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Abstract

The functional properties of acetylcholine receptors are altered during the development of
Xenopus myotomal muscle. A similar change also occurs in dissociated cell cultures of embryonic
myotomal muscle. Metabolism of acetylcholine receptors was examined in order to ascertain whether
the turnover rate changed at a time when the functional changes were detected. Incorporation of
newly synthesized receptors occurred at a constant rate over a 24-hr period. The degradation of
receptors followed first order kinetics with a half-life of 52 hr. Incorporation and degradation
occurred at approximately equal rates such that 1 to 1.5% of the total receptor number was replaced
every hour at equilibrium. Addition of neural tube cells to muscle cell culture, which altered the
functional properties of channels, had no effect on either the incorporation or the degradation rate.
We conclude that the changes in the functional properties of receptors occur independent of changes

in the turnover rate of receptors.

During development of skeletal muscle there occur
alterations in the functional and biochemical properties
of acetylcholine (ACh) receptors. The mean channel
open time (Sakmann and Brenner, 1978; Schuetze and
Fischbach, 1978; Fischbach and Schuetze, 1980; Michler
and Sakmann, 1980), the expression of antigenic sites
(Reiness and Hall, 1981), and the metabolic stability of
receptors (Michler and Sakmann, 1980; Reiness and
Weinberg, 1982) all change following innervation of em-
bryonic rat muscle. Separate studies have indicated that
the timing of these various changes is sequential rather
than synchronous (Michler and Sakmann, 1980; Reiness
and Weinberg, 1982). This suggests that the different
receptor properties are determined independently in
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mammalian muscle. This idea is supported by the obser-
vation that, in chick muscle, changes in the metabolic
turnover rate of ACh receptors occur (Burden, 1977)
without any change in the functional properties
(Schuetze, 1980).

The mean channel open time of ACh receptors on
embryonic Xenopus muscle decreases during embryonic
development (Kullberg et al., 1981). Further studies in-
dicate that similar functional changes occur in disso-
ciated embryonic muscle (Brehm et al, 1982). In this
study we utilize the advantages of cell culture to examine
whether the change in functional properties of ACh
receptors on Xenopus muscle is associated with a change
in their metabolic stability. To this end we compared
receptor turnover of muscle cultured alone to muscle
cocultured with neural tube cells. Coculture with neural
tubes prolongs the channel open time of receptors in
Xenopus muscle (Brehm et al., 1982).

We report that the receptors on Xenopus myotomal
muscle are degraded with a half-life of 52 hr in culture.
No detectable change in this rate was observed when
muscle was cocultured with dissociated neural tube cells.
Additionally, no change occurred in the incorporation
rate of newly synthesized receptors when the muscle was
cocultured with neural tube cells. We conclude that ACh
receptors on embryonic Xenopus muscle, like those on
mammalian muscle, undergo changes in functional prop-
erties which can occur independent of a measurable
change in metabolic properties.
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Materials and Methods

Cell culture. Techniques for preparing cell cultures of
myotomal muscle from Xenopus laevis embryos are de-
tailed elsewhere (Kidokoro et al., 1980). T'ypically, muscle
cells from 120 to 180 embryos (stages 19 to 24) were used
for a single experiment. The myotomal muscle was sep-
arated from the neural tube by treatment with collagen-
ase and subsequent dissociation in a Ca/Mg-free + 2 mm
EDTA ((ethylene-dinitrilo)tetraacetic acid) solution.
Dissociated myotomal muscle cells were added to a cen-
trifuge tube containing approximately 10 ml of growth
medium (60% Dulbecco’s Modified Eagle’s Medium, 8
mM HEPES buffer at pH 7.4, 0.5% horse serum) and the
tube was rotated continuously to keep the cells in even
suspension while 200-ul aliquots were drawn off and
added to each culture dish. Using this technique, up to
60 cultures with uniform cell density could routinely be
prepared. The cells were grown in disposable chambers
which were constructed from 35-mm Petri dishes. A 15-
mm hole was drilled in the bottom half of the dish over
which a collagen-coated coverslip was waxed in place. At
the time of plating, only enough growth medium was
added to fill the depression in the middle of the chamber,
thereby restricting the cells to the region bounded by the
collagen-coated coverslip. After 24 hr the cells were ad-
herent to the coverslip and the dish was flooded with an
additional 2 ml of growth medium. Cultures prepared in
this manner were grown at 20 to 22°C for a maximum
period of 6 days. The earliest experimental measure-
ments were made on day 1 which corresponded to 24 hr
following plating.

Some experiments were directed at testing the influ-
ence of neural tube cells on the turnover of ACh recep-
tors. For this purpose neural tube cells from 120 to 180
embryos were added to 30 muscle cultures, either at the
time of muscle plating or 3 days after plating the muscle.
When neural tube cells were added 3 days after the
muscle, 2 ml of growth medium were removed to restrict
neuronal cells to the coverslip region. After 24 hr an
additional 2 ml of growth medium were added.

Labeling cultures with "**I-a-bungarotoxin. a-Bungar-
otoxin (a-BT) was purified from the venom of Bungarus
multicinctus. The «-BT was iodinated using the iodine
monochloride method (Vogel et al.,, 1972). Mono and
diiodo toxins were separated by chromatography on CM-
Sephadex and only diiodo-labeled a-BT was used in these
experiments. The specific activity of the '*’I-a-BT ranged
from 8.9 to 9.9 X 10® cpm/nmol.

Time-dependent changes in ACh receptor number
were quantitated by measuring the specific binding of
'"»T-a-BT. Only cultures prepared from the same plating
were used during a single experiment. Also, in order to
minimize the potential problem of systematic differences
in cell number between dishes, all dishes were randomly
sorted prior to labeling. At each experimental time point
cultures were washed with 2 ml of growth medium to
remove nonadherent cells. The cultures then were incu-
bated for 60 min in 40 nM "*I-a-BT at room temperature.
Dose response curves indicated that this concentration,
when applied for 60 min, saturated receptors on Xenopus
myotomal muscle. After incubation in toxin, the cultures
were washed six times with growth medium. Generally,
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the washing of cultures at each time point was completed
within a 10-min period. Then the coverslip was separated
from the Petri dish and was placed in a vial for gamma
counting.

The nonspecific binding of I-a-BT routinely was
measured by pretreating sister muscle cultures with 1 um
unlabeled a-BT for 60 min prior to addition of '*I-a-BT.
The nonspecific binding measured less than 10% of the
total counts. Nonspecific binding also was estimated
independently by competition with tubocurarine. Cul-
tures were treated for 60 min with 10 um d-tubocurarine
after which time 40 nM '*I-a-BT was added. The non-
specific binding measured in this way was also less than
10% of the total counts.

Incorporation of newly synthesized receptors was
measured by pretreating cultures with 1 pm unlabeled
toxin for 1 hr to block existing receptors. Unbound toxin
was removed by washing and the cultures were returned
to the growth medium. At successive intervals following
the block, triplicate cultures were treated with 40 nm '*1-
o-BT in order to quantitate the appearance of new re-
ceptors. Sister cultures which were not treated with
unlabeled toxin served to measure the time-dependent
changes in the total number of receptors.

The rate of receptor degradation was determined by
measuring the time-dependent release of radioactive diio-
dotyrosine into the growth medium. Cell cultures were
labeled at time zero with *I-a-BT and unbound toxin
was washed out. At successive intervals of approximately
6 hr each, triplicate cultures were counted. The growth
medium was removed and was counted separately from
the coverslip. To correct for release of nondegraded toxin,
the medium from at least one culture at each time point
was run on a P-2 column. At each time point the ratio of
high molecular weight to low molecular weight counts
was used to compute the actual amount of counts con-
tributed by the degraded toxin. The high molecular
weight species represents the nondegraded toxin-recep-
tor complex and the low molecular weight species rep-
resents free diiodotyrosine resulting from degradation of
the toxin (Berg and Hall, 1975; Devreotes and Fam-
brough, 1975). Approximately 50% of the counts eluted
as high molecular weight species at the first time point
but no additional release of high molecular weight counts
was observed over the following 70 hr. The rate of recep-
tor degradation then was computed for each culture by
plotting the fractional amount of counts contributed by
the low molecular weight species at each time point. The
average lifetime of the ACh receptor was estimated from
the time necessary for half of the toxin molecules in each
culture to be degraded.

Results

Time-dependent changes in receptor number. Time-
dependent changes in receptor number were quantitated
by measuring the specific binding of *’I-a-BT over a 6-
day cell culture period. In order to translate the measured
change in binding into a change in the relative number
of receptors it was necessary to demonstrate the specific-
ity of toxin binding. That '*’I-a-BT bound specifically to
the nicotinic ACh receptor was shown by blocking over
90% of the binding by coincubation of labeled toxin with
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the competitive antagonist d-tubocurare. Therefore, it
was reasonable to assume that time-dependent changes
in binding reflected a change in the number of exposed
nicotinic ACh receptors. It was also reasonable to assume
that the specific binding was restricted to muscle cells.
The nonmuscle cell types were observed infrequently in
these cultures and such cells showed no specific binding
of '"I-a-BT when measured by the autoradiographic
technique (Kidokoro and Gruener, 1982).

The change in receptor number over the 6-day period
was first examined in muscle cultures to which no neural
tube cells were added. The results of three separate
experiments (Fig. 1) indicated at least a 2-fold increase
in binding during the first 4 days in culture and little
change after day 5. Since these myotomal muscle cells
do not divide in culture (Anderson and Cohen, 1977), this
result indicates that individual muscle cells increase the
number of surface receptors between days 1 and 4 in
culture.

The increase in receptor number occurred during a
period of cell growth and differentiation in vitro (Fig. 1).
The 6-day period is also the time over which changes of
cell number as a result of cell death are minimal. Meas-
urements of the rate of change in cell size indicated a
good correspondence between the change in cell surface
area and receptor number (Fig. 1). The change in surface
area may have resulted from a smoothing of convoluted
membrane which existed at the time of dissociation, in
which case the apparent growth would reflect the stretch-
ing of existing membrane. We excluded this possibility
by removing adherent cells on days 2 through 6 with
collagenase and measuring the diameter of the resultant
“myoball.”” The predicted surface area, based on the
spherical “myoball” diameter on the 5 successive days

corroborated the directly measured change in surface -

area. The fact that the rate of growth and the rate of
receptor accumulation were similar suggests that the
increase in receptor number did not result in a dramatic
change in mean receptor density as the cells grew.

The effect of neural tube cells on receptor number was
studied by comparing muscle cultures with sister cultures
to which neural tube cells had been cocultured for 3 days.
The 3-day coculture period was the time over which the
addition of neural tube affected receptor function on
both nerve-contacted and noncontacted muscle cell
(Brehm et al., 1982). The results of four separate exper-
iments indicated that the neural tube had no measurable
effect on the total number of receptors (Table I). This
finding corroborates the autoradiographic study of Ki-
dokoro and Gruener (1982) which reported no effect of
neural tube on nonsynaptic receptor density on cultured
Xenopus muscle.

Receptor incorporation. The observation that the total
number of ACh receptors increased during the first 4
days in culture (Fig. 1) implies that receptor incorpora-
tion occurred faster than receptor degradation over this
time period. This inference was tested by measuring the
receptor incorporation rate to compare directly to the
rate of receptor degradation (next section). In each of
seven separate experiments, measurable binding sites
appeared within 6 hr following the block of all existing
receptors with unlabeled toxin. The relationship between
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the appearance of binding sites and the time following
the block was nonlinear in each experiment (Fig. 2). For
reasons discussed below, it is likely that over measure-
ment periods of less than 24 hr incorporation occurred at
a constant rate; the nonlinear accumulation of receptors
resulted from the simultaneous first order degradation
process. We measured the initial incorporation rate as
the slope between 0 and 6 hr following the block (Fig. 2).
This slope then was recomputed in terms of the fraction
of equilibrium receptors replaced per hour, where the
equilibrium receptor number was measured on unblocked
sister cultures on day 6. This normalization proved to be
necessary due to the variation in the number of cells
between experiments and the change in the total number
of receptors over time in culture. The normalized incor-
poration rate for seven experiments indicates that an
average of 1.2 = 0.2% of the equilibrium number of
receptors were replaced every hour at equilibrium (Ta-
ble II).

The incorporation of newly synthesized ACh receptors
was nonlinear in every experiment, regardless of the age
of the cultures and the incorporation rate. This is illus-
trated in Figure 2 where incorporation was examined
directly in sister muscle cultures on day 1 and on day 4.
In this experiment the absolute incorporation rate per
culture decreased over the 4-day period from 0.3 fmol of
binding sites per hour measured on day 1 to 0.26 fmol on
day 4. Directly measured receptor incorporation is pre-
dicted to be nonlinear under conditions in which all
receptors are subject to a first order degradation process
(Card-Linden and Fambrough, 1979). Using the quanti-
tative treatment provided by Card-Linden and Fam-
brough (1979) (see Fig. 2), the appearance of receptors
can be well described by the degradation rate constant of
72 hr! (see below) and the incorporation rate measured
as the slope between 0 and 6 hr (Fig. 2). The predicted
relationship for both day 1 and day 4 (shown by a solid
line in Fig. 2) describes well the actual data points after
6 hr. This supports a model in which receptor incorpo-
ration occurs at a rate which can be considered approxi-
mately constant over the measurement period of 40 hr.

Receptor degradation. Degradation of ACh receptors
on muscle cells cultured alone and muscle cells cocul-
tured with neural tube cells both followed first order
kinetics. The fraction of specific counts remaining bound
over time followed a logarithmic decrease in each of six
experiments (Fig. 3). From these data a mean half-life of
the ACh receptor in five experiments was estimated to
be 52 hr at 20°C, corresponding to a rate constant of 72
hr™'. This rate of degradation indicates that 1.4% of the
cell surface receptors were degraded every hour. The
cumulative data from the five experiments indicated that
the estimated degradation rate is not a function of the
age of the culture cells (Table III). Neither was the
degradation rate affected by coculturing the muscle cells
with neural tube (Table III). This finding is consistent
with the data in Table I indicating that addition of neural
tube cells to muscle cell culture did not affect the number
of receptors on muscle cell surface.

The estimates of degradation rate are predicated on
the released radioactivity being in the form of diiodoty-
rosine. It was possible, however, that the release of ra-



100 ? .{ %
o
o o A
[
80_ o
:‘{
260_ o
s
=
>
o
=
2 40
zo{»
1 1 1 1 | |
| 2 3 4 5 6

TIME (DAYS)

Figure 1. Top, Muscle cells photographed 24 hr and 6 days after dissociation. Bar, 40 um. Bottom, The receptor number in
sister muscle cell cultures was quantitated by '*I-a-BT binding and was plotted as a percentage of the maximum binding
observed. Each open symbol indicates the mean of four sister cultures, and the three different open symbols represent three
different experiments. The change in mean cell size (SEM indicated by bars) is indicated by solid circles and is plotted as a
percentage of the maximum cell surface area. The surface area was measured by integrating the area of a photograph of each cell.
This resultant area then was doubled to estimate the total surface area of the cell. Each point is computed on surface area
measurements of 75 cells in three cultures between days 1 and 6.
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dioactivity resulted from dissociation of the toxin-recep-
tor complex. To ensure that the latter was not occurring,
we separated low from high molecular weight label. The
low molecular weight species represents free diiodotyos-
ine resulting from degradation of receptor-toxin com-
plexes, while the high molecular weight species corre-

TABLE 1

Toxin binding sites on 3-day nerve-muscle and sister muscle cultures

Toxin Binding Sites (fmol)

Experiment No.

Muscle Nerve-Muscle
mean + SD
1 27 £ 1.3 4)° 26 + 4.2 (4)
2 11 + 2 (20) 12 + 1.7 (22)
3 21 + 34 (6) 21 + 3.2 (6)
4 35+ 4.4 (5) 43 + 2.5 (3)

¢ N value is indicated by numbers in parentheses.
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Figure 2. Incorporation of newly appearing toxin binding
sites in sister muscle cultures. On day 0, 60 muscle cultures
were prepared. Thirty cultures were treated on day 1 with 1 um
unlabeled a-BT to block existing ACh receptors. Then the
appearance of new receptors was quantiated by treating the
cultures with '*I-a-BT at a later time. The mean =+ standard
deviation in sister cultures begun on day 1 is shown by the solid
symbols. The remaining 30 sister muscle cultures were blocked
with unlabeled a-BT on day 4 and incorporation of new toxin
binding sites followed (open symbols). The curves represent
the predicted rate of appearance of toxin binding according to
the equation

40

R=(1-e"a/B

where R, is the number of binding sites at time £, 8 is the
degradation rate constant of 72-hr ™!, and « corresponds to the
initial incorporation rate for day 1 and for day 5 measured as
the slope between 0 and 6 hr.
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TABLE II
Appearance of new toxin binding sites

. « Incorporation e e Binding

Experiment No.  Day Rate” Equilibrium Sites/hr
fmol of binding  fmol of binding 9
' sites/hr sites °
1 1 0.30 20 1.5
2 1 0.28 21 1.3
3 1 0.22 18 1.2
4 2 0.27 20 1.4
5 2 0.41 38 1.1
6 3 0.26 22 1.2
7 4 0.21 20 1.0

“ The day on which the experiment began.
® Mean incorporation rate computed from three sister cultures.
“The number of binding sites measured on 6-day sister cultures.
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Figure 3. Degradation of toxin binding sites in sister muscle
cultures (@) and 3-day nerve and muscle cultures (A). Sixty
cultures (using approximately three embryos per culture) were
prepared on day 0 and to each of 30 cultures three neural tubes
were added at the time of plating. All of the 60 cultures were
given 3 days to develop and then were labeled with *’I-«-BT.
The percentage of cpm bound then was computed at different
times following labeling by measuring cpm bound to coverslip/
(cpm bound to coverslip + cpm released into growth medium).
Each point was corrected for release due to nonspecific release
of radioactivity by separation of high and low molecular weight
species on a P-2 column. The straight line was fitted by eye.

sponds to nondegraded *’I-a-BT (Berg and Hall, 1975;
Devreotes and Fambrough, 1975). The high molecular
weight fraction constituted 51% of the total released
radioactivity at 6 hr and 16% at 70 hr. However, no
consistent increase in the absolute amount of high mo-
lecular weight radioactivity was recorded between 6 and
70 hr. The high molecular weight radioactivity that was
present probably resulted from a release of '*I-a-BT
from nonspecific binding sites during the first 6-hr incu-
bation period. These data demonstrate that dissociation
of the toxin-receptor complex does not contribute to the
estimates of receptor degradation and therefore must
occur on a much slower time scale.

Degradation curves are based on radioactivity released
from the total population of labeled receptors. The ex-
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TABLE III
Degradation of toxin binding sites
Experiment No. Neural Tube Day” Half-life

hr
1 +° 1 52
2 + 2 50
3 = 2 50
4 — 3 56
5 — 4 54

“ The day on which the experiment began.
? Co-cultures with neural tube cells.
¢ Cultures without neural tube cells.

ponential decline in bound toxin (Fig. 3) suggests that
the degradation of all receptors is governed by a single
kinetic process. Since aggregated receptors constitute
only a fraction of the total receptor population, it is
possible that an altered rate of degradation in response
to aggregation would pass undetected. Therefore we can
not draw any conclusions regarding the possible effect of
aggregation on the rate of receptor turnover.

Discussion

Cell culture of embryonic Xenopus nerve and muscle
has furthered our understanding of the control of ACh
receptor distribution and function during development
(Anderson and Cohen, 1977; Anderson et al., 1977; Ki-
dokoro et al., 1980; Brehm et al.,, 1982). However, no
information has been available on ACh receptor metab-
olism by Xenopus muscle or, for that matter, by any
amphibian skeletal muscle. This study indicates that
ACh receptor metabolism occurs in a manner similar to
that of avian and mammalian skeletal muscle. Incorpo-
ration of newly synthesized receptors in Xenopus muscle
occurs at a constant rate while the degradation of labeled
ACh receptors in Xenopus follows first order kinetics. In
Xenopus the estimated average half-life for receptors is
52 hr at 20°C, corresponding to 1.2% to 1.4% of the cell
surface receptors turned over per hour. Therefore, this
degradation rate does approximate the measured incor-
poration rate on day 5, when a steady state number of
receptors was observed.

Measurements of metabolic stability of ACh receptors
in post-hatch chick (Burden, 1977) and embryonic rat
(Michler and Sakmann, 1980; Reiness and Weinberg,
1982) muscle have indicated that two different receptor
types can be observed on the basis of differences in
degradation rates. In both cases the adult receptor type
is degraded more slowly than the embryonic type. Re-
cently, two receptor types, based on differences in func-
tional properties, have been identified on embryonic Xen-
opus muscle (Brehm et al., 1982). The two types differ in
terms of mean channel open time and conductance. The
presence of two functionally distinct receptor types raised
the possibility that the two types also had corresponding
differences in metabolic stability. This possibility was
examined by measuring receptor turnover in cells grown
under conditions which led to changes in functional
properties of receptors. Cells were first compared for any
change in metabolic stability of ACh receptors over the
6-day period following dissociation. During the 6-day
culture period the mean channel open time of ACh
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receptors has been shown to decrease from 4 msec to less
than 1 msec. This change parallels the decrease in mean
channel open time observed with muscle in vivo (Kull-
berg et al., 1981). However, the results of this study
indicate no corresponding change in receptor stability
over this time period (Table III). We searched further
for a correspondence between changes in functional prop-
erties and metabolic properties of receptors by comparing
muscle cell cultures to muscle cocultured with neural
tube cells. The addition of neural tube cells to muscle
culture dramatically alters the mean channel open time
of ACh receptors on both nerve-contacted and noncon-
tacted muscle cells. Interpreted in terms of two separate
channel types, addition of neural tube decreases the adult
type receptor from an estimated 75% to 25% of the total
receptor number over a 3-day period (Brehm et al., 1982).
However, no difference in receptor stability was observed
between muscle cell culture and muscle cocultured with
neural tube (Table I1I; Fig. 3).

It could be argued that a change in metabolic stability
following neural tube addition would be missed if one
functionally distinct receptor type was degraded very
slowly relative to the 70-hr measurement period. If this
were the case we would always be measuring the receptor
with the faster degradation rate. A receptor half-life of
greater than 100 hr is, in fact, characteristic of junctional
receptors in adult rat muscle (Berg and Hall, 1975; Mich-
ler and Sakmann, 1980). Two observations argue that
neither form of functionally distinct receptor is degraded
with a correspondingly slow rate in embryonic Xenopus
muscle. First, an estimated 2-fold difference in the pro-
portion of functionally distinct receptor types exists be-
tween muscle cell culture and muscle cells cocultured
with neural tube. This difference is sufficiently large that
a shift in the slope of the degradation curve (Fig. 3)
should have resulted if one of the functionally distinct
receptor types were degraded with a very slow half-life.
Second, although coculture with neural tube affects the
functional properties of receptors, it has no effect on
either receptor number (Table I) or receptor density
(Kidokoro and Gruener, 1982). If one functionally distinct
receptor were more stable than the other, a difference in
the receptor number and density would follow coculture
with neural tube cells. Therefore, it is likely that a change
in functional properties of ACh receptors in embryonic
Xenopus muscle occurs independent of changes in recep-
tor stability. This finding is in agreement with reports on
embryonic rat muscle which indicate that changes in
receptor stability and function occur asynchronously in
time (Michler and Sakmann, 1980; Reiness and Wein-
berg, 1982).

Metabolic stabilization of ACh receptors has been
shown to occur during development of mammalian
(Michler and Sakmann, 1980; Reiness and Weinberg,
1982) and avian (Burden, 1977) muscle. It is likely that
stabilization of receptors also occurs in amphibian muscle
as well (Frair and Cohen, 1981). However, no such sta-
bilization of receptors was detected on cultured Xenopus
embryonic muscle. This may reflect the fact that no
stabilization of receptors has occurred. Alternatively, the
number of receptors which have undergone stabilization
may have been too few to be detected by our measure-
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ment technique. The findings of this study support the
idea that if stabilization of ACh receptors occurs during
embryonic development of Xenopus muscle, it occurs
without alterations in the functional properties. This
apparent absence of interdependence between receptor
function and stability is shared by avian, mammalian,
and amphibian muscle alike.
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