the patient ,

that time. The fleecy kappa light chain deposit observed by ele4
tron microscopy around all muscle fibers may have partial]
contributed to the production of the hypertrophy. However
was too thin (1 ,um) to account for the large increase of th
muscle mass. The discomfort to the patient resulted mainly fror
the mechanical consequences of the muscular hypertrophy. It
terestingly, the cardiac muscle was not involved.

The discovery, 2 yr after the first muscular symptoms, of
monoclonal proliferation of plasmacytes producing kappa ligi

, j, f, ,'...> cl

f .,tv, / u

Figure 5. Human myotube incubated with the patient's serum for I h
after paraformaldehyde fixation. (A) Phase contrast; (B) immunofluo-
rescence showing the binding of anti-kappa light chain antibodies to
the surface of these cells. X 500.
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Table III. Effect of the Kappa Ig Immunoadsorbed
from the Patient's Serum and Added to Pooled Normal Sera

Serum Fusion index ['HJLeucine incorporation

% cpm/mgP

C 10 22.1±3.1
C+ KIg 72 64.7±7.2*

C, pooled control serums; C+ Kig, control sera and kappa immuno-
globulins purified from the patient's serum.
* Value statistically different from the control values (Student's t test,
P< 0.001).
Results are expressed as the mean±SEMfrom two triplicate experi-
ments.

PIVI

chains was the second main finding in this patient. Since amy-
ve- loidosis was ruled out, the most likely diagnosis was Ig light
ly chain disease. This disease was first described by Randall et al.

,b (15) and further reported by others (16-18). Symptoms include
at renal, hepatic, and cardiac failures due to Ig light chain deposits.
c- Muscle cell hypertrophy, as shown in our patient, has never

ly- been reported. In our patient, kappa light chain deposits were

it present around the muscle cells and, in light of this, his disease
it

could be classified as another case of Ig light chain disease. How-
me ever, all usual clinical symptoms of this disease were absent; the
n kidney, heart, and liver remained apparently unharmed. The

deposits of kappa light chains around the muscle cells and not

a around the other cells, as shown by the patient's skin biopsy and

ht by in vitro studies, suggested that free kappa light chains them-
selves might support the muscle growth-enhancing activity ob-
served in the patient's serum.

In investigating the hypothesis of a circulating growth factor
specific for the muscle cells that is present in the patient's serum
and involved in the pathological process, we found muscle cell
cultures to be a choice material, since they are disconnected
from their own humoral environment and the effects of change
in their surrounding medium can be estimated. The experiments
performed by adding the patient's serum to cultured human
myoblasts showed that this serum had a muscle cell growth ac-
tivity, which from our experiments on other cells, especially
human fibroblasts, appeared specific for human myogenic cells.
The responsibility of the abnormally secreted free Ig kappa light
chain was strongly suggested by experiments using specifically
immunoadsorbed patient's kappa and lambda serum Ig. Indeed
the addition of the patient's kappa serum Ig to normal human
serum reproduced the effects observed with the patient's un-
fractionated serum, whereas the patient's lambda serum Ig did
not. Although isolated monoclonal kappa chains were not tested,
these in vitro data, together with the results of the immunoflu-
orescence study, made it very likely that free kappa chains se-
creted by the patient's myeloma cells were responsible for the
muscular hypertrophy.

This trophic effect could be due either to an increase in cell
proliferation or to a higher myotube differentiation. The results
of the experiments described in this paper clearly demonstrated
that the patient's kappa light chain Ig increased the myotube
differentiation through an acceleration of the fusion process and
an increase in the protein synthesis. In measuring the increase
of the muscle mass, we used [3H]leucine, which is an unspecific
marker of protein synthesis, instead of more specific markers of
muscle proteins (such as creatine kinase, myosin heavy chain,
or acetylcholine receptors) for two reasons. First, the cultures
used in this study were highly myogenic, minimizing the per-
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centage of proteins synthesized by the nonmyogenic cells. Sec-
ond, experiments on human fibroblasts showed that the patient's
serum did not increase their multiplication and, consequently,
did not increase the number of these cells, already sparse at the
beginning of the culture. The study of specific muscle proteins
will be useful in a second step of experiments to pinpoint the
mechanism of action of the patient's serum on muscle cells.
This direct action on muscle cell differentiation is unusual. In-
deed, the factors known to influence the growth of the muscle
cells (fibroblast growth factor, [ 19] insulin, throxin [20], soma-
tomedin [21], and transferrin [22]) all increase their proliferation.
The higher number of myotubes found in the cultures fed with
one or many of these factors is the consequence of an increased
proliferation of the myoblasts.

The mechanism of action of the patient's kappa light chain
on muscle cell differentiation remains to be demonstrated. In-
deed, the events triggering the fusion are not clearly understood.
The experiments using different culture conditions described in
this paper suggest that there is a balance between the myoblast
proliferation and the myotube differentiation. Qualitative
changes in the culture medium balance this equilibrium. For
instance, Hammedium plus fetal calf serum promotes the myo-
blast proliferation; conversely DMEplus horse serum provoked
the fusion (see Methods). Studies of avian and mouse myogenesis
have suggested that serum and chick embryo extract contain
macromolecular components that are inhibitory to differentia-
tion (23). It was demonstrated that the myoblast differentiation
occurred rapidly in the cultures fed conditioned medium, i.e.,
medium collected after having fed a myogenic culture for at
least 3 d and which was, consequently, depleted of mitogens.
Conversely, serum and CEEadded to the conditioned medium
delayed myoblast fusion (24). As myoblasts continue to prolif-
erate in the presence of macromolecular components, the mi-
togenic activity could be on the same molecule as the inhibiting
differentiation components. It is tempting to speculate that the
myogenic activity of the free kappa light chains present in the
serum of our patient could result in an indirect blockage of the
biological properties of the mitogenic-inhibiting differentiation
macromolecule(s).

The abnormally numerous coated vesicles located beneath
the sarcolemma probably reflect an intense endocytosis process
of the Ig deposits surrounding the muscle fibers. Whether this
endocytosis has some relationship with the myogenic effect re-
mains speculative. Finally, it is likely that the biologically active
portion of these kappa light chains is located on the variable
region at its amino terminal end, since sera of three patients
with kappa light chain myeloma but without muscular hyper-
trophy behave like normal human serum on muscle cultures.
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