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Filter assay measurements of Li* efflux from acetylcholine receptor-containing vesicular Torpedo marmorata membrane
fragments (microsacs) are presented. Techniques are introduced for: (a) inducing a complete emptying of the Li* content of all
microsacs containing one or more functionally intact receptors. and (b) for determining the distribution of internal volumes of
the microsacs using filtration with membrane filters of different pore sizes. The flux amplitudes resulting for acetylcholine
receptor-controlled Li* efflux, when receptors are inhibited by a-bungarotoxin or inactivated by a neuroactivator-induced
desensitization process, were measured. Amplitude analysis was used to determine characteristic parameters of the microsacs
that may vary with the technique of preparation (e.g., the distribution in size and receptor content), as well as the mean single
channel flux amplitude contribution (e~ *")_, which represents the mean reduction of the Li™ content of a microsac due to
efflux from a single receptor-controlled channel prior to channel closing due to inhibition or inactivation of the receptor. The
ratio ko /k; was found to lie in the range O.1<<k_4/k; <<0.5, where k4 and k; are, respectively, the rate constant for
Li*-Na* exchange flux and for the slow inactivation reaction mode of the acetylcholine receptor induced by carbamoylcholine

at high concentrations.

1. Introduction

Sealed membrane fragments (microsacs) pre-
pared from TZorpedo clectric organs have been
widely used to study the functional properties of
the membrane-bound acetylcholine receptor
(AcChR). The direct measurement of ion flux from
or into microsacs is rapidly becoming a powerful
tool for investigating the physiologically relevant
role of the receptor as a gating molecule to trans-
membrane ion transport. Due to practical con-
straints, early methods for measuring tracer ion

flux, based on a filter assay procedure [1], were’

limited to a time range greater than 10s. Under
these conditions, the time course of the receptor-
controlled flux contribution was not resolvable
when Torpedo microsacs preincubated with 2?Na™
were diluted into a bath containing neuroactivator
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[2]. However, it was found that the flux ampli-
tudes, reflecting the total tracer content of the
microsacs entrapped on the filter, were dependent
on neuroactivator concentration. This result was
atiributed to an incomplete equilibration of the
tracer in the microsacs with the bath, aue to a slow
receptor inactivation process (desensitization), fol-
lowing an initial rapid activation phase. A recent
investigation, using a rapid quench flow technique
capable of measuring flux in the 50 ms time range,
has essentially confirmed this interpretation [3]. It
was found that at least two inactivation processes
occur, of which the slower one, on the time scale
of seconds, leads to a complete cessation of flux.
(The presence of several inactivation phases could,
of course, not be inferred from the amplitude data
alone.)

The finding that receptor inactivation leading
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to channel closing is reflected in the flux ampli-
tudes led to the proposal of a mathematical scheme
for analysing flux data {2]. The original scheme
was later modified and generalized to cover all
tracer flux processes from or into closed mem-
brane structures (CMS), which are controlled by a
channel gating process of arbitrary complexity [4—
7]. The basic postulates underlying the treatment
are: (a) The tracer content of a collection of micro-
sacs is the sum of the tracer content of the individ-
ual microsacs. (b) Under suitable experimental
conditions, flux of tracer through a single open
channel on a microsac changes the tracer content
by an exponential factor e” %7, where & is the rate
constant for flux through a single channel. and
7(r) is the rotal 1ime interval the channel was open
up to the time of measurement z. (c) If flux occurs
through several channels on a microsac, the overall
change in tracer content of the microsac is the
product of the exponential factors for the individ-
ual channels. (d) For a collection of microsacs,
each having » receptor-controlled channels, the
average change in the tracer content of a microsac
is (e %", ie., the mean single channel flux
contribution (e %’} to the nth power. {27%") is
the average of e~ “" over all possible open times.
Simple expressions for (e *’) can be derived.
which explicitly depend on the kinetic constants of
the receptor reaction that controls channel open-
ing and closing. The prime aim of the flux analysis
must therefore be to determine (e *‘). (f) The
flux rate constant k, for a channel on a microsac
with volume v, is inversely proportional to v.
Therefore. (e %’} implicitly depends on v. (g) The
change in the overall tracer content of an inhomo-
geneous mixture of microsacs is the sum of
component contributions P [{e~%°"] _, where P, is
the fraction of the total internal volume of all
microsacs contributed by the microsacs with »
receptors per microsac, and the square brackets
denote the volume average of the expression
{e *>"_ In principle, the volume average is the
result of averaging over a distribution function,
that represents the probability that a microsac
with 7 receptors has a given volume v.

These considerations imply that the overall
change in the tracer content of a collection of
microsacs depends on two sets of parameters: (1)
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the term (e **), which expresses the intrinsic
functional properties of the average receptor-con-
trolled channel. and which does not depend on
factors that may vary from preparation to pre-
paration. and (2) the fractions P,, and the distri-
bution in microsac volumes, which account for all
dependences on the materials and methods of pre-
paration. Qualitatively, inhomogeneities in the re-
ceptor content of the microsacs will lead to multi-
ple phases in the time course of overall flux. Each
distinct subfraction of microsacs, with » receptors
per microsac, will contribute a separate phase with
time course [(e~**)"],. The terms P, constitute the
respective maximum relative amplitudes of these
phases. On the other hand. the receptor reaction
controlling channel opening and closing may also
occur in several phases. leading to a multiphasic
time course of (e *'), and of the overall flux
process. Any attempt to associate separate phases
of the measured flux process with the gating reac-
tion alone. on an ad hoc basis, is of questionable
validity. It is essential to account first for the
terms arising from inhomogeneities 1n microsac
receptor content and volume, before a reliable
quantitative analysis of the contributions due to
channel gating can be made.

In this article methods for determining the fac-
tors P,, and the distribution in microsac volumes,
on the basis of flux amplitude measurements using,
the filter assay technique, are presented. In section
3.1, the dependence of the flux amplitudes for Li™
efflux from Torpedo marmorata microsacs induced
by carbamoylcholine (CbCh) on [CbCh] is in-
vestigated. In section 3.2, a technique for promot-
ing the complete emptying of the Li™ content of
microsacs is presented. In section 3.3, reduction in
flux amplitudes following the progressive inhibi-
tion of receptors with increasing amounts of a-
bungarotoxin (a-BuTx) is examined, and the re-
sults are analysed in sections 4.2 and 4.5. In sec-
tion 3.4, filtration measurements using filters with
different pore sizes are presented. The results are
analysed to determine the volume distribution
functicn of the microsac suspension Q{v) in sec-
tion 4.3. In section 4.4, it is shown that knowledge
of the P, and of Q(v) permits evaluation of several
fundamental parameters characterizing the suspen-
sion [7]: the mean volume & of a microsac, the
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mean number 77 of receptors per microsac, the
mean surface density of receptors p. and the prob-
ability £, that a given microsac has n receptors.

In order to illustrate the general procedure for
determining (e~ *’) for an arbitrary gating pro-
cess, once the P, and Q(v) are known, the mean
single channel flux amplitude contribution {e™*")__
is determined from the reduction in flux ampli-
tudes following inhibition with «-BuTx. for flux
induced by a saturating concentration of CbCh.
Analysis of the flux data using equations derived
in the preceding article [7} then permits estimation
of the ratio (k. /k;). where k[, is the effective.
volume-independent flux rate constant. and %; is
the effective forward rate constant for CbCh-in-
duced receptor inactivation.

2. Experimental procedures

2 1. Mazterials

Sealed AcChR-containing membrane fragments
(microsacs) were prepared from liquid N,-frozen
eleciric organs of Torpedo marmorata (live from
the Station Biologique d’Archachon. France)
according to a recently developed procedure [8].
After incubation of a crude tissue homogenate in
0.2 M CsCl (Merck, Darmstadt), microsacs which
are sealed and contain functionally intact AcChR
are selectively filled with 0.2 M LiCl by successive
additions of 10 mM acetylcholine (AcCh, Sigma).
The intact microsacs are then separated from the
nonfunctional ones by centrifugal sedimentation
in Percoll (Pharmacia) suspension gradients.

Sartorius membrane filters type SM11306,
SM 11305, SM11304 and SM11303, with pore sizes
0.45, 0.65, 0.8 and 1.2 pm, respectively, were used
in the determination of the microsac volume distri-
bution. Millipore HAWP0025 membrane filters
with pore size 0.45 pm were used for all other
filtrations. Flux medium consisting of 0.2 M NaCl,
5 mM KCI, 1 mM CaCl, and 5 mM sodium
phosphate, pH 7.0, was used as wash medium, and
for the preparation of the solutions.
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2.2. Methods

The flux measurements were carried out using a
Sartorius multiple suction apparatus. modified so
that application of suction is controlled by electri-
cally triggered magnetic valves coupled to digital
clocks. In all filtrations the flow rate of liquid
through the filters was adjusted to 1.7 ml/s.

Routinely. microsacs filled with LiCl were ad-
ded to an ice-cooled dilution bath under stirring.
5-ml aliquots of the diluted suspension were then
filtered. and the filters washed with 5-ml portions
of ice-cold wash medium. The successive washings
were made immediately after the last torus of
liquid had disappeared from the filter.

The L1 content of each dried filter. added to 5
ml of a 1% Triton X-100 solution in a counting
vial, was measured at 670 nm by flame emission
spectroscopy (FES) (Unicam SP 1900), after shak-
ing the vials for 12 h. The Li™ concentration of the
dilution bath was also measured to correct for
pipetting errors.

All measurements were performed using aliquots
of a single microsac suspension.

3. Results

3.1. CbCh concentration dependence of flux ampli-
rudes

The flux amplitude corresponding to the resid-
ual Li~ content of a collection of microsacs after a
transient efflux phase induced by CbCh activation
of AcChR was determined as follows. A set of
runs were carried out, where for each run 0.35 mi
of microsac suspension was injected into 35 ml of
a dilution bath containing a solution of CbCh in
flux medium. Six 5-ml aliquots of the diluted
suspension were then filtered, and washed four
times with 5 ml of flux medium.

Fig. 1 presents the Li* content for three sample
runs as a function of the time after initial dilution.
On the time scale of the measurement (> 10 s) the
time dependence of the change in Li* content
cannot be resolved. With increasing CbCh con-
centration the Li™ content decreases, and eventu-
ally reaches a limiting value. As seen in fig. 2, the
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Fig. 1. Li* content of filters expressed as [Li™ ] measured by
FES after dissolving microsacs entrapped on filters in 5 ml of
1% Triton X-100. Successive filtrations were made at times r
after initial injection of microsacs into a dilution bath. The
filters were washed four times with 5 ml of wash medium. The
data represent three separate runs with (a) flux medium as bath
and wash medium (@ @), (b) 0.5 mM CbCh as bath and
flux medivm as wash medium (O O), (c) flux medium
as bath and four washings using successively 0.1 mM AcCh,

flux medium, 0.1 mM AcCh. and flux medium (Il ).
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Fig. 2. Dose-response curve based on the flux amplitudes ex-
pressed as the measured FES signal, resulting when microsacs
are diluted into a bath containing CbCh solution at the indi-
cated concentrations. The upper and lower dashed lines, re-
spectively, represent the limiting flux amplitudes at high and
low CbCh concentrations.
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half-response constant of Li* content vs.
log[CbCh] is 5.7 X 107°M. A similar result has
been obtained by Miller et al. [9] for 22Na efflux
from Torpedo californica membrane fragments.

3.2. Complete emptying of microsacs

The limiting Li* content approached at high
[CbCh] need not correspond to a complete equi-
libration of microsac interior and bath. In order to
determine the end amplitude resulting for com-
plete emptying, a modification of the flux tech-
nique described above was devised. A set of six
runs was carried out, where the number of wash-
ings per run and the composition of the wash
medium were varied. In each of the runs, 0.4 ml of
microsac suspension was initially injected into a
dilution bath containing 35 ml of flux medium. Six
filtrations with 5 ml of diluted suspension were
then carried out using the same wash procedure.
The sequence of wash steps used for the individual
runs was: (1) 4 X5 ml of flux medium; (2) 5 ml
AcCh solutions (0.1 mM) in flux medium, fol-
lowed by 3 X5 ml flux medium; (3) 5 ml AcCh
(0.1 mM), 5 ml flux medium, 5 ml AcCh (0.1 mM),
5 ml flux medium; (4) 8 X 5 ml flux medium; (5) 5
ml AcCh (0.1 mM), followed by 7X5 ml flux
medium; (6) 5 ml AcCh (0.1 mM), 3 X5 ml flux
medium, 5 ml AcCh (0.1 mM), 3X5 ml flux
medium. For comparison, two runs in which 0.4
ml of microsac suspension was initially injected
into 35 ml AcCh (0.1 mM) were also carried out.
The Li™ content of the filters determined for these
runs is presented in table 1. The first set of four
runs comprises four washings per filtration, the
second set eight washings per filtration. For both
sets injection into a bath containing AcCh leads to
less of a reduction in Li* content than injection
into flux medium followed by washing with AcCh.
A second washing with AcCh leads only to a small
further reduction in Li* content, independent of
whether one or three washings with flux medium
are made between the AcCh washings. The resid-
ual Li* content present after successive AcCh
washings apparently cannot be removed by flux
through receptor-controlled channels. These find-
ings indicate that wash sequence 3 in table1 can
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Table 1
No. Bath @ Wash sequence P Li~ ¢ % Reduc-
tion ¢
1 B B.B.B.B 100 -
2 B A.B.B.B 32 68
3 B A.B.A'B 28 4
4 B B.B.B.B.B.B.B.B 100 -
5 B A.,B.B.B.B.B.B.B 40 61
6 B A,B, B, B A B, BB 36
7 A B,B,B. B 70 -
8 A B.B.B,B.B.B,B. B 68 -

* Content of initial dilution bath: A=0.1 mM AcCh: B={lux
medium.

? Sequence of successive 5-ml wash aliquots.

€ % Li* content of a run in a given set of four or eight
washings. relative to the blank runs 1 and 4, respectively.

4 % reduction in Li* content from one runin a given set to the
next, given by (change in Li™ content/maximum change in
Li* content) < 100.

be used to promote complete emptying of micro-
sacs containing functional AcChR.

3.3. Reduction in flux amplitude upon toxin inhibi-
tion

Binding of a-BuTx (Miami Serpentarium) to
AcChR leads to practically irreversible inhibition
of flux through receptor-controlled channels. When
microsacs are incubated with increasing amounts
of a-BuTx, there 1s a progressive decrease in the
maximum flux amplitude connected with CbCh-
induced efflux [10,11]. Ultimately, when the
amount of toxin added equals the total amount of
toxin sites on the AcChR, flux is abolished com-
pletely. For the measurement of toxin inhibition,
0.9 ml of microsac suspension was injected into 10
ml of an ice-cooled flux medium bath containing
a-BuTx. After an incubation period of longer than
4h a 4.5 ml aliquot of the diluted suspension was
added to 30 ml of dilution bath. In a first set of
runs, this bath consisted of flux medium. For each
run six 5-ml aliquots were filtered, and washed
using wash sequence 3 in table 1, leading to com-
plete emptying of all microsacs containing func-
tional receptors not inhibited by toxin. In a second
set of runs the dilution bath consisted of a 0.5 mM

solution of CbCh in flux medium. For each run six
5-ml aliquots were filtered, and washed with 4 X 5
ml of flux medium (wash sequence 1). Fig. 3 shows
the resulting reduction of the Li™ content of the
filters (flux amplitude) with increasing degree of
inhibition. At a given toxin concentration, the Li™
content for efflux induced by 0.5 mM CbCh ex-
ceeds or equals the content measured under condi-
tions Ieading to complete emptying of microsacs.
The initial concentration of Li™ in the microsacs is
0.2M. [Li*]=1 pM in the dilution bath upon
completion of flux. Fulil equilibration of microsac
internal Li™ with the bath shculd thus lead to a
reduction of Li* content by a factor of the order
of 1073, Within the errors of measurements, this
would correspond to a complete emptying. The
results summarized in fig. 3 therefore imply that,
even at saturating concentrations. CbCh does not
1induce a complete emptying of microsacs. Channel
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Fig. 3. Reduction of flux amplitudes, expressed as the measured
FES signal, with degree of inhibition by a-BuTx, expressed as
[a-BuTx] in the incubation bath. The two sets of runs corre-
spond to measurements where, upon exposure to a-BuTx at the
indicated concentration, microsacs were (a) injected into flux
medium. filtered and the filters washed using the wash se-
quence leading to a complete emptying of all microsacs con-
taining residual uninhibited receptors (@), (b) injected into 0.5
mM CbCh, filtered and the filters washed with flux medium
(O).
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closing due to receptor inactivation prevents full
equilibration of microsac internal Li™ with the
bath.

The time course of the reduction in flux ampli-
tude due to a-BuTx inhibition was investigated as
follows. 5 ml of microsac suspension were injected
into 65 ml of an ice-cold a-BuTx solution (0.115
nmol/ml) under stirring. At fixed time intervals
after the initial dilution, 3-ml aliquots were re-
moved and injected into a second dilution bath
containing 30 ml of ice-cold flux medium. Six
filtrations of 5-ml aliquots of the twice-diluted
suspension were then performed, each followed by
four washings using wash sequence 3 of tableI.
Fig. 4 presents a plot of the Li* content of the
filters as a function of the time at which the
second dilution was made. Independently, a titra-
tion with a-BuTx of the type shown in fig. 3 was
carried out using the same suspension. It was
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Fig. 4. Time course of the reduction of flux amplitude with
progressive inhibition by a-BuTx. Microsacs were injected into
a bath containing a-BuTx at time 7 =0. At subsequent times 7,
aliquots of this mixture were injected into flux medium, filtered
and the filters washed using a wash sequence leading to a
complete emptying of all microsacs containing residual unin-
hibited receptors. The curve represents a least-squares simula-
tion using eqs. 2 and 3 of the text, with a(7)=1—exp(k,7).
where &, is the apparent rate constant for toxin inhibition.
Using the values P, in table 2, an optimum fit was found for
k,,=0.05 min~ L
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verified that the amount of toxin present in the
initial dilution bath was slightly in excess of that
required to completely abolish flux.

3.4. Filtration using filters with different pore sizes

In order to determine the amount of Li" re-
tained on membrane filters of uniform pore sizes
0.45, 0.65, 0.8 and 1.2 um, aliguots of 0.4 ml of
microsac suspension were injected into a dilution
bath coniaining 35 ml of ice-cold flux medium
under stirring. Six 5-ml aligquots of the diluted
suspension were then filtered. using filters of a
given pore size, and washed. For each type of
filter, one run using wash sequence 1, and one run
using wash sequence 3 of 1able 1, were carried out.
In the former case there should be no flux, in the
latter there should be complete emptying of micro-
sacs containing functional receptors. The dif-
ference in the Li™ content of the filters for the two
types of runs, shown in fig. 5, represents the Li~
content of specifically those microsacs retained on
the filter that contain functional receptors. Assum-
ing the microsacs are spherical, the cutoff internal
volume v_, corresponding to a filter pore diameter
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Fig. 5. Li* content of filters with cutoff volume v, expressed as
measured FES signal X(v,). The curve represents a simulation
using eq. 4 with the volume distribution function Q(v») given
by eq. 5 (see text). The inset represents the optimum Q(v). In
the evalvation of v, for a given pore diameter, the microsac
membrane thickness 7., was taken to be 0.0] pm (sec¢ text).
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d and a microsac membrane thickness 7., is given
by o, ={(4w/3)-[(d/2)— t,)’. 1deally, all micro-
sacs with an internal volume larger than v, should
be retained on the filter. Fig. 5 indicates that with
increasing v, the Li™ content appears to approach
a limiting value. This presumably reflects non-
specific absorption to the filter of microsacs with
an internal volume smalier than v.. Such absorp-
tion was previously reported in a study in which a
similar filtration technique was utilized to prepare
a homogeneous suspension of liposomes [12].

In order to investigate variations in the degree
of absorption, the amount of undiluted microsac
suspension injected into the 35-mi dilution bath
was varied. For filtration using filters of pore size
0.45 pm, the fraction of the total amount of Li™~
added to the filters that was retained remained
constant for dilutions up to 1/60, and then in-
creased sharply. The steep increase presumably
reflects a progressive clogging of pores leading to
retention of microsacs with volumes less than o,.

4. Analysis of data

4.1. Correction for leakage flux

The sample flux curves shown in fig. 1 indicate
that there is no significant leakage efflux of Li* on
the second to minute time scale. A slow reduction
of overall Li* content X(r) at time 7 was detected
over a period of hours. Since it took several hours
to carry out all steps comprising an experiment
(e.g., incubation with toxin), a leakage flux correc-
tion was made using the expression

X(1)=X(0)e " 1t

where X(0) is the corrected overall Li¥ content
prior to a flux run carried out at time 7, and %, is
the rate constant for leakage flux. In order to
determine k&, for a given experiment, X(z7) was
measured at the beginning and end of the experi-
ment. The values of &k, found for several experi-
menis using €q. 1 fell within the range 2(=1) X
1074 min~'. All further analysis of the data will
be based implicitly on leakage-corrected values.
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4.2. Determination of the fractional internal volhuome
P"l

The reduction of Li™ content of microsacs pre-
incubated with a-BuTx. as a function of the
amount of toxin used, is shown in fig. 3. Indepen-
dent of the conditions under which flux is mea-
sured, there is a progressive increase in Li~ con-
tent with increasing amounts of toxin. until a
Himiting value is reached. This limiting amount of
toxin represents the amount that is required to
inhibit all functional receptors. However, it will
not necessarily be equal to the number of tcxin
sites on functional receptors, since part of the
toxin may bind to nonfunctional receptors that
were damaged in the course of the preparation. A
useful measure for expressing the extent of inhibi-
tion is the fraction « given by a = (amount of
toxin used for incubation/limiting amount) (see
fig. 3). For amounts of toxin less than the limiting
amount, « represents the fraction of toxin sites on
functional receptors that have been inhibited —
even if an unknown portion of the total receptors
is nonfunctional.

The Li™ content for flux carried out under
conditions leading to complete emptying (fig. 3.
filled circles) is due to two contributions: (a) mi-
crosacs having no functional receptors will lead to
the constant background contribution X(a =0),
measured in the absence of toxin: (b) microsacs
having all functional receptors inhibited by toxin
will constitute a contribution X(«) — X(« = 0), that
increases with a until the limiting value X(a=1)
— X(a =10) is reached.

It is useful to introduce the relative amplitude
change R(«a) of the functional microsacs, given by

R(e)=[X(a) = X(a=0)]/[X(a=1)= X(a=0)].  (2)

R(«) represents the fractional Li™ content of funec-
tional microsacs having all functional receptors
inhibited by toxin. Analysis of the dependences of
R(a) on a permits determination of the fractional
internal volume P, of the subfraction of microsacs
with n functional receptors per microsac.

In general, a receptor gating unit may contain /
independent and equivalent toxin sites, where oc-
cupation of a single site suffices to inhibit flux
through all channels controlled by the receptor. As
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Table 2

Parameters P, for /=1 and /=2 (see text)

/Single c

C,, concentration of a-BuTx (nmol/ml) at which total inhibition of flux sets in; €. sum of squares of deviations of simulated from

measured data.

7 P, 2, Py P, Py Py Py Py C €
1 0.24 055 0.20 0.01 0.00 - - - 1.06 0.000420
2 0.22 0.08 0.07 0.00 0.06 0.16 0.41 0.00 1.20 0.000072

shown in part 11 of this series [7] one then obtains

£

R(a)= 3 P1-(1—a)1]” 3)

n=1i

where the summation is over the number of func-
tional receptors per microsac. Eq. 3 implies that

the flux data expressed in the form of the rela-
tionship, eq. 2, can be analysed as a superposition
of terms [1 — (1 — a)']” with unknown coefficients
P, where 2., £,=1 and 0=< P, < 1. Numerical
curve fitting based on a least-squares criterion can
be uvsed to determine the P,. The results of a
computer analysis of the toxin inhibition daia for

10

0

10

Fig. 6. (Left). Simulation of the dependence of the relative flux amplitude on the fraction of inhibited receptors « assuming a single
toxin site per receptor (/=1). The data shown in fig. 3 were simulated using eq. 3 to describe flux amplitudes resulting for flux

measured under conditions leading to a complete emptying (
mM CbCh for limiting cases | (— — —)and IT (------ ).

), and egs. 13 and [4. respectively, to describe flux induced by 0.5

Fig. 7. (Right). Simulation of the dependence of the relative flux amplitude on the fraction of inhibited receptors a assuming two toxin
sites per receptor (I =2). See legend 1o fig. 6. For flux induced by 0.5 mM CbCh, near identical curves were obtained for simulations
based on the assumption that the number of channels r associated with a receptor is one or two.
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efflux under conditions leading to a complete
emptying of uninhibited microsacs (fig.3, filled
circles) are presented in table 2. As shown in figs. 6
and 7 (solid line), a good fit to the experimental
values for R(a) is possible for the cases /=1 and
=2,

4.3. Determination of the volume distribution func-
tion O(v)

A mathematical scheme for analysing the varia-
tion in Li* content found in flux studies using
filters of different pore sizes is presented in the
appendix. The data shown in fig.5 indicate that
the Li™ content X(v,) decreases with an increase
in the cutoff volume v, corresponding to the pore
size of the filter. This measured Li* content repre-
sents: (a) Li* in all functional microsacs with
volume larger than v_, and (b) Li* content in all
absorbed functional microsacs with volume less
than v_. Assuming that the fraction of microsacs of
a given size that is absorbed is a constant indepen-
dent of microsac size, X(v_.) is given by the empiri-
cal relationship eq. A9.

In order to determuae Q(v) using eq. A9 it is
necessary to adopt one of the trial functions sug-
gested in the appendix. The integral involving
O(v) can then be evaluated explicitly, and curve
fitting based on a least-squares criterion may be
used to optimize the adjustable parameters. The
best possible trial function must be selected-on a
trial and error basis. The curve in fig. 5 represents
a least-squares fit of the equation

X(vc)=A+B[E_‘wc(azvc2+2avc+2)] )

to the measured Li* content X(v,), for a given v..
This expression results from eq. A9 upon substitu-
tion of the normalized trial function (shown in the
inset of fig. 5)

O(v)=a%ve 2" )

where 4, B and a are adjustable parameters. The
optimum fit was found for 4 =6.64, B=80.32
pm~? and 2= 137 pm™3. Substitution of eq. 5
into eq. A8 yields the mean volume © of the
microsacs added to the filter

5=%=0-|45 pm? ©)
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Inserting this result together with the values of A4
and B given above into eq. A10 then yields the
fraction of absorbed microsacs 7 =0.362. Sub-
stitution of eqs. 5 and 6 into eqs. Al13 and A7.
respectively, yields the fraction g(v.), of functional
microsacs with volume larger than v, given by

g(v)=e"(1+an.) €))

and the fractional Li* content f(v.)., of these
microsacs, given by

Av)=%5 "(a*2+2av.+2) (8)

The flux amplitude measurements were made
using filters of pore diameter d=045 pm. It is
therefore necessary to determine the normalized
volume distribution function Qg.s(v). and the
mean volume ¥, 45, of the microsacs entrapped on
such a filter. These quantities will not be identical
to the corresponding parameters Q(v) and & for
the microsac suspension prior to filtration. Insert-
ing the value o, = 0.0477 pm’ resulting for pore
diameter d=0.45 pm into eqs. 7 and 8§ yields
g(v.)=0.860 and f(v )=0.971. Substitution of
these parameters, together with 7 determined
above, into eqgs. A1l and Al4 yields

(0.398)0(v) ©=0.0477 pm’®

Qo.45(0)={(0_602)Q(v) »>0.0477 pm® (&)

and Ty 45 = (1.078)5 = 0.157 pun?.
4.4. Characteristic parameters of the microsacs

As shown previously [7], knowledge of the
quantities P, and O(v) for a given microsac sus-
pension permits determination of several char-
acteristic parameters. Two limiting cases need to
be considered. At low surface densities of recep-
tors there may be little covariance between micro-
sac size and receptor content (case I). At high
surface densities the receptor content of a micro-
sac is expected to be proportional to the microsac
surface area (case II). using equations previously
derived for these cases [7], it is then possible to
determine: (a) the fraction of microsacs having n
receptors per microsac §,,, (b) the mean number of
receptors per microsac 7, (c) the mean internal
volume & and surface area 5 of a microsac, and (d)
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Table 3

Fractional receptor content £,

I, number of toxin sites per receptor.

! Case £ £ %5 £s £s £6 £

1 I 0.24 0.55 0.20 0.01 - - -
i1 0.57 0.46 0.09 0.00 — — —

2 I 022 008 0.07 0.00 0.06 0.16 0.41
1 1.22 0.16 0.07 0.00 0.03 0.06 0.12

the mean surface density of receptors p.

From eq. A8 it follows that © can be de-
termined if Q(v) is known. For spherical micro-
sacs, insertion of the valne 5= 0.146 pym® derived
above, into the surface-to-volume relauonshlp s=
47(36/47)?/3, yields 5§ = 1.34 pm®. The remaining
parameters given in tables 3 and 4, can be ob-
tained using the values P, presented in table 2.

4.5. Flux amplitude analysis

The flux amplitudes resulting for Li™ efflux
induced by 0.5 mM CbCh from microsacs prein-
cubated with a-BuTx are presented in fig. 3 (open
circles). Unlike in the parallel case (fig. 3, filled
circles), where conditions leading to complete
emptying of microsacs were used, the CbCh-in-
duced amplitedes will depend not only on the
extent of toxin inhibition, but also on channel
closing due to receptor inactivation. Using the
values X(a=0) and X(a=1) for measurements
leading to a complete emptying, and X(«) for the
CbCh-induced amplitudes, the flux data can again

Table 4
Mean receptor content and mean receptor surface density

I, number of toxin sites per receptor

7 Case ;4 p(pm—2)
1 H 198 1.48

n 1.78 1.33
2 H 472 352

1 3.14 2.34

be expressed in terms of the overall relative ampli-
tude change R{«a) given by eq. 2. As shown in pari
11 of this series [7], R(a) is given by the general

expression

R(a)= X PJ¢e™*>L],

n=1

(10)

where the square brackets denote averaging over a
distribution in microsac internal volume v, and
where the mean flux amplitude contribution

ke~

(e™ D
Y =1—(—a) - (1—Ce™*) )

PEr recepior is gjvt‘:u U_y

<e—A1

(1)

where / is the number of toxin sites of a receptor, »

tha number of channels inhibited by occunation of
N8 nUumMoSr O Caanneais mnamoiies 8 occupation ol

a toxin site, and (e~*"),  the mean single chan-
nel flux amplitude contribution. For AcChR-con-
trolled flux at high activator ligand concentrations,
one obtains I7] the limiting ligand concentration-

—ke —
e =~ RS az
OV Rerr /R )
where k.. is the effective volume-indenpendent rate

S22 Ceri = = = Dafaianis ===
constant for the Li*-Na™ exchange flux through a
single channel, and k; the effective forward rate
constant for the final slow inactivation phase of
the receptor gating reaction. Since vin eq. 12 is a

variahlas et 7 5 V- PR, JEN, T choonne o o3 IF
Vﬂllal}lc \C /u oo L= U Sy ) §

(kli/k;) is known.

The volume averaging in eq. 10 can be explicitly
carried out for the two limiting cases discussed in
the preceding section [7]. For case I (limit of low

lb uuxqucn_y Ciaracicri
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receptor surface densities) one obtains

R(a)= 3 P, [“(e7*")00.s(v) dv (13)
n=1

where Qg ,s(v) is given by eq. 9, and (e~ *'>_ by
eq. 11 with eq. 12. The use of Qg 45(v) rather than
O(v) is indicated, since the measured Li* content
reflects Li* on filters with pore diameter d = 0.45
pm. Treating the rate constant ratio (k/i/k;) in
€q. 12 as a variable parameter to be optimized, it is
possible to evaluate explicitly eq. 13 by numerical
integration. Employing a computer program based
on a twelve-point Gaussian integration procedure
[13], an optimum fit to the data of fig.3 (open
circles), expressed in terms of eq. 2, was obtained
using a least-squares criterion. The results are given
in table 5. The best simulation is shown in figs. 6
and 7 (dashed line).

When case II (limit of high receptor surface
densities) applies, eq. 10 can be expressed as [7]:

R(a)= § Pn{l—(l—a)l-[l—(;%i—c)]}n (14)

n=1

where ¢ =(3/47) - (45p)>/? - (kly/k;). Using the
value of p given in table4, and treating ¢ as a
variable to be optimized, least-squares numerical
curve fitting of eq. 14 to the data of fig. 3 (open
circles), expressed in terms of eq. 2, then leads to
the results presented in table5. The optimum
sirnulation of the data is shown in figs. 6 and 7
(dotted curve).

Table 5

Rate constant ratio for the limiting cases (see text and table 2)

! r Case 1 Case I
(K'/kg) € (Kk'/ka) €
1 1 0.51 0.034 0.51 0.029
2 1 0.26 0.024 041 0.014
0.10 0.025 0.18 0014
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5. Discussion

Exposure of Torpedo marmorata microsacs con-
taining Li* to neuroactivator ligands (e.g.. AcCh
and CbCh) leads to a reduction of Li* content
due to efflux of Li* through AcChR-controlled
transmembrane channels. Under the experimental
conditions used in the measurements presented
above, flux involves an exchange of microsac inter-
nal Li¥ (initial concentration 0.2 M) for Na™ in
the dilution bath (initial concentration 0.2 M).
Finite flux amplitudes, reflecting an incomplete
emptying of the net microsac Li™ content, result
upon inhibition of receptors by snake toxins, and
upon activator ligand-induced receptor inactiva-
tion. A detailed mathematical analysis of the
activator and/or inhibitor ligand concentration-
dependent flux amplitudes was presented in part
I1 of this series [7]. In contrast to previous at-
tempts to analyse the dependence of flux proper-
ties on the extent of inhibition by snake toxins
[10,14,15], the treatment explicitly accounts for the
mixed population of fractionally inhibited micro-
sacs arising upon random binding of toxin to sites
localized on the microsacs [4.5]. The resulting gen-
eral expression for the overall relative flux ampli-
tude R(«) as a function of «, the fraction of total
toxin sites occupied, is given by eq. 10 with eq. 11.

Using a novel procedure outlined above, flux
can be carried out under conditions leading to a
complete emptying of all microsacs containing
residual receptors uninhibited by toxin. The «
dependence of the resulting flux amplitudes is
given by eq. 3. This special casz of eq. 10 implies
that R(a) is a weighted sum of polynomials in a.
Curve fitting can be used to determine the weight
factors P,. and in principle, the number of toxin
sites / per receptor gating u:it (controlling at least
one channel).

When activator ligand-induced flux is carried
out under conditions leading to inactivation of
receptors, the general expression, eq. 10, for "(«)
holds. The mean single channel fiux amplitude
contribution (e~ %’} that must then be consid-
ered represents the mean factor by which the Li™
content of a single microsac was reduced due to
flux through r channels controlled by a single
receptor gating unit. Assuming prior knowledge of
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the P, and /. curve fitting can be used to determine
the rate constant ratio (A, /k;), and in principle,
r.

Recent investigations of the AcChR of fish
electric organs indicate that solubilized receptors
exist as monomeric units of subunit structure
a, Byd (‘light form’). or as disuliide-linked dimers
of such monomers (‘heavy form”) [16—18] (see also
ref. 19). A given a,-subunit complex contains one
or two activator ligand-binding sites. A Hiil coefTi-
cient greater than unity has been reported for
ligand binding to these sites. A single ion channel
is probably associated with each monomeric unit.
The binding site for snake toxins is also thought to
be on the a-subunits. There is some indication that

toxin is bound to two nonequivalent sites (see, e.g..
ref. 16).

The measured P, values for one (/=1) or two
(/= 2) equivalent and independent toxin sites per
receptor are presented in table 2. Comparison of e,
the sum of the squares of the deviations of simu-

Tntad Frarmm moancitrard maimte smvdicntoc that o clichtIvy
1&wCaA ITOITE INCASUrca POINLS, INGICAICS uldl 4 Salgiiuy

better fit is obtained for the case /= 2. However.
the difference is within the limits of confidence of
the data points. The various types of fractionally
inhibited receptor forms and the corresponding
states of the associated ion channels for the cases
I=1, 2 and r=1, 2 have been schematically il-
lustrated in fig. 1 of part II of this series [7). The
case / = 1 pertains to either (a) a monomeric recep-
tor unit with a single site, or (b) a dimer of
mutually independent monomers, with one toxin
site per monomer, where occupancy of the site of
one monomer would not affect flux controlled by
the other monomer. The case /= 2 pertains either
to (@) a monomeric or a dimeric unit, with a total
of two sites, where single and double occupancy
equally lead to a full inhibition of flux controlled

hv the rpcnerhvp unit, or lh\ to a dimer of mutu-

a]ly mdependent monomers, with two toxin sites
per monomer, where single or double occupancy
of a monomer does not affect flux controlled by
the other monomer, but does lead to full inhibition

of the manomer on which the aoccunied csitec are
C: ¢ monomer on windn n€ OCCupits Siies ard.

Values for the probability £, that a given mi-
crosac contains n receptors, are given in table 3.
For /=1 a uniformly varying distribution of §,,
values is found for limiting cases 1 and II. For
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/=2 an asymmetric distribution results. The rela-
tively large contribution of £, for both /=1 and
/=2 excludes the possibility that the receptor is a
dimer of mutually independently MONOMETS.

Tha dao curve chao f:r D Az
e uvov—xuoyunlo» CUIrve snown Iig. « INGi-

cates that flux amplitudes for CbCh-induced Li™

efflux increase with CbCh concentration until a
saturating concentration of approx. 20 uM is re-
ached. At larger concentrations the amplitudes no
ionger vary significantly. The sampie fiux data
shown in fig. 1 indicate that even at a concentra-
tion of 0.5 mM CbCh does not induce a complete
emptying of Li* content. As shown in figs. 6 and
7. simulation of the flux data by egs. 13 and 14
correctly reproduces (a) the finite tracer content
found for CbCh-induced flux when a =0, and (b)

the fact that for all values of «, the tracer for
CbCh-induced flux is greater than or equal to that
for flux under conditions leading to a complete
emptying. The fit to the CbCh-induced flux data
for /=2 is somewhat better than that for /=1

However. there is Little difference in the simu
2aOWIVOL, UldliT 15 iilul GiniSiTndl i uld SimGu

curves resulting for subcases r =1 and r=2.

Cumulatively, the results of the toxin inhibition
measurements indicate that the receptor may be a
monomeric unit with two toxin sites and one asso-
ciated channel, or a dimer of iwo rnonomers,
where each such monomer contains a single toxin
site, and where there are either one or two chan-
nels associated with the dimer.

The mean receptor surface densities p given in
table 4 are much lower than those estimated to be
present in subsynaptic regions [16]. This suggests
that both limiting case 1 (no covariance of micro-
sac size and receptor content) and case 1I (receptor
content is proportional to surface area) need to be
considered. The fact that for case 11 the equality
=, &¢,=1 (i-e, normalization condition) is not ob-
PVPH for the £, values in table 3 indicates that for
both I=1 and 1=2, case 11 does not strictly hold.
Further, the simulated curve corresponding to case
I in fig. 6 (dashed curve) shows progressive devia-
tion from the measured points with increasing a.

Qince an onnosite trend 1s obhserved for the curve
SINCE an oppoesite rend 1s ODserved Ior (e curve

corresponding to case II (dotted curve), the actual
degree of correlation between microsac size and
receptor content lies between that for case I and
case I1L.
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The optimum (k[;/k;) values obtained {rom
curve fitting are given in table 5. In spite of some
variations for cases I and 1l, and for /=1 and
1= 2, the values fall in the relatively narrow range
0.10=<k,/k,<0.51. k ;4 1s the effective rate con-
stant for flux through a single channel on a micro-
sac with unit volume 1 pm’. The effective rate
constant k. for flux through a single channel on
a microsac with internal volume v. is given by
k= Kl;/v. Substituting the mean volume o=
0.147 pm’, one obtains the mean range of values
of 0.68 < k /k; < 3.47. Mean flux through a single
channel thus cccurs on the same time scale as slow
receptor inactivation (i.e., the time scale of seconds
[16]). As shown previously [7], & is given by the

product k. =k-1I, %, . where af?); represents

N~
the equilibrium fraction of open ch}an‘;mels follow-
ing completion of the jth phase of the receptor
gating reaction, and k is the (true) rate constant
for tracer flux through a permanently open chan-
nel. If af?), <1 for any phase j preceding the
slowest inactivation mode, then k. ;<<k. Recent
evidence suggests that the activator ligand-induced
AcChR gating reaction involves at least three
phases on separate time scales [16]. In part 11 of
this series [7] it was suggested that in the limit of
high activator ligand concentrations. a linear reac-
tion pathway involving a rapid activation step
followed by intermediate and slow inactivation
steps is expected to constitute a reaction scheme of
minimum complexity for the AcChR gating reac-
tion. It was shown that for such a linear scheme
the quality k., /k,= k/k,4 holds. where k; is the
forward rate constant for the slow inactivation
step. The above findings would therefore indicate
that the true (activator concentration independent)
rate constant k, is of the order of k&, while the
effective mode rate coefficient k; is of the order of
kg

The unusually low p values in table 4 may arise
because (a) the microszcs used were from a
low-density fraction of the Percoll gradient {8},
and (b) a portion of the receptors may have been
damaged during the preparation, and thus re-
ndered nonfunctional. An incorrect value of p
could result if irreversible binding of toxin to
receptor sites were more rapid then mixing of the
diluted microsacs in the incubation step. Local
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inhomogeneities in toxin concentration might then
arise, leading to nonrandom binding. However. the
data presented in fig. 4 show that inhibition occurs
on the time scale of minutes, and is thus much
slower than mixing. An incorrect value of p would
also be obtained if the toxin sites were not equiva-
Ient and independent. Positive cooperativity in
toxin binding would lead to an underestimation,
and negative cooperativity to an overestimation, of
p- Although the possibility of cooperativity cannot
be excluded. positive cooperativity due primarily
to charge effects seems implausible. The receptor
has a net negative charge while a-BuTx has a net
positive charge. Therefore toxin binding would
lead to increasing neutralization of charge. reduc-
ing the probability of capture of toxin molecules
on the microsac surface.

As has been shown elsewhere [5]. the method of
progressive toxin inhibition of flux employed above
to determine the parameters P, can only be used if
p is small, so that for a predominant portion of the
microsacs n << 50. A more generally applicable ap-
proach valid for arbitrary p is being developed (J.
Bernhardt and E. Neumann, to be published).

In summary, experimental techniques for de-
termining fundamental parameters required for a
quantitative analysis of gated tracer flux from or
into microsacs have been presented. The quantities
P, and Q(v) reflect the distribution in microsac
size and receptor content, which may vary from
preparation to preparation. They are intrinsic
parameters of a given collection of microsacs. and
do not depend on the nature and concentration of
the tracer species used. Thus, although efflux of
Li~ was used as a mode of measurement in the
present work, the values of P, and Q(v) de-
termined above could be used in the analysis of all
subsequent measurements with the same microsacs
— even if another tracer species and another
mode of measurement were employed. Knowledge
of the paramneters permits determination of the
mean single channel flux contribution (e *'). In
analogy with the investigation of flux amplitudes
reported above, the following general steps can be
employed to analyse flux data: (1) Characteriza-
tion of parameters P, and Q(v) for a given micro-
sac suspension; (2) Substitution of £’ /v for k in
the expression for {e~**) appropriate to the gating



340 J. Bernhardr, E. N

process being investigated; (3) Explicit evaluation
of the volume averages in eqs. A6 and A7 for the
two limiting cases of no covariance, and of strong
covariance, of the distributions in receptor content
and size; (4) Determination of the volume-inde-
pendent terms in (e %'); (5) Further analysis of
these terms based on examination of their depen-
dence on the concentration of control ligands.
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Appendix

The tracer content X(v.) of a filter with cutoff
internal volume »_ is given by

X(2)=X(0) { f(v)+[1— F(x)]}(=)} a1

where X(0) is the total amount of tracer in the
microsacs added to the filter, f(v_) the fraction of
X(0) in microsacs with volume larger than v., and
7(v.) the fraction of the microsacs with volume
less than v_ that are absorbed to the filter. f(v,) is
a uniformly decreasing function of v., where f(0)
=1 and lim, . f(v.)=0. The dependence of
n(v.) on v, is expected to be determined by many
factors, e.g., the surface area of the filters, the
presence of cavities suitable for accommodating
microsacs of a given size, and the degree of satura-
tion of the available absorption sites. In filtration
experiments using Torpedo microsacs, it was com-
monly found that the measured X(v.) reaches a
limiting value X(o0) with increasing v_, given by

X(0)= lim X(2.)=X(0) lm n(v.)

= X(0)n(=0) (A2)

where 7(c0) is the limiting value of 5(v.) for filters
with large pore size.
Considerable simplification results if the frac-
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tion of microsacs of a given volume v, that are
absorbed, has the constant, volume-independent
value 7. From eq. A2 one obtains

n=n(00)= X(c0)/X(0). (A3)

Substitution of 7 given by eq. A3 for %(v.) in eq.
A1l then yields

X(v:)= X(0)+[ X(0)— X(=)]-f(v.)- (A9

The amount of tracer in all microsacs with
internal volume v is given by v - C_ - v - O(v). where
» 1s the total number of microsacs, C, the con-
centration of tracer in each microsac, and Q(v)
the probability that a given microsac has the inter-
nal volume v. The total tracer content Y(v.). of
the microsacs with internal volume larger than o,
is therefore given by

Y(vc)=vC°j:°:;Q(v) do (A5)

where Q(v) obeys the normalization condition
j:cQ(u)duzl (A6)

The fractional tracer content f(v.) in the microsacs
with volume larger than ». is given by

Ao )=Y(2)/ YO =% [To0(0) do (a7)

with the mean internal volume © defined by
T::_’; vQO(v)de. {(A3B)

Substitution of eq. A7 into eq. A4 yields the
empirical relationship expressing the dependence
of X(».) on v,

X(vc)=A+Bj:°vQ(v) do (A9)

where 4 and B are constants. Noting that 4 =
X(o0) and B =[ X(0) — X(o0)]/®, one obtains from
eq. A3

A

_ ———— l
1= A% Bo (A10)

In principle, the functional dependence of Q(v)
on o could be of arbitrary complexity. Plausibility
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arguments suggest that Q(v) passes through a
single maximum, and that lim_,_, Q(v)=lim__ .
O(»)=0. While O{v) could be determined by
numerical differentiation of eg. A9, a less tedious
approach is to substitute an approximate trial
function for O(v) in eq. A9. Optimization based
on least-squares fitting to the measured X(v,) val-
ues can then be used to determine the constants A
and B, as well as variable parameters contained in
the tnial functions. Candidate trial functions of
suitable functional form are the functions o”-
expf—a-v] and o - exp[—a- (v — DY/ 2w’}
where a, &, o and » are variable parameters. After
appropriate normalization based on eq. A6, these
trial functions, or linear combinations thereof. can
be used to approximate Q(v) in the range O << v =<t
co.

Q(v) is the normalized volume distribution
function for the microsac suspension prior to
filtration. In order to describe the volume distribu-
tion of microsacs entrapped on a filter with pore
diameter d, it is useful to introduce the normalized
distribution functions Q4(v). For v<uv., Q4 v)
must reflect the volume distribution of the ab-
sorbed microsacs, given by nQ(v). For v>uo_,
Q4 v) will be given by @(v). Noting that O4(v)
must obey the same normalization condition as
O(v). one obtains

_fe-0(v) v<p,
Qd(v)—{(]_¢)_Q(v) o> o, (Al1)

where ¢ is given by

&= K

T a+(—n)g(n) (a12)

with g(v_), the fraction of microsacs with internal
volume greater than v_, given by

g(oc)=f:°Q(v)dv. (A13)

Substituting O, (v) for O{v) in eq. A8 yields the
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mean internal volume ©; of the microsacs er-
trapped on a filter with pore diameter 4. One
obtains

- =l_7.[11“**(1--’7)4(0.:)] (A14)

ve n+(1—1)-g(v,)

where © is the mean internal volume of the micro-
sacs prior to filtration.
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