
mocytes with TL antiserum and com- 
plement (more than 95 percent of the 
cells surviving) gave a similar MSI, 
2.6 ? 0.20; treatment of C57/TL+ 
thymocytes (H-2b) with H-2b anti- 
serum plus complement (which killed 
over 95 percent of them) gave no 
GVHR (Fig. 3). Thus the minority 
population of TL- cells apparently 
contains most of the cells capable of 
producing GVHR (10). 

The following consideration excludes 
the possibility that this minor popula- 
tion consists solely of blood lympho- 
cytes contaminating the thymocyte sus- 
pensions. In control experiments, 1 X 
105 blood leukocytes did not produce 
splenic enlargement whereas 2 X 105 
blood leukocytes gave an MSI of 1.6 + 
0.41. The number 2 X 105 corresponds 
to about 0.02 ml of whole blood; since 
contamination of our thymocyte sus- 
pensions with erythrocytes never ap- 
proached 5 percent, it is obvious that 
significant contamination with leuko- 
cyte-containing blood can be ruled out. 

As for the possibility of some form 
of selective trapping of immunocompe- 
tent circulating cells by the thymus, the 
following data render this unlikely- 
15 X 106 C57/TL+ thymocytes from 
neonatal donors (less than 24 hours 
old) gave an MSI of 2.7 ? 0.57 in six 
mice, indicating a GVH activity com- 
parable with that of adult thymus [see 
also (11)]. But the spleens of neonatal 
mouse donors, and presumably their 
circulating blood, contain too few im- 
munocompetent cells for demonstrable 
GVHR (12). Thus selective trapping 
of peripheral immunocompetent cells 
is scarcely a probable explanation of 
the GVH activity of the neonatal thy- 
mocyte population. We conclude that 
the immunocompetent (TL-) fraction 
of both neonatal and adult thymocyte 
populations is derived in situ. 

Immunoselection with cytotoxic TL 
antiserum has proved a feasible tool for 
isolating a discrete subpopulation of 
thymocytes, a subpopulation which car- 
ries most and possibly all of the GVH 
reactivity of thymus. 

In normal mice, TL+ cells are not 
found outside the thymus, which im- 
plies that peripheral migration of thy- 
mocytes entails preceding loss of TL 
antigens. Thus much evidence now 
points to the existence in thymus of a 
proportion of cells that have taken 
several maturative steps, including not 
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(3)]. These maturation steps may not 
occur simultaneously, and this is per- 
haps the most likely reason why the 
GVH capacity of the subpopulation 
selected, while considerably greater 
than that of the unselected thymocyte 
population, is still only about one-tenth 
of that possessed by lymph node 
lymphocytes. 
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Sloan-Kettering Institute for Cancer 
Research, New York 10021 
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Electrophysiological Observations in 

Normal and Dystrophic Chicken Muscles 

Abstract. Intracellular recordings were made on the fast posterior latissimus 
dorsi muscles of normal and dystrophic chickens. In the dystrophic chickens, the 
rate of rise of the action potential was decreased. With repetitive indirect stimula- 
tion, the action potentials decreased in size and disappeared; only an end-plate 
potential remained. Membrane resistance, membrane capacitance, and duration 
of miniature end-plate potentials were increased. A decrease in sodium perme- 
ability may be in part responsible for the observed alterations in the electrical 
properties of the nerve terminal and postsynaptic muscle membrane. 
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Inherited muscular dystrophy in 
chickens was first reported in 1956 (1) 
and was found to be similar to certain 
forms of the disease in man (2). The 
most consistent outward sign of the 
disease, which primarily affects the 
fast, white muscles, is a progressive 
inability of the chicken to right itself 
when placed on its back (3). The 
disease symptom first appeared in our 
chickens (4) 2 to 3 weeks ex ovo, and 
after 6 weeks the birds could not rise 
because of the limited range of wing 
movements (5). Although numerous 
studies have revealed biochemical ab- 
normalities in dystrophic chicken mus- 
cles (6), none have dealt with the elec- 
trophysiological characteristics of the 
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motor-nerve terminal and muscle mem- 
brane. We have therefore examined the 
fast posterior latissimus dorsi (PLD) 
muscles of normal and dystrophic 
chickens by standard electrophysiologic 
techniques for recording and stimula- 
tion (7, 8). 

Our experiments briefly describe 
some alterations in the pre- and post- 
synaptic membranes of the dystrophic 
neuromuscular junction and in the ex- 
trajunctional muscle membrane. In 
dystrophic muscle of the chicken, there 
is a decrease in the frequency and 
amplitude of spontaneous transmitter 
release and an increase in the time 
course of the individual potentials. 
There was a two- to threefold increase 
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in membrane resistance and a decrease 
in the ability of the postsynaptic junc- 
tional membrane to generate an action 
potential in response to repetitive, in- 
direct stimulation. 

The PLD muscles and their motor 
nerve supply were removed from both 
sides of normal and dystrophic chick- 
ens of either sex. Their ages varied 
from 1 to 48 weeks ex ovo. The 
birds were killed by decapitation, and 
the muscles were exposed under a flow 
of physiological solution (9) and ex- 
cised with part of the spinous processes. 
The adjacent connective tissue was 
then carefully removed, and the mus- 
cle was bisected at the tendons of 
origin in the midline. 

The mean value of the resting mem- 
brane potential in the PLD muscle fibers 
of chickens with inherited muscular dys- 
trophy was - 71.3 + 6.0 mv (N = 736), 
which is similar to that of the normal 
muscle fibers (- 70.3 ? 4.6 mv, N =- 
338). The mean values for the ampli- 
tude of the action potentials, its rate 
of rise, and the threshold for its gen- 
eration in normal and dystrophic 
chickens are shown in Table 1 (7, 8, 
10). Six weeks ex ovo, there was a re- 
duction in the rate of rise of the action 
potential recorded in dystrophic muscle 
fibers; the rate of rise of the spike in 
the dystrophic muscle was 58 percent 
of the normal value at 28 weeks (Table 
1 and Fig. 1A). This reduction sug- 
gests that there is some inactivation of 
the passive processes involved in the 
generation of the action potential (11). 

Stimulation of the motor nerve to 
either normal or dystrophic muscles re- 
sulted in the generation of an action 
potential recorded focally at the end- 
plate region (Fig. IB). The twitch in- 
duced after-depolarization which suc- 
ceeds an indirect (or direct) elicited 
action potential as the result of a dis- 
lodgement of the microelectrode, was 
present in normal, but not in dystrophic, 
chicken muscle. The dystrophic mus- 
cle could be stimulated indirectly at a 
frequency of 5 to 10 per second; the 
regenerative activity first decreased and 
subsequently disappeared, and only end- 
plate potentials remained (Fig. 2, A-C). 
After the appearance of end-plate 
potentials in the dystrophic chicken 
muscle, cessation of repetitive stimula- 
tion for 5 seconds and subsequent stim- 
ulation resulted in the reappearance of 
spike potentials which then decreased 
in amplitude; the spike potentials were 
followed by the appearance of end- 
plate potentials (Fig. 2A). This pro- 
cedure could be repeated numerous 
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Table 1. Action potential amplitude, threshold, and rate of rise of normal (N) and dystrophic 
(D) posterior latissimus dorsi muscle of the chicken. 

Age Fibers Action potential 

Subjects Age studied Subjects wk) studied Threshold Amplitude Rate of rise 
(No.) ) (m (mv) (volt/sec) 

28 (N) 6 5 39.8 ?6.1' 65.4 ? 5.2 158 ? 56 
18 (D) 6 6 39.5 ? 4.8 64.2 ? 8.0 53 ? 23 

33 (N) 13 7 45.2 ? 4.4 85.5 ? 8.6 208 ? 89 
34 (D) 13 5 41.8 ? 4.1 78.0 ? 16.0 132 ? 50 

38 (N) 28 17 47.6 ?4.0 71.4 ? 6.3 164 ?61 
44 (D) 29 7 44.1 ? 6.7 68.6 ? 4.2 95 ? 13 

* Values presented are the mean ? S.D. 

times in the same fiber, and the pres- 
ence of action potentials could be ex- 
cluded by decreasing the interval be- 
tween trains of stimuli. The number of 
action potentials that appeared before 
subthreshold end-plate potentials were 
recorded was increased by increasing 
the interval time between trains of 
stimuli. During repetitive stimulation 
there was a hyperpolarization of the 

Fig. 1. Action potentials recorded intra- 
cellularly from surface fibers of normal 
and dystrophic posterior latissimus dorsi 
muscles of chicken. Al and A2 are, re- 
spectively, the direct elicited action poten- 
tials and their first derivatives from nor- 
mal (resting membrane potential, -70 
mv) and dystrophic (resting membrane 
potential, -76 mv) muscle fibers. The 
horizontal line in both A and B is 
the zero potential (upper vertical calibra- 
tion, 50 mv; lower vertical calibration, 200 
volt/sec; horizontal calibration, 5 msec). 
The animals were 28 weeks old. Bl and 
B2 are the indirectly elicited action poten- 
tials from normal (resting membrane po- 
tential, -74 mv) and from dystrophic 
(resting membrane potential, -75 mv) 
muscle fibers, respectively (vertical cali- 
bration, 50 mv; horizontal calibration, 50 
msec). The animals were 28 weeks old. 

muscle membrane of 5 to 7 mv, and 
the resting membrane potential re- 
turned to control values a few seconds 
after stimulation had subsided. When 
a second microelectrode was inserted 
into the same fiber near the recording 
electrode and in the presence of these 
end-plate potentials, a cathodal cur- 
rent applied across the muscle mem- 
brane elicited an action potential and a 
local contraction. In the majority of 
cases only a local contraction occurred 
during the generation of spike activity 
whether elicited by direct or indirect 
stimulation. 

Action potentials with no overshoot 
were also frequently observed in the 
dystrophic muscle in response to in- 
direct stimulation, although the rest- 
ing membrane potential was normal 
or slightly hyperpolarized (Fig. 2, B-C). 
Whereas action potentials could be 
observed in many of the dystrophic 
muscle fibers in response to repetitive, 
indirect stimulation, other fibers gen- 
erated only end-plate potentials. At 
frequencies up to 40 per second, the 
end-plate potentials decayed in ampli- 
tude and no failure of the single po- 
tentials was observed. 

A decrease in the frequency and am- 
plitude of the miniature end-plate po- 
tentials (MEPP's) occurred after the 
onset of dystrophic symptoms. The 
mean frequency and modal amplitude 
of MEPP's of normal PLD muscle 
were, respectively, 0.30 per second and 
0.20 mv. The MEPP frequency of 
the dystrophic PLD muscle was about 
0.35 per second at 1 week ex ovo and 
declined slightly to 0.30 per second 
after 6 weeks, whereas the modal 
MEPP amplitude remained at nor- 
mal levels, that is, 0.20 mv; at 10 weeks 
the MEPP frequency and amplitude 
were greatly decreased, and it became 
increasingly difficult to find end plates 
with MEPP's. During the succeeding 
weeks, there was a large decrease in 
the amplitude of the single potentials 
such that most of the transmitter re- 
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Table 2. Values of various membrane characteristics of normal (N) and dystrophic (D) 
posterior latissimus dorsi muscle of the chicken. 

Cm Sub- Age V/I* X Tm p (calc) Rni (F/ 
jects (wk) (megohm) (mm) (msec) (Am) (ohm cm) cm2) 

28 (N) 6 1.68 +t 0.16t 0.26 ? 0.04 3.2 ? 1.57 6.2 ? 0.74 335 ? 17 9.8 
18 (D) 6 1.77 ? 0.78 0.59 ? 0.25 4.9 ? 0.86 9.6 ? 3.25 1028 ? 382 4.7 

33 (N) 13 0.49 ? 0.01 0.68 ? 0.18 2.9 ? 0.74 18.6 ? 2.42 767 ? 196 3.82 
34 (D) 13 0.73 ? 0.08 1.01 ? 0.17 12.1 ? 0.14 18.8 ? 2.62 1687 ? 116 7.17 

52 (N) 24 0.31 ? 0.08 0.68 ? 0.09 3.6 ? 0.24 24.1 ? 3.60 606 ? 154 5.96 
40 (D) 24 0.27 + 0.06 1.07 ? 0.30 8.6 ? 1.40 32.6 ? 8.88 1048 ? 195 8.21 

* For an explanation of the symbols and methods 
? S.D. for at least four fibers. 

leased could not be reliably separated 
from the noise level of the recording 
system, although end-plate potentials 
were recorded in the PLD muscles of 

dystrophic birds upon stimulation of 
the motor nerve. After repetitive stimu- 
lation of the nerve at frequencies of 
20 to 50 per second, MEPP's ap- 
peared briefly at a high frequency and 
with a mean amplitude of approxi- 
mately 0.1 mv. That there was, in fact, 
transmitter available presynaptically was 
also demonstrated by the use of batra- 
chotoxin (1.0 X 10-8 g/ml; 37?C), 
an agent that increases transmitter re- 
lease by specifically increasing sodium 
permeability at the nerve terminal (8, 
12). Application of this toxin resulted 

used, see (13). f Values presented are mean 

in a large increase and subsequent 
cessation of the spontaneous and stim- 
ulus evoked transmitter release. The 

frequency and amplitude of MEPP's 
during exposure to batrachotoxin was 
similar for the dystrophic and for the 
normal PLD muscle. These effects of 
batrachotoxin could be fully antago- 
nized by tetrodotoxin (1.0 X 10-6 
g/ml). 

The time course of the MEPP's 
also changed with the development of 
the dystrophic condition; the mean 
duration of the MEPP's increased 
from 20 msec in the normal muscle 
to 50 msec at 3 to 4 weeks ex ovo in 
the dystrophic muscles (Fig. 2C). 
Neither normal nor dystrophic fast 

Fig. 2. (A) Action potentials and end-plate potentials recorded intracellularly at the 
end-plate region of a surface fiber in a dystrophic posterior latissimus dorsi muscle of a 
12-week-old chicken. The arrow indicates an interval of 5 seconds between cessation and 
resumption of indirect stimulation (frequency of stimulation, 10 per second; resting mem- 
brane potential, -76 mv; vertical calibration, 25 mvy; horizontal calibration, 50 msec). 
(B and C) Superimposed sweeps of indirectly elicited action potentials and end-plate 
potentials.. Intracellular recordings of the posterior latissimus dorsi muscle from two 
dystrophic chickens whose ages were (B) 25 and (C) 40 weeks (frequency of stimu- 
lation, 5 per second; vertical calibration for B and C is 25 mv and the horizonal calibra- 
tion is 25 msec). (D) Miniature end-plate potentials recorded intracellularly from surface 
fibers of normal (upper) and dystrophic (lower) posterior latissimus dorsi muscle of 
the chicken. The resting membrane potential of the normal muscle fiber was -72 mv 
and that of the dystrophic fiber was -75 mv. Both animals were 3 weeks old (vertical 
calibration, 1.0 mv; horizontal calibration, 10 msec). 
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PLD muscle fibers exhibited any extra- 

junctional sensitivity to microionto- 

phoretically applied acetylcholine. 
The values for the electrical con- 

stants of the membrane of the PLD 
muscles are represented in Table 2 
(13). In comparison with normal mus- 
cle, the values for input resistance, 
membrane resistance of a unit area, 
time constant, and membrane capaci- 
tance were increased in dystrophic 
muscle. Because there was no signifi- 
cant change in fiber diameter in this 
type of chicken dystrophy, we assume 
that the increase in membrane electrical 
constants is correlated with a decrease 
in ionic permeability and possible al- 
terations in the sarcotubular system. 

These observations together with the 
decrease in the rate of rise of the di- 
rect and indirect elicited action poten- 
tials in dystrophic muscle and the al- 
terations in spontaneous transmitter re- 
lease suggest that a decrease in sodium 
permeability may be in part responsi- 
ble for the observed alteration in the 
electrical properties of the motor nerve 
terminal and muscle membrane in 
chicken muscular dystrophy. We fur- 
ther suggest that these changes in the 
electrical properties of the fast twitch 
muscles of the dystrophic chicken may 
be correlated with the lack of neuro- 
trophic factor or factors that regulate 
ionic mechanisms in the excitable 
membranes of the chicken. 

EDSON X. ALBUQUERQUE 
JORDAN E. WARNICK 

Department of Pharmacology, 
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State University of New York 
at Buffalo, Buffalo 14214 
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growth medium with arylsulfatase A. 

Metachromatic leukodystrophy or 
MLD is a hereditary neurological 
disorder of lipid metabolism in which 
there is progressive degeneration of 
the nervous system. Demyelination is 
accompanied by accumulation of cere- 
broside sulfates (sulfatides) in both 
the central and peripheral nervous sys- 
tems (1). The biochemical lesion has 
been identified as a deficiency of the 
lysosomal enzyme arylsulfatase A (2). 
We have previously demonstrated that 
cultures of skin fibroblasts from pa- 
tients with MLD have deficient aryl- 
sulfatase A activity and we have util- 
ized these cultures as an in vitro model 
for the study of this disease (3). 

Metachromatically staining inclusions 
do not normally occur in cultured 
MLD fibroblasts; however, when sul- 
fatides are provided in the culture 
medium such inclusion granules are 
formed. Under similar conditions nor- 
mal fibroblasts ingest the sulfatides and 
degrade them, as evidenced by release 
of inorganic sulfate into the medium 
(4). We now find that the manifesta- 
tions of the genetic disorder in the 
tissue culture model can be corrected 
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was further analyzed when a linear relation- 
ship was found. The symbol X is the space 
constant and refers to the negative of the 
inverse of the slope of the line, Rm refers 
to the transverse resistance of a unit area, 
and p indicates the calculated fiber radius. 
The symbols Tm and Cm refer to the time 
constant and capacitance of the membrane, 
respectively. 
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by an exogenous source of arylsulfatase 
A. When MLD cells are cultured in 
medium supplemented with a prepara- 
tion of arylsulfatase A, the enzyme is 
incorporated by the cells and the func- 
tional activity of the enzyme is retained 
over an extended period. When these 
enzyme-supplemented cells are exposed 
to sulfatides, uptake and hydrolysis pat- 
terns characteristic of normal cells are 
observed. Conversely, if inclusion gran- 
ules are formed by prior treatment 
with sulfatides, subsequent "enzyme re- 
placement" clears the inclusions. 

Procedures for initiation of primary 
cultures from skin biopsies, culture of 
outgrowths, enzyme assays, preparation 
of 35S-labeled sulfatides, and determi- 
nation of [35S]sulfatide uptake and 
degradation have been described (3, 4). 
Cultures for the present study were de- 
rived from two patients with late in- 
fantile MLD, an obligate heterozygous 
carrier (a parent of one of the pa- 
tients), and a normal adult. Crude 
human arylsulfatase A was obtained 
by precipitation from pooled human 
urine with ammonium sulfate at 70 
percent saturation as described by 
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Austin (5). The precipitate was sus- 
pended in water and dialyzed against 
water until free of sulfate at 4?C. This 
material was lyophilized and stored in 
a vacuum at -20?C. Early studies were 
conducted with this material. Later 
studies were performed with an am- 
monium sulfate (40 to 50 percent 
saturation) fraction of the lyophilized 
material. Preparations of arylsulfatase 
A were added to culture medium to 
provide 2 units of enzyme per milliliter 
(a unit of enzyme catalyzes the hy- 
drolysis of 1 jumole of p-nitrocatechol 
sulfate per hour) and the medium was 
sterilized by filtration. 

When MLD fibroblasts were cul- 
tured in medium containing arylsul- 
fatase A, they incorporated the enzyme 
and achieved intracellular specific ac- 
tivity of 0.3 to 0.4 unit per milligram 
of protein (Fig. 1). No decrease of 
this activity was observed over a 6-day 
period. In contrast, the enzyme activity 
in the growth medium had a half-life 
of less than 24 hours and no demon- 
strable activity remained at day 6. A 
similar precipitous loss of activity was 
observed in growth medium incubated 
without cells. The confluent enzyme- 
containing fibroblasts were harvested 
by trypsinization on day 7, replated at 
the same density, and incubated with 
medium unfortified with enzyme. The 
specific activity of the intracellular 
arylsulfatase A remained essentially 
unchanged for four more days. On day 
11 the cells were again removed by 
trypsinization, but this time they were 
replated lightly to allow replication 
and growth. There was gradual loss of 
specific activity to day 16. The loss 
was presumably due to dilution by cell 
growth. 

The MLD cells cultured in medium 
containing an arylsulfatase A prepara- 
tion that had been inactivated by prior 
incubation for 6 days at 37?C con- 
tained no detectable arylsulfatase A. 
This finding makes it unlikely that the 
observed intracellular activity was due 
to some mechanism other than incor- 
poration of active enzyme by the MLD 
cells. 

When MLD cells were pretreated 
with arylsulfatase A, trypsinized, re- 
plated, and grown in the presence of 
[35S]sulfatide, they metabolized the ex- 
ogenous sulfatide in a manner indis- 
tinguishable from that of normal or 
heterozygous cells. They failed to ac- 
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Correction of Abnormal Cerebroside Sulfate Metabolism in 

Cultured Metachromatic Leukodystrophy Fibroblasts 

Abstract. Cultured fibroblasts derived from patients with late infantile meta- 
chromatic leukodystrophy incorporated arylsulfatase A from the growth medium. 

Upon exposure to cerebroside sulfate, they exhibited patterns of uptake and 

hydrolysis indistinguishable from cells derived from control subjects. Further- 
more, inclusion granules formed in the metachromatic leukodystrophy fibroblasts 
upon exposure to sulfatides were cleared by stbsequent supplementation of the 
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