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PHYSIOLOGICAL CONSEQUENCES
OF ACh RECEPTOR
AND ESTERASE DISTRIBUTION
IN VERTEBRATE ENDPLATES

by

Miriam M. SALPETER and Bruce R. Lanp *

In our talk this afternoon, we will first summarize briefly the work from
our laboratory over the past 10 years in which we used quantitative EM
autoradiography to assess the localization and concentrations of acetylcho-
line esterases (AChE) and receptors (AChR) at various vertebrate ncuro-
muscular junctions (nmj). These studies have led us to speculate that a quantum
of ACh can interact with a very small postsynaptic area at saturating ACh
concentrations (Fertuck and Salpeter, 1976; Matthews-Bellinger and Sal-
peter, 1978). This geometric model, which we will call the « saturated disc »
model, has certain physiological consequences that will be discussed in the
second part of this talk. Thirdly, we will tell you about some recent experi-
ments being conducted in our laboratory (in collaboration with Edwin Sal-
peter) designed to evaluate the saturated disc model.

The quantitative assessment of AChE and AChR distribution at nmj’s
required the development of autoradiographic procedures which are repro-
ducible and easily calibrated. We will not go into the technical details of
our « flat substrate » specimen which we developed for this purpose, since
it has been described fully in earlier publications (e. g. Salpeter and Bach-
mann 1964, 1972), and since it has now become routine for similar studies
in other laboratories (e. g. Porter and Barnard, 1975; Bourgeois et al., 1978).
We have calibrated this specimen for sensitivity, i. e. determining the number
of radioactive decays which give, on the average, one developed grain (Bach-
mann and Salpeter, 1967; Salpeter and Szabo, 1972; Fertuck and Salpeter,
1974); and for resolution, /. e. determining the distribution of developed
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grains expected from various defined radioactive sources in a tissue (Salpeter
et al., 1969, 1977 and 1978 a). Using these calibrations we are able to locate
labeled structures (within 500 to 1,500 A resolution; depending on the isotope
and photographic conditions) and establish how many labeled molecules
are present per unit arca or volume of that structure.

Figure 1 shows an EM  sraradiogram of a mouse nmj whose AChE's
were labeled with *H-diisopropylfluorophosphate (*H-DFP) using appro-
priate controls to avoid labeling non-specific esterases (Rogers er al., 1969).
Fhe grains are seen in a band overlying the post-junctionnal folded membrane
(pim). (The 1esolution is 1,500 A under these conditions with Ilford L, emul-
sion, Salpeter et al., 1969). Figure 2 is an EM autoradiogram of a lizard nmj
whose AChR's were labeled with "** I-x-bungarotoxin ('2*1-2-BGT) (resolu-
tion = 800 A under these conditions with Hford L, emulsion, Salpeter er
al.. 1977). The grains are concentrated at the top ~ 2,000 A of the (pjm)
overlying a region of thickened post junctional membrane (tpjm). Figure 3
is a schematic drawing of a mouse nmj with a histogram on either side. The
one on the right represents the distribut hn of developed grains due to *H-DFP
and thus labeled AChE sites (see Salpet r, 1969 Salpeter et al., 1972) whercas
the one on the left represents the discribution of developed grains due to
'251-2-BGT and thus labeled AChR sites (Fertuck and Salpeter, 1976). Note

FiG. 1. - EM awtoradiogram of mouse neuromuscular junction in which AChE sites are labeled
with 3H-DI'P. Emulsion: Liford Ly, Developer: D19, Resolution: (HID) 1,500 A, Developed
grains are distributed over region of post-junctional folded membrane (~ 20,800y (We
thank Dr. Hedwig Kasprzak for this picture).
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FiG. 2. — EM autoradiogram of lizard neuromuscular junction whose AChR sites are lubeled
with *]-t-BGT. Emulsion: lford Ly, Developer: D19, Resolution: (HID) 800 A. Developed
grains are concentrated at top of the post junctional membrane ( - 20,800).
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FiG. 3. — Schematic drawing of mouse neuromuscular junction with histograms representing

grain distributions due to *H-DFP label (right) and '**1-0-BGT label (left). The distri-
bution after *H-DFP is what would be expected from labeled sites along the post junctional
membrane (pjm) down to the bottom of the ~ 8,000 A deep folds. The grain distribution
after 2[.o-BGT is what would be expected from labeled sites concentruted along the
thickened top ~ 2,000 A of the pjm.
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that we use the term AChR (or R) synonymously with one ACh binding
site or onc «-BGT binding site.

Quantitation of the AChE and R sites shows that the AChE is present
al a concentration of ~ 2,500 + 500 sites/u® of pjm surfuce arca *. The
receptor on the other hind is present at a concentration of ~ 20,0002 **
- 8.000 sites/;® of specii . ..{ dense membrane at the top of the pjm. The
receptor of thus present in a 5-10 fold higher concentration than esterascs
at the top of the pjm whercas the esterases exceed receptor at the bottom of
folds. The organization appears similar in frog (Matthews-Bellinger and
Salpeter, 1978) and lizard muscle (Land er a/., unpublished) as that previously
scen in the mouse.

This distribution of AChE and AChR has led us to suggest the « saturaticd
disc » model. 1t is bascd at present on the qualitative argument that a quantal
packet of ACh (~ 10* ACh molecules; see Kufller and Yoshikami, 1975)
need not diffuse very far from its site of release before it can see a postsynaptic
area containing a number of ACh bind ng sites equal to the number of ACh
molecules in the quantum. (At 20,000 s tes/;m?, 10,000 binding sites occupies
~ 0.5 pm?). We will call this the quanta’ area (Aq). If binding were fast enough,
an ACh quantal packet could be fully bound within this small arca and thus,
during most of its brief free life-time, the ACh will act at very high concen-
trations. We calculate that this ACh concentration could be on the average
~ 1073 M, and thus more than 10 times higher than even the highest equili-
brium dissociation constants reported for ACh binding to either esterase
(Rosenberry, 1975) or receptor (e g. Dreyer and Peper, 1975; Sheridan and
Lester, 1977)

We do not of course know the exact binding time for ACh to AChR and
therefore are not able to define the actual area (to be called Ae) which is seen
by a quantum of ACh. The upper limit to Ae was given on physiological
grounds by Hartzell er al., 1975, as < 4 u. We expect that Ae is closer
to Aq than this upper limit suggests, and are currently engaged in studies
to determine these limits more precisely.

A plausibility argument in favor of this suggestion is based on the physio-
logwal consequences of inactivating AChE at the nmj’s. Hartzell ef al. (1975).
ane ¢ihers have shown thatinactivating AChE produces at most a 209, increase
i the miniature endplate current (mepc) amplitude. Yet, as stated above *;
the AChE is believed to reside in the basal lamina of the clefts. A
persistent  question therefore was how the ACh could run the grauntlet
of AChE on its way to the receptor, and yet remain so little affected. However
the « saturated disc » model would predict just that. We have shown that

* Evidence from other laboratories have established that the esterases are localized
within the basal lamina of the clefts (Hall and Kelley, 1971, Betz and Sackmann, 1973
McMahan er af., 1978). Combining these studies with our own data (Salpeter et al., 1978 b)
we suggest that the esterases are located in a sheet of basal Tamina overlying the surface
contours of the pjm.

** Our previously published value o 30,000 & 30 ¢, has to be corrected down by ~ 25 ¢
due to some uncorrected systematic fuctors,
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within the receptor area (Agq) AChR outnumbers AChE ~ 8 1o I. Thus of
the released ACh acted over an area Ac which is not much larger than Aq.
then during the 60-100 gsec of the mepce rise time, about 20 " of the packet
could bind to, and saturate the available AChE (occupancy time of ACh
on AChE is ~ 100 usec, Wilson and Harrison, 1961 and Rosenberry, 1975),
while the remaining ~ 80 °; of ACh can interact with receptors. By the time
the ACh leaves the receptor (AChR occupancy time on receptor is ~ | msee
if it equals channel open time, Katz and Miledi, 1973 h). the AChE will again
be free to hydrolyse it. A consequence of this reasoning would be that AChE
inhibitors should then make only ~ 10-20 %, more ACh available for binding
to receptor and thus at most increase the time to peak and amplitude of a
mepc by this trivial amount. This is indeed what Hartzell er al. (1975) have
shown, and we have confirmed in prelimiary unpublished studies. Of
course during the decaying phase of the mepce in the absence of AChE, the
ACh can bind repeatedly to AChR and consequently the decay time of a
mepc is lengthened considerably (Katz and Miledi, 1973 a). The model pre-
dicts that as AChR site density is decreased, the effect of inactivating AChE
on mepc amplitude and time to peak should be greater.

We want now to describe some recent experiments (in collaboration
with E. Salpeter) aimed at defining the parameters of the « saturated disc »
model more quantitatively. The first of these involves testing what happens
to the time to peak, and amplitude of a mepc when the receptor site density (o)
is lowered in an esterase inactivated endplate. We are thereby able to distin-
guish those factors which depend on o (e. g. diffusion and binding-half life
of an ACh molecule) from those that do not (e. g. conformational change
time o open ion gates). We used the lizard intercostal muscle since the compact
endplates are much smaller than the electrical length constant and thus may
be uniformly clamped. The muscle is thin (one to two fiber layers thick) allow-
ing easy visualization of the endplates with Hoffman modulation optics.
The AChE’s are inactivated by DFP (1 mM for 20 min). The AChR site density
is left normal or is decreased with -BGT (4 x 107 8M for either 20 or 40 min).
The muscles are voltage clamped at 100 mV and 239 C using 3-6 megohm
electrodes. Clamp output data is passed through a 2-pole Butterworth filter
with 4kHz cut-off. Approximately 200 mepcs are obtained from each fiber.
For cach mepc, computer smoothing is used to find both the half risc time,
and the amplitude. Mepc's are then superimposed to match the haif rise-time
point, and the raw data averaged to improve the signal-to-noise ratio. After
the physiological recordings are complete the muscles are incubated in
1251.9-BGT (5 x 1077 M for 2 hours), fixed in glutaraldchyde and formal-
dehyde as described for the frog (Matthews-Bellinger and Salpeter, 1978),
and prepared for EM autoradiography.

Figure 4 shows some voltage clamp traces of mepces at different degrees
of %-BGT poisoning. We see that in the esterase inactivated endplate the
amplitude decreases and the time to peak lengthens after «-BGT treatment.
Figure 5 shows two averaged traces: one of unusually low amplitude for
a normal preparation and the second of an unusually high amplitude for a
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IF1G. 4. — Computer averaged traces of m pes from esterase inactivated, voltage clamped

lizard newromuscular junctions. The top © ce is an average from preparations not treated
with -BGT, the middle and bottom (.. «¢s are from preparations treated tor 20 min
and 40 min respectively in4 - 10 8 M ~-/05T. Note increase in time to peak and decrease
of amplitude with increasing inactivation.  nescaleis S nA vertically and 0.4 msec horizon-
tally.

M

FI1G. 5. — Two averaged traces of mepes of approximately equal amplitude. Top trace is from
among the fargest of heavily a-BGT inactivited endplates (40 min) and bottom trace is
from among smallest of a-BGT untreated endplites. Note the longer time to peak in mepe
from o-BGT treated endplate. This shows that the tengthening in the time to peak after
AChHR inactivation is not an artefact of the averaging procedure of meeps with low signal-
to-noise ratio. Scale: 3 nA vertically and 0.5 msec horizontally.

poisoned preparation. The two have similar absolute amplitudes and yet
very different rise times. This shows that the increasing mean rise time with
decreasing o is notan artifact of the averaging process when the signal-to-noise
ratio is low. We plotted the correlations between AChR site density and time
to peak (fig. 6) and amplitude (fig. 7) of the mepcs.

The rise time of a mepcs is determined by 3 factors: the time (¢,) for ACh
to diffuse from its site of release to the receptor; the time (7,) for ACh to
bind to the receptor (i. e. the half life of the free ACh); and some constant
delay times (1) between ACh release and the initiation of ijon flux across
the postsynaptic membrane. To analyse these studies we note that ¢, is inversely
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FiG. 6. — Mepe rise time (20-80 ) rversus 1500
1o correlarion. Vertical error bars represent QE)
the standard deviation of the rise times. iz psec
Horizontal error bars represent the coun-t © 00
ing uncertainly in the autoradiographic é
process plus intersample variations in site
density. 50l
2
K/
| | i |
05x10% 4x10% 1 2x107¢
(Site Density)”
8
6 FiGg. 7. — Mepe amplitude versus g correla-
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proportional to the area covered (and thus to ¢) and that 1, is inversely pro-
portional to the concentration of reactants (and thus again to o). On the
other hand, ¢, a time delay, e. g. the time to open ion channels once the ACh
is bound to receptor, must be independent of ¢. Figure 6 shows that the
time to peak is proportional to 1/g as is expected if the time to peak were
controlled by t, and r, and if {, was negligible *. This is consistent with the
conclusions reached by Sheridan and Lester (1977).

The fact that the time to peak continues to lengthen proportionally to
1/o over the entire range of ¢’s tested, suggests thatthe ACh is still equally effec-
tive in opening channels, even though the reduced o requires the ACh to spread
over a larger (~ 3 fold) area to see an equal number of receptors.

Figure 7 shows that the mepc amplitude is proportional to . This relation
is compatible with a model which assumes that there are 2 ACh (or «-BGT)

* Note added in proof : Newer data now suggests a small measurable value for 7., on
the y-intercept in fig. 6 (Land, Salpeter and Salpeter, PNAS, 1980, in press).
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inding sites (R) per ACh receptor-channel complex (R,) and that both must
e occupied by ACh (A) to give an open channel (R ¥). (Binding to one site
Joes not effect the binding to the other site).

i e 2A + R, - A+ AR, - A R,

Tuble [, - CONSEQUENCIS OF %-BGT ON 1HE RELANNE EFFECTUIVENESS
OF ACH IN OPENING ION CHANNELS

lor n / for n 2
Occnpancy i
of Re !
ACh cffective ACh wavied ACh cfective ACh wasted
1. AR AR 2 N 2 . 0
2. BROAR | ' 0 1
AR BR 1 1 ¢} !
4. BR O BR 0 v 0 0
Where Number of binding sites per Re
R.  ACh reeeptor channel complex
R - ACE “iading site
A - ACh
B a-bungarotoxin (%-BGT)
7 R7em* not occupied by B

* As long as ACh concentration ts high cnough. all the ACh molecules of a quantum
will eventually bind to R's even though they have 1o spread over a Jarger arca as gas
decreased. Thus the relative decrease in mepe amplitude is proportional to the refative
number of ACh molecules wasted on partially 2-BGT inactivated receptor compleses
oo conditions 2 and 3 for w = 2y

This argument, summarized in table I, depends on the claim we just
nide (based on figure 0) that most of the ACh packet is at saturating concen-
ations during the rise time of 2 mepe and thus eventually bound to receptor.
s ¢ Is decrcased the ACh spread over a larger area 1o bind. The time to peak
i lengthen as seen in figure 6. However it there were only one binding site (R)
o oreceptor channel complex, (R)). then even though the ACh would have to
sread farther before binding an unoccupied binding site (R), once bound, cach
C'h molecule should be equally effective in opening the ion gate. Thus one
ould expect that initially, until ACh is lost out of the ¢left or the concentration
rcomes too diluted to bind eflectively, the amplitude should remain constant.
s would predict that after «-BGT incubation the mepe amplitude should

independent of o. However if there were 2 binding sites per R, and
th needed 1o be occupied in order to open the channel, then whenever
ity one of the 2 sites were occupied by «-BGT, an ACh could still bind to
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the other site but not be effective in opening a channel, and thus be wasted.
Quantitatively one finds that, if # binding sites are required to open an ion
gate and if one assumes the absence of cooperativity in binding, the amplitude
should then be proportional to ¢"~'. Our results are therefore comparable
with #n = 2 (sce also Adams and Sakmann, 1978).

We are now engaged in studics to determine the relative effects of ¢, and
1, on the time course of the mepe, and the cffect of esterase inactivation on
mepc amplitude and time to peak. These studies should allow us to define
more precisely the actual area fo Ae and determine the limits 1o the
« saturated disc » model.
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