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Supplemental Material

I. Diminution of peak amplitudes by rapid desensitization.

The initial activation of the nAChR is a multi-step process that consists of the
convective flow of ACh solution from the superfusing pipette, the diffusion of ACh
through an unstirred layer, and an activation sequence consisting of ligand binding and
the receptor conformation change.  

The elementary response.

Details of many of these steps are not known in reliable, quantitative detail and
are not critical to the argument here, so we empirically model the rising phase of the
ACh response at a single point on the cell surface as the elementary function  AR*(t) =
tanh(θ*t).  This function with θ=200 s  gives a 10 - 90% rise time of 6.9 ms.  This well--1

behaved function has the simplicity and tractability for easy use in the differential
equations for receptor activation and desensitization.  Using the two stage
desensitization mechanism embodied in Scheme 1 of the text and rate constants for the
control condition of k  = 1.5 s , k  = 1.0 s , k  = 0.5 s , and k  = 0.2 s , the simulated1 -1 2 -2

-1 -1 -1 -1

activation-desensitization time course curve is as follows:

Five seconds of simulated decay are shown in the main plot, and 0.2 s are shown in the
inset.

The effect of increasing the first stage forward rate constant for desensitization,
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k  as in the presence of AEA, is shown in the following simulations:1

There is a 28% decrease in peak amplitude just due to a k  value that has increased to1
50 s  while the rise time remains at < 7 ms.-1

The effect of changing the rise time (through the parameter θ) of the elementary
response above on the peak amplitudes both when k  = 1.5 s  (control) and k  = 50 s1 1

-1 -1

is depicted in the graph below. 
When the rise time is 70 ms and
k  = 50 s , the peak amplitude is1

-1

22% of the maximum.  The
simulated currents under these
conditions are shown as the
inset.
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The summated response.

The model: Receptors are dispersed over the surface of the cell, depicted as
dots in the figure below.  The jet of agonist
solution (red) directed at the cell at the bottom of
the culture dish is deflected by an unstirred layer
through which the ACh diffuses passively.  Given
diffusion dimensions of ~ 10 µm and a diffusion
coefficient of 9.8 x 10  cm s (1), the diffusion--6 2 -1 

limited rise time for the ACh to reach its nominal
pipette concentration over the entire surface of
the cell is on the order of ~ 50 ms.  As shown in
the figure, during that access time, receptors
activated first could already be desensitzed (black
dots) while others (green dots) are activated and

more distant ones (yellow dots) are still unactivated. The recorded
signal is the summation of all the receptors activated at any time.

The simulations:

Assume that the measured response is the sum of elementary responses
described on p.1 with rise times of 6.9 ms and that the wave of ACh reaches the
receptors as a Gaussian function of time with a standard deviation of 50 ms (and mean
of 120 ms).  The figure at the left below shows how nine such elementary responses
sum when k  = 1.5 s  (control), and at the right when k  = 50 s .  1 1

-1 -1



-0.5

-0.4

-0.3

-0.2

-0.1

0

σ = 75 ms
  r.t. = 135 ms

σ = 50 ms
  r.t. = 88 ms

σ = 40 ms
  r.t. = 72 ms

σ = 30 ms
  r.t. = 51 ms

σ = 20 ms
  r.t. = 35 ms

σ = 10 ms
  r.t. = 17 ms

100 ms

4

Notice that when k  = 1.5 s  the 91
-1

elementary responses sum to 8.7, but
that when k  = 50 s  they sum to only1

-1

2.9 units because desensitization is so
rapid that the superposition
approaches a sequence of unitary
responses.  Summating 200 such
responses (k  = 50 s ) gives the curve1

-1

at the left, with a peak of about 35
units, i.e. 18% of the summated peak
when there is no desensitization.  

If, instead of simply summing discrete elementary units, one convolves the response
curve with a Gaussian function using a range of standard deviations, one obtains the
series of curves below.  The non-desensitized maximum in this plot is unity.  Note that
peak amplitudes decrease with increasing rise time, but that the decays become
distorted at rise times slower than about 50 ms.  At this and slower rise times, the entire
signal becomes an imitation of the Gaussian activation wave.  
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Summary and conclusions

1. An elementary response function that neglects the lateral dispersion of
receptors on a cell shows that the peak response is diminished when the
desensitization rate constant k  increases.  When k  = 50 s  and the rise1 1

-1

time is ~ 100 ms, the peak amplitude is diminished to about 15% of the
control value.

2. Simulating lateral spread of the activation by summing elementary
response functions over a Gaussian distribution in time shows that peak
amplitudes diminish as rise time increases, but at rise times >50 ms, the
decays become governed by the spread of activation rather than the
kinetics of desensitization.  The peak amplitude at this threshold is about
20% of the maximum.  Activation waves that are skewed Gaussians would
give slightly different results.  As the rate constants we measured at 2 µM
AEA were generally consistent with those at lower concentrations, we
believe that distortions of the decays by the activation wave were not
evident in our experiments.  

3. In these ways, one can easily account for diminutions in peak amplitude of
up to about 80% by the increase in the desensitization rate constant k1
that resulted from the treatment with AEA.  Greater diminution, such as
the 99% block seen in 2 µM AEA, are not as readily accounted for by this
model because they require unrealistically slow rise times and distortion of
the decay phase that was not experimentally apparent.  We therefore
consider other mechanisms of current block, of which desensitization of
the closed channel seems most parsimonious.  

II. Deriving rate constants from the decay curves:  a stepwise explication.

For this discussion, we neglect the diffusion of ACh to receptors, described in
part I above, and assume that it is instantaneous contact with a homogeneous
population of about 1000 receptors (based on a maximum current of 2 nA and taking a single
channel conductance — estimates vary from 13 to 46 pS — as 30 pS, and a holding potential of -60
mV).  Neglecting desensitization and open channel block by the agonist, each
receptor undergoes cycles of states from inactive to occupation by the agonist to
activation (open channel) and back over a time scale of about a millisecond (e.g.
see Maconochie and Steinbach (1998)). Therefore, the activation state of this
population of channels can be considered to be in equilibrium with the agonist at
the time scale of desensitization, which (even in the presence of AEA) is at about
two or more orders of magnitude slower.  Because of this equilibrium, we can
consider the activated state, AR*, as a single entity without regard to the
activation steps.  
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We now consider the simplest case for desensitization, when the decay of the
peak current occurs by a single exponential decay.  The corresponding kinetic
scheme is as follows:

        k1
AR* -> AR’
       <-
       k -1

where AR’ is a non-conducting, desensitized state.  This scheme says that the
population of activated receptors, AR*, is diminished at a rate equal to the
concentration of AR* times the rate constant k .  As AR* becomes depleted by1
being transformed to AR’, the rate decreases, so a plot of the remaining AR*
(indicated by current that is monitored by whole cell patch clamp) follows an
exponential time course.  AR* would diminish to zero were it not for the recovery
from desensitization represented by the backward arrow in the scheme above. 
This recovery limits the final extent of desensitization so that AR* levels off to an
asymptote level, a direct measure of its presence.  The time course and the
asymptote are determined completely by the rate constants k  and k  as1 -1
solutions of the corresponding differential equation:

d[AR*]/dt = - k  [AR*]  + k  [AR’]1 -1

[AR’] is not observed directly, but the peak activation, [AR* ] (the initial condition),0
is observed, so the equation can be expressed to account for the conservation of
receptors as

d[AR*]/dt = - k  [AR*]  + k  ([AR* ] - [AR*])1 -1 0

or d[AR*]/dt = -(k  + k )[AR*] + k [AR* ]-1 1 -1 0

where [AR* ] is a constant through time.  This differential equation can be solved0
by the separation of variables method, which yields the following integrated rate
equation:

   [AR* ] {k  exp(-(k  + k )t) + k  }0 1 1 -1 -1
[AR*] = 

k  + k1 -1

This equation describes a curve that starts at [AR* ] when t = 0 and decays with0
a time constant tau = 1/(k  + k ) to an asymptote = [AR* ] k  / (k  + k ).  It shows1 -1 0 -1 1 -1
that when k  =0, the asymptote is zero; that when k  = k  the asymptote is half of-1 -1 1
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the maximum; and that when k  >> k , the decay is imperceptible.-1 1

Thus, by fitting the decay curve to an exponential curve with an asymptote to
obtain tau and the asymptote, all of the information to convert these two
parameters to the two rate constants is obtained.  

For the two sequential desensitized states incorporated as Scheme 1, another
more complicated function is obtained that describes a double exponential decay
to an asymptote.  The two time constants, the fraction of each exponential
function, and the asymptote are, as in the single exponential case above,
convertible to the four rate constants.
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