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ERYTHROCYTES IN DUCHENNE
MUSCULAK DYSTROFPHY

F. Q. R. Biddiqui
Abstract

This review describes erythrocyte
as # model eell for binchemical investiga-
tions in the pathogenesis of muscular dys-
trophies. This account also deals with the
enzymatlc abnormalities in Duchenoe mus-
cular dystrophy and the abnormal effect
of the cardiae glyeoside ouabaln on mem-
brane ATPuase. Moreover the importance
of the latest findings on the cell shape,
deformability, microviscosily and changes
in surface properiies are signified. Abnor-
mal ion fluxes, fatty ackl patterns and
altered levels of membrans protein phos-
phorylation have alse been discussed.

Introduction

Muscular dystrophies are the severc forms
of muscle diseases with known etiology. These
are penetically determined, progressively depe-
nerative and are primary in nature; but the real
cause of these disorders remains obscure.

'I'he most serious and the most investigated
type amongst the common muscular dystro-
phies 15 the Duchenne dystrophy, However the
pathogenesis of the discase 13 still unknown
(Walton and Gardner-Medwin, 1974; Kowland.
1976).

A considerable amount of biochemical
findings has been accumulated during the last
iwo decades (Pennington 1974). However, be-
cause of the great difficulty in obtaining swit-
able human biopsy matenial, comparably lile
information on biochemical changes in dystro-
phic muscle is available. Thus, on one hand,
this encouraged nvestigators 1o find appro-
priat¢ animal models and on the oher hand
ingpired workers to use non-muscle cells, such
as erythrocytes or skin fibroblasts in the inves-
tigation of the pathopenesis of muscular
dystrophues.  Obviously, ervthrocyvies for the
reasons of availability and simplicity arc now
the focus of major hinochemical investigations
in rescarch in muscular dystrophy.
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Table: Erythrocyle Aboormalities in Duchenne Mus cular Drystrophy

Reporied Abmorsislhie)

Rielevenmcds

Decrcased glycolysas

ATPase: abnormal response 10 ouabain

Increased activitics: hexokinase, aldalase, Pyruvale
Linase.

Acetylcholinasterase: abpormal K, and respense i
inhibitors,

Fﬂ scids: altered pavierns in membranc phospho-
'

Increased K ¥ efflux,
Awnormal shape,
Increased K* — influx.

Decreawed deformability,

Increased membiane protein phosphorylation
Increased phopholipase A,

increaved clectrophoretic mobilities.

Increased lysaphosphatidylcholine and diphosphatis
dylglycarol.

Decreased ATF.

There wers several inveshgators who have
for the first time repurted abpormalitics in
erythrocytes of Duchenne patients (Table] and
subsequently several other wutkers in the ficld
have evaluated these findings.

Eryithrocyte enzymes:

The first report which suggested the possi-
bility of the use of ervthrocyte in muscular
dystiophy rescarch was from Corsini and
Caccian (1958). The basic theme of this repon
wiis 10 investigaic the glycolytic status of Du-
chenne erythrocytes Since, an earlier repon
(Dreyfus ct al, 1956) suggested a low level of
glycolytic enzymes in dystrophic muscle,
Corsini and Cacviari (1958) reported a low
glucose utilization rate in red cells from
Duchenne patients. The aldolase activity of
these erythrocytes was also Jow  However,
Penmington and Loyburn (1960) [uend oo signi-
ficant change in glucose wutilization by
Duchenne erythrocyles.

Bosia et al. (1971) measured aciivities of
some glycolytic enzymes in erythrocytes of
Duchenne patients and reporied significantly
mcreased levels of hexokinase, aldolase and
pyruvate kinase. The activities ol phospho-
[ruciokinase, glyceraldehyde 3 phosphate
dehydrogenase, phosphoglycerate Kinase and

lactate Jehydrogenase were not significantly
aliered. The authors also assessed the eftect of

ouabain, a cardiac glycoside, on glycolysis n
erythrocytes of Duchenne dystrophy. The
glycolytic metabulites were not affected by

Corsini and Cacciari (1938).
Brown el al (1967).

Boua € al (1971
Watls et al, (1972},

Kunee et al (19730

Howland (1974).
Matheton and Howland (1974).
Sha'ah et al (I973),

Perey and Miller (1975).

Roses el al. [1973).

Iyer ot al. {1976).

Bosmann et al. (197&),

Kalolouts <t al, (1977
Bolomand el al (19770

ouabain in dystroptuc red cells; while in pos-
mal erythrocytes fructose-1, 6-diphosphate and
dihydroxyacetone phosphaie were increased.
Measurements of ATP in normal erythrocytes
incubated in low and high potassium media
(5 and 40 mm respectively) in the presence of
ouabain showed an increased ATFP conicni;
while dystrophic erythrocyte ATP level re-
mained unchanged in high polassium and de-
creascd in Jow potassium medium.

Ihe total ademosine tniphosphatase
(ATPasc) activity of normal human erythrocyte
membranes measured 1a the presence of
Mg+ + , Na* and K* is partly inhibited by a
low concentration of ouabain Since. the drup
compleicly inhibits the Nat K* ,Mg++ —
ATPase (the enryme which constitutes the
Na* and K* pumping system), whereas an-
other ATPase which requires only Mg ++ for
s sectivity is not affected by ouabain. Brown
et al. (1967) and Chattopadhyay and Brown
(1972) reported that the ATPase activity of
erythrocyte membranes from dystrophic pa-
tients was, by conirast, strongly stimulated by
ouabain (10 M). The abnormality was also
found in sponmtanecous muscular dystrophy,
myotonia, limb-girdle dystrophy and was ma-
nifested by most but not all patients. Similar
findings were rcported by Poter et al (1969)
and Araki and Mawatari (1971). However.
Klassen and Blostcin (1969) tested scven cases
of Duchenne dystrophy and found no such
abnormality. The medium used by Brown et al
(1967) for ATPase assay contaned approxi-
mately ImM Na* and 2mM K* which were



insufficient for maxissum activity of Na* . K™,
Meg*+ — ATPasc. Similar concentrations of
these ons were alsn used by Poter et al (1969)
and Amki and Mawatan (1971). On the other
hand Klassen and Blostein (1969) used S0mM
Na and 10 mM K* , the optimal concenura-
vons for Nat K", Mgt + — ATPase assay.
Recently, Nielbroj-Dobosz (1976) showed an
abnormal MNa+ KT Mg+~ — ATPase
activity which was stimulated by ouabain.

Siddiqur and Pennington (1977b) con-
firmed that erythrocytc membrane ATPase res-
ponds abnormally 1o ouabain when assayed n
high as well as low salt media. Although, the
authors were unable to nbserve any consistent
stimulation of ATPasc by ouabain. However,
mean percentage inhibition of ATPase hy the
vardize  glycoside in Duchenne  erythrocyte
membranes was significantly less than in the
normal ervibrocyle membranes. This fnding
wias also consistent with the observation of
Mawatari et al. (1976). However, a recemt
report by Pearson (1978) has again showed that
ATPase actvity of erythrocyte membranes
from Duchenne patienis wag stimulated by
cuabain.

The possible cause for the abnormal effect
of ouabain in Duchenne erythrocyte membrane
preparations remains dithcult 10 explain. The
proposal (Palmer et al, 1966) that there could
be two different tvpes of ouabain binding sites.
one cliciting stimulation and the other inhibi-
non: then it may be assumed that the dystro-
phic ervihrocyte membranes cither contain
more stimulatory sites and less inhabitory sites
for ouvabam binding than normal erythrocyte
membranes. or the conformatonal state of
dystrophic 1ed cell membranes being so chang-
ed that more stimulstory sites are exposed
whike the wlubiory snes become unavailable.
It may also be said that dvstrophic erythrocytes
are extremely suscepuible w conformational
changes produced during membrane prepara-
tion in vitre. Possible involvement of Ca+ +
in abnormal ouabain effect has also been sus-
pecied by Siddiqui (1978).

There is no evidence that the acetvicholine-
sterase activity in dystrophic erythrocyte is
altered or changed. Mevertheless. Watts et al
(1972} reperted a change in the behaviour of
this enzyme towards s inhibitors. Kinetic
studies on dystrophic and normal erythrocyie
showed that malamide. a competitive inhibaior
of acetylchohnesterase, was not inhibiting this
enzyme in dystrophic erythrocyte preparations.
Eserine, on the other hand, inhibited the dys-

trophic enzyme under the conditions where the
normal enzyme was activated. Later Das et al.
{1976), using slab gel electrotocussing. claimed
altered propertics of Tritoa-solubilized acetyl-
cholinesterase from Duchenne patients. Similar
vbservation was reported by Goedde ct al
(197

Iyer et al (1974) reported a A% elevated
aetivity of phosphulipase A in Duchenoe cryth-
rocytes. This enzyme is fairly specific for L —
¢ — lecithin and catalyzes the hydrolysis of
fatty acid in the 2 (B) position, producing
lysolecithin. The concentration of lysolecithin
in erythrocyte membrane is absolutely eritical;
since it is supposed 10 be a potent agent for the
shape changes in erythrocyte.

Shape, Deformability, Microviscosity and
Surtace FProperties ol Ervithrocvie:

It is generally believed that erythrocytes in
circulation or in vitro may undergo a varety
of shape alterations. both reversable and ir-
reversable  types. The discocyte-cchinocyte
transformation for example, is a2 well known
reversable shape change (LaCelle et al, 19706).
In several disease conditions, particularly, hae-

matological disorders red cells underge shape
changes.

In muscular dystrophy, the first investiga.
tion (Morse and Howland, 1973) on erythrocyne
shape changes was in the mouse, showed that a
large proportion of the cells from the dystro-
phic animals were irregular in shape, involving
variable prowrusions from the cell surface.
Matheson and Howland (1974) reported results
of the scanning electron microscopic studies on
red cells from different muscular dystrophy
patients as well as from female carners of
Duchenne dystrophy. In every case a high
proportion of distorted cells. echimocytes, were
present. The highest proportion of distorted
cells was reported for Duchenne dystrophy.
The authors attributed these alterations in
shape dug to changes in the lipid of red cell
membrancs. Miake <t al. (1975 and Lumb
and Emery (1975) confirmed these fndings 1o
some cktent,

With a slightly changed method, Howells
(1076} showed that the echinocyte were signi-
ficantly more numerous in patients with Du-
chenne dystrophy. Miller et al. (1976) tried
to observe unmampulated eryihrocytes from
Duchenne paticnts, female carriers and myo-
tonic subjects by scanning electron microscopy
Their results were different from Metheson and
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Howland (1974) in that they ohserved a large
increase in stomatocyies ralber than echino-
cvies, However, abnormal shape of dystrophic
erythrocytes is 8 matter of comtroversy, and
doubts about the reproduceability of these
methods are severe (Matheson e al, 1976),

Percy and Miller (1%75) reported a reduced
deformability of erythrocyte membranes from
Duchenne subjects as well ag [emale carriers.
They used micropipettes of internal diameter
1 — 2 um and applied negative pressure o
aspirate the erythrocyte. The Duchenne eryth-
rocytes showed a reduced deformability and
the authurs were of the opinion that these
changes were a consequence of a generalized
membrane defect 1n muscular dystrophies.

It is now widely accepted that the hlayer
plasma membranes are fluid and this can be
measured in terms of microviscosity of mem-
branes, Sha'afi et al. (1975) measured the
microviscosities of erythrocyte membranes as
will as muscle sarcolemma and liver cell mem-
branes from dystrophic chicken and observed
an clevation of microvisgositicy,

Another attempt was made to investigate
suiface propeities of erytlurocytes Toom dystio-
phic patients as well as from dystrophic ani-
wials, This was epurted by Bosman et al
(1976} who used the techmique of particle
electrophoresis and showed that the eleciro-
phoretic mobilities of dystrophic erythrocytes
were greatly increased. The electrophoretic
mobility of red celle 15 indicative of average
surface charges on a cell. In other words,
increase or decrease in mobility could be the
function ol ncreasing or decreasing glvco-
conjugate sialic acid residue, a redistribution
of negatively charged sites and changes in the
hydrodynamic planc of shear alone or in com-
bination. Since, Bosman et al (1974) helisved
that the mobilities were oot influcoced o
altered by changes in the cell shape characteris-
tcs. Thus a correlation of mobility chunges
with shape alteration of red cells in muscular
dystrophies was not drawn, In comtrast, Saw
et al (1975) found that electrophoretic mobility
of erythrocytes was greatly affecied by the in-
duced shape changes.

lon Fluxes in Eryihrocytes:

Hlowland (1974) showed that Duchenne
erythrocytes effluxed five times more potassium
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than normal cells. The author also observed
that ouabain was without any influence on
this efflux while K™ — conducting antibiotic
valinomycin stimulated the cfflua jaie and oo
consistent  difference  remained between Du-
chenne and control cells having valinomycine
treatment. Following this method of Howland
(1974) as closely as possible, Siddiqui amd
Pennington (1977a) confirmed the increased
K* efflux in Duchenne erythrocytes, Since the
efflux wag unaffected by ouabain (Howland
1974}, it can be concluded that the efflux ob-
served was actually passive leak of K* from
dystrophic red cells. Such abnormally high leak
of K¥ from cells can be scen in conditions
which deplete their ATP following treatment
of cells with metabolic inhibitors like icdoace-
tate. or after incubation of the cells st 37°C
without encrgy source for prolonged periods. In
these situations Ca+*  enters the eells and
mereascs K*Y — cfflux, Sioce, the intracellula
level of K seems 1o be unchanesd, it can be
assumed that a compensalory system is in
operation 10 Duchenne erythrocytes which
counierbalancves high K* leak from the cells.
Sha'afi et al, (1975) reported a 16% higher K *+
— influx rate in Duchenne eryihrocyles than
in normal cells, If the K+ influx is the re-
flecion of pump activity, the Nat., K% .
Mz** — ATPase activity (ouabain sensitive)
should be higher in Duchenne ervthrocyte than
normal cells, Presumably, however, the magni-
tude of the increase in K™ — influx rate in
Duchenne would be the same as (hat of K*
— efflux, il measured under the same condi-
tons, However a fiom conclusion cannot be
drawn at this stage.

Some studies of Ca*t  — promoted K
— efflux of erythrocytes from Duchennc pa-
tients were reported by Appel and Roses
(1977, The initinl K% concentrations (m
moles flitre packed cells) were not different in
dystrophic cells from that of controls. With
added 1odoacetic acid and adenosine, no
::hn.ng,c in K¥ — efflux noted until Ca+=+
was introduced into the medium which increas-
ed the K* — cfflux significantly in Duchenne
ervthrocytes. Siddiqui (1978) studied the beha-
vicur of Duchenne and normal red cells in the
condition where Ca**  sntry into the call was
made possible. In this situaton the K* -
efflux rate wae increased in both normal and
Duchenne erythrocytes by about 180% while
the initial difference in K* efflux between
the 1wo groups remained significant, This con-
tradicts the finding of Appel and Roses (1976)
that K¥ — efflux was higher in Duchenne
eryvthrocytes only when promoted by Ca*+
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Lipids in Erythrocyte Membranes:

Abnormalities in red cell membrane Lipids
were reported by Kunze et al (1973) who
showed that the fatty acid patterns of phos-
phatidylethanolamine and sphingomyelin were
significantly alicred in Duchenne erythrocyie
membranes. In the phosphatadylethanolamine
the dimethylacetals were increased, while
arachidonic acid was decreased. In the sphin-
gomyelin fraction the fauy acids 16:0, 24:1
and 18:2 were diminished and the percentage
of stearic acid was elevated. The in vitro in-
corporation of hnoleic acid into phosphatidyl-
choline and phosphatidylethanolamine [ractions
of dystrophic erythrocyte membranes was in-
creased,

Kalofouns et al (1977) measured the
major lipid classes as well as individual phos-
pholipid 1n ervthrocyle from Duchenne sub-
jects. It was reported that phosphatidylcholine
was significantly decreasad. while lysophns-
phatidylcholine, spingomyelin and diphuspha-
tidylglyceral were significantly increased. How-
cver Lhis decrease in phosphatidylcholine and
ncrease in lysophosphatidylcholine could be a
result of the high phospholipase activity (Iyer
et al, 1976) in Duchenne erythrocyte. Recently,
a significant decrease in palmiloleic acid in the
fatty acid pool of erythrocyte membranes from
Duchenne patients as well as the female
carriers was observed by Howland and Iyer
(1977}

Phosphorviation of Ervthrocyte Membrane
Protein

Roscs et al. {1975) reported that the phos-
phorylation of spectrin band Il hy Y — PH
ATP was sigmifantly logher in erythrocyte
membranes from Duchenne patients compared
with controls. The level of phosphorylation of
the same component in myotomic dystrophy,
was lower than controls. In further studies,
Roses et al (1976) reported a high endogenous
phosphorylation of spectrin band 11 in female
carriers of Duchenne muscular dystrophy. It
seems that the authors mntend to correlate the
structural similanitics between spectrin and
myosin in humans Since, the muscle fiber de-
generates in muscular dystrophics, it can be
speculated that myosin of muscle fiber is defec-
tive and that the same gene is perhaps involved
in controlling the spectrin and possibly one
form of the heavy chain of mvosin. The inira-
cellular phosphorylation of adenine nucleotides
derived from adenine imcorporated by the
ervthrocyte was also reported abnormal in
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Duchenne muscular dystraophy {Solomons et al..
1977). -

General Comments

If we look at the general functivnal capa-
cities of erythrocvtes from Duchenne patients,
it can be observed that these cells appear to be
normal. The glucose utilisation rate was normal
{Pennington and Loyburn, 1960), ATF level
was unaltered {Bosia et al,, 1971), the life span
appears to be normal (Adornato et al, 1977)
and hacmoglobin cfflux was unalizred (Sid-
diqui 197R) which suggests that Duchenne
crylhrocytes are perfoming many vital func-
tions in the normal way.

Many abnormalities reported for Du-
chenne erythrocyte, c.g. reduced deformability
(Percy and Miller, 1975) increased electro-
phoretic mobilities (Bosman et al, 1976), in-
creased phosphorylation of spectrin band 11
(Roses ot .al, 1976), changes in membranc
lipids (Kunze et al, 1973) are in some other
conditions associated with the presence of
morphological changes in erythrocytes. For
Duchenne dystrophy, there is no good evidence
that the circulating erythrocytes are deformed.
If the statement that Duchenne erythrocyles
arc less deformable is correct, then it would be
expected that the hife span ol these cells would
be shorter, which docs not scem to be the
case.

There is evidence that phosphorylation of
spectrin band is directly associated with eryth-
rocyte shape (Sheetz and Singer, 1977) and the
waork of Greenquist and Sohet {(1975) showed
pronvunced reduction in the level of phespho-
rylation occurred in hereditary defects of red
cell shape like the bereditary spherocytosis and
the hereditary stomatocytosis. If it is true that
with the change in the cell shape phosphory-
lation decreases, then elevated phosphorylation
of spectrin band II in Duchenne is difficult w
explain. Perhaps 1t is important at this stage o
correlate the degree of phosphorylation of spec-
trin with the type of change in the cell shape
le.g. endocytotic Oor exocytotic types).

A change in permeability. microviscosity
and in the conformational state of cell mem-
brane could result from the reported elevation
of membrane phopholipase A, activity tlyer
et al, 1976) In this situation, levels of lyso-
phosphatidylcholine would be raised and phos-
phatidylcholine decreased. That is what Kalo-
foutis et al. (1977) reperied for Duchennoe eryth-
rocytes. Accumulation of lysophosphatidyl-
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choline could damage the membraoe. To over-
come this crisis, the possibility could be either
1o extrude the lymphoiphllil];flﬂrnhnc from
\he membrane of to reconvert it into phosphati-
dylcholine by acylase. It will be intciesting
to see whether the activity of acylase nu-
chenne erythrocytes is altered. The gquestion
anses as to how phospholipase A, becomes
clevated. It is known that Ca** is required for
phospholipase A activity and it may be _pum!:-lr
that the Duchenne erythrocyles contain maore
Cat= than normal

In conclusion it may Lec said that at the
prescnt time, on the basis of the informations
presented in this short review, a firm conclusion
cannot be drawn regarding the pathogenesis of
Duchenne muscular dystrophy and more care
ful fundamental work om the hinchemical
changes in erythrocyle membranes is likely to
be necded.
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