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Efficiency of Synaptic Transmission of Single-Photon Events from Rod
Photoreceptor to Rod Bipolar Dendrite

Stan Schein*t and Kareem M. Ahmad*
*Department of Psychology and TBrain Research Institute, University of California, Los Angeles, California

ABSTRACT A rod transmits absorption of a single photon by what appears to be a small reduction in the small number of
quanta of neurotransmitter (Q.ount) that it releases within the integration period (~0.1 s) of a rod bipolar dendrite. Due to the
quantal and stochastic nature of release, discrete distributions of Q..unt for darkness versus one isomerization of rhodopsin (R*)
overlap. We suggested that release must be regular to narrow these distributions, reduce overlap, reduce the rate of false
positives, and increase transmission efficiency (the fraction of R* events that are identified as light). Unsurprisingly, higher
quantal release rates (Q.ates) Yield higher efficiencies. Focusing here on the effect of small changes in Q.ae, we find that a
slightly higher Qa1 Yields greatly reduced efficiency, due to a necessarily fixed quantal-count threshold. To stabilize efficiency
in the face of drift in Q,4, the dendrite needs to regulate the biochemical realization of its quantal-count threshold with respect
to its Qsount- These considerations reveal the mathematical role of calcium-based negative feedback and suggest a helpful role
for spontaneous R*. In addition, to stabilize efficiency in the face of drift in degree of regularity, efficiency should be ~50%,

similar to measurements.

INTRODUCTION

Extraordinarily sensitive sensory systems face two problems.
First, the receptor cell must be able to transduce an extremely
weak stimulus, a single photon in the case of a rod photore-
ceptor, nanometer bending in the case of a hair cell, and mi-
crovolts in the case of an electroreceptor. Second, and the
subject of this and a prior article (1), the receptor cell must be
able to transmit such a small electrical signal to its target
neurons by a small change in the number of quanta (Q) of neuro-
transmitter that it releases in the integration period of a rod
bipolar dendrite. The quantal and stochastic nature of neuro-
transmitter release, along with the small numbers of quanta
involved, impose inescapable mathematical constraints on
synaptic transmission from receptor cell to target neuron.

The synaptic terminals of these receptor cells have syn-
aptic ribbons or ribbonlike structures that enable them to
maintain a high rate of release of quanta of neurotransmitter
(Orate) (2). The rate for a rod in the dark, Qe gark, 18 thought
to be ~100 Q s~ ' (2-5), but may be lower (6). A rod bipolar
dendrite accumulates quanta of neurotransmitter for ~0.1 s
(7-10), considerably longer than the ~10-ms interval be-
tween quanta, so the dendrite may be regarded as a quantal
counter. However, quantal release is a stochastic process, so
the count of quanta in ~0.1 s in the dark (Qcount.dark) Varies
from epoch to epoch and would be distributed (e.g., solid
diamonds in Fig. 1 A). The mean of the Qountdark distri-
bution is small, perhaps ~10 Q.
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Upon absorption of one photon and isomerization of one
rhodopsin molecule (from R to R*), the mammalian rod
hyperpolarizes by only one millivolt (10-12) and is likely to
reduce its O, by only ~20% (1). The quantal count for one
R* (Qcountr+) Would also be distributed (e.g., Fig. 1 A, open
squares), and its mean is also small, perhaps ~8 Q. The re-
duction in Qo Would thus be very small, averaging just ~2 Q.

The quantal counter must have a threshold quantal count
(Q7) to discriminate R* events (Qcount = Q) from darkness
(Qcount = O). Such a nonlinearity was suggested by Baylor
and colleagues (11), modeled by van Rossum and Smith (5),
and located postsynaptically (13,14) in the bipolar dendrite,
not presynaptically in the nearly linear rod terminal (15).
Given overlapping Qcount.dark aNd Qcouner+ distributions, Ot
determines the probability of a false positive (when Qqunt =
O in the dark) and efficiency (the probability that Q.qune =
Ot after production of one R*). In our prior article, we
described several ways to reduce overlap and thereby im-
prove efficiency (1). Foremost, we argued that release cannot
be random (Poisson) but must instead be regular (‘‘clock-
work’’) to narrow the Q.oun distributions. By studying the
four QOrages.dark> 50, 100, 200, and 400 Q s~ !, and various Or,
we found that higher Qs dak Yield higher efficiencies.
However, by studying just those four Q\,es dark, W€ missed a
richer picture.

Here we change Q;aesdark 1N finer increments but with
necessarily fixed Q1. We show that efficiency is determined
by a single parameter combining degree of regularity and
O count.dark> SO suitable adjustment of degree of regularity can
achieve a high efficiency like 50% even for a very low
Oate.dark like 12 Q s~!. However, a small increase in O:ate dark
greatly reduces efficiency. To stabilize efficiency in the face
of potential drift in Qe gark> the rod bipolar cell needs to
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FIGURE 1 Quantal count distribution for random (Poisson) quantal re-

lease. Assuming a quantal release rate in the dark (Qyaee dark) 0f 100 Q s~ 'anda
counting window of 0.1 s, the mean of the Q ount dark Poisson distribution (¢ )
is 10 Q. Assuming that the release rate after one isomerization of rhodopsin
(from R to R*) falls by 20%, the mean of the O un. g+ Poisson distribution (C)
is 8 Q. The standard deviation of each of these Poisson distributions is equal to
the square root of the mean count. The probability that Qcount.dark 15 =1 Q
(dashed vertical line) is 1 in 2002 epochs of 0.1 s.

regulate the relationship between the biochemical realization
of its O and the biochemical realization of its Qcount g, thus
uncovering the mathematical role of negative feedback
involving Ca®" and suggesting a helpful role for spontane-
ous isomerization of rhodopsin. Efficiency could be stabi-
lized in the face of drift in degree of regularity as well if
median Qoun.r+ ~ Qr and efficiency = 50%, similar to what
has been measured.

METHODS
Interval distributions and regular release

Regular quantal release is modeled as an Erlang renewal process (1). In this
process, an Erlang Event is triggered at each rth underlying Poisson event.
The higher the order r, the more regular the release process, the less variation
in the interval between quanta, and the less variation in the number of quanta
counted in a counting window. We suppose that release of a quantum, the
Erlang Event, might follow accumulation of multiple (r) phosphorylations,
the underlying Poisson events, of a synaptic protein like bassoon or piccolo
(1,16).

In detail, the mean interarrival interval between rth-order Erlang Events
is r times the mean interval between the underlying Poisson events. The
standard deviation (SD) of the interval distribution also increases, but by /7,
so the coefficient of variation (SD/mean) of the distribution falls, by 1/+/r.
The interval distribution thus narrows by a factor N that equals the coef-
ficient of variation of the interval distribution, 1/ VT

A gamma process is a generalization of the Erlang process that allows
noninteger order r. Regular release could also be modeled by a refractory
period after each quantal release (17,18). We use Erlang and gamma pro-
cesses because of their advantageous mathematical properties.

Number distributions and regular release

For a counting window of time T, for Poisson events occurring at rate
a-events s", the expected count of Poisson events is aT. For an rth-order
ordinary Erlang renewal process, Erlang Events occur at rate «/r. The ex-
pected count of Erlang Events is related to a quantity M = (a/r)T (rate X
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time). In fact, the expected count of Erlang Events is slightly less than M (see
Eq. A9 of Appendix A in Schein and Ahmad (1).) To see why, consider a
very regular process with M = 10. The 10th Event would fall just before the
end of the counting window 7 in ~50% of the trials and just after the end in
the other trials, giving almost equal numbers of counts of 9 and 10 and an
expected count close to 9.5. The probability distribution of the count nar-
rows with increasing r, and the coefficient of variation falls by ~1/+/r.

We explore different Q. in this article, but 100 Q slisa good starting
point: A mammalian rod has two ribbon synaptic units (19), and the patch or
patches of mGluR6 receptors on a bipolar dendrite have access to quanta
released by both ribbon synaptic units (4,19). The biological Qrae dark for the
active zone associated with each ribbon synaptic unit appears to be ~50 Q
s~!, arate per ribbon suggested by ~400 Q s ' for a salamander rod (3) with
its ~7 ribbons (20). With its two-ribbon synaptic units, this rate also matches
predictions of an overall Qe gark Of 100 Q s~! for mammalian rod (4,5).

We assume a counting window of 0.1 s (7,10). Because Q.ounc i the
product of Q... and the counting window, doubling the counting window
has virtually the same effect as doubling Q,4., the main parameter that is
studied in this article. Therefore, the effects of some other preferred counting
window could be inferred from appropriately scaled Q,es-

We assume a probability of false positives due to the combination of vol-
tage and quantal noise of 1 in 16,000. With epochs of 0.1 s, the correspond-
ing interval between these false positives would be 1600 s, 10 times the
interval between spontaneous isomerizations of rhodopsin, 160 s (11). In that
case, these false positives would not significantly increase the ‘‘dark light’’,
suggested to be due to spontaneous isomerization of rhodopsin (21-23).
This probability, 1/16,000, is not critical to any of the findings in this article.
The precise value of some of the results would change by small amounts, but
the qualitative findings would not (1).

We assume that, depending on Ca®* current through the voltage depen-
dent L-type Ca®* channel in the rod terminal, O,y falls e-fold for a 5-mV
hyperpolarization (3,24-26). Therefore, for a 1-mV hyperpolarization in
response to one R*, Q... would fall to 81.9% of its value in the dark (1). For
example, if Qe in the dark (Qrye.darn) Were 100 Q s~ it would fall to
81.9 Q s~ for one R*. For a counting window of 0.1 s, mean Qquy Would
fall from ~10 Q to ~8 Q, a drop of ~2 Q for the 1-mV hyperpolarization.

The contribution of voltage noise and quantal
noise to number distributions

Voltage noise, £0.2 mV under physiological conditions, is equal to the SD
of the membrane potential of the rod in the dark. This same amount of volt-
age noise also characterizes the membrane potential for one R* (11,12,27).
This variation in rod voltage produces variation in presynaptic Qe and thus
in postsynaptic Qouni- Above, we estimate a drop in Qcoune 0f ~2 Q/mV, so
SDs of *0.2 mV in membrane potential distributions produce SDs
of ~*0.4 Q in Qcoun distributions (see Appendix B of Schein and Ahmad (1)).

For Poisson release at a-events s’l, the mean interval between events
would be 1/a sec. The SD of the interval distribution would equal the mean
interval, 1/a sec. The mean Qcoune, called A, would equal the product of the
rate («) of Poisson events and the duration of the counting window (7)), hence
a T. Quantal noise, the SD of the Q.oun distribution, would be VaT for Pois-
son release, generally greater than the SD contributed by voltage noise (1).

For an rth-order Erlang release process, with rate A = a/r Erlang Events
s’l, the mean interval 1/A would be r/a, and the SD of the interval distri-
bution would be less than the mean interval r/a by the factor 1/ \/r; that is,
the SD would equal \/7/a or 1/(A+/r). Of particular importance, the SD of
the Qcount distribution would be less for Erlang release than for Poisson
release by a factor of ~ 1/y/r=N.

Both voltage noise and quantal noise contribute to the SD of the Qcount, as
described in Appendix B of Schein and Ahmad (1). In brief, because voltage
noise and quantal noise are independent, the SD of the Qoun distribution is
approximately equal to the square root of the sum of the squares of the SD of
the Qcoune distribution due to voltage noise (with no quantal noise) and the
SD of the Qoune distribution due to quantal noise (with no voltage noise). In
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practice, we generate the actual joint probability distribution of Q.qune to
obtain the SD of the Qqun, distribution (cf. Fig. 5 of Schein and Ahmad (1)).

RESULTS
Efficiency rises as Q. falls

The dark diamonds in the middle panel of Fig. 2 show the
Ocount.dark distribution for a quantal release rate in the dark
(Orate.dark) of 100 Q s 'anda counting window of 0.1 s. The
mean Qcoune 18 near 10 Q. With a quantal threshold (Qr) set to
7 Q (Fig. 2, dashed vertical line), the distribution had to be nar-
rowed considerably to achieve a probability that Qcount dark =
7 Q at 1 in 16,000 epochs (1600 s). The requisite narrowing
(N) is 0.123, generated by a gamma order r of 66.5 Poisson
events per Erlang Event.

Absorption of a photon and consequent production of one
R* hyperpolarizes the rod, reduces Q. to 81.9 Q s~ !, and
reduces mean Qouner+. The sum of the probabilities for val-
ues of Qcount r* = O, that is, for values of Qcoune r+ to the left
of the dashed vertical line, is 34.2%. This value is the effi-
ciency, the percent of R* events reported as an R* event.

Fig. 3 A shows the narrowing N that is needed to maintain
the probability of false positives at 1/16,000 for Ot =7 Q
and Qpyes.dark that range from 93 to 140 Q s~!. The nar-
rowing N must rise as Qe dark Iises; that is, less narrowing is
needed for higher Qs dark- Conversely, efficiency falls as
Oate dark Tises (Fig. 3 B). In light of our previous experience
(1), with efficiency rising with increasing Qe dark, this result
was a surprise. We now explain this result.

Alower Qe gark like 96 Q s ! produces a lower Qcount.dark
than does 100 Q s~ . (Compare the lower panel with the
middle panel in Fig. 2.) Because of its leftward shift, the
QOcount.dark distribution for 96 Q s~! must be narrowed to
place 1 in 16,000 of its counts at =7 Q. Indeed, N must be set
to 0.074 for 96 Q s™', compared with 0.123 for 100 Q s .
Conversely, a higher Qe qak like 108 Q s~ ! shifts the
QOcount.dark distribution rightward. (Compare Fig. 2, upper
and middle panels.) That distribution need not be as narrow
(N = 0.199) as that for 100 Q s~ (N = 0.123).

As shown by the light squares in the middle panel of Fig. 2,
an R* event reduces the Qe gark 0f 100 Q s 'toa Orate R*
that is 81.9% as much, 81.9 Q s7!. As described above,
34.2% of the Qcountr+ distribution is =7 Q, so the efficiency
for reporting R* events is 34.2%.

As shown by the light squares in the lower panel of Fig. 2,
an R* event reduces the lower Qe gark like 96 Q s 'toa
Qrater+ that is 81.9% as great, 78.6 Q s', <81.9 Q s ".
Primarily for this reason, a higher percentage (64.2%) of the
Qcount r+ distribution is =7 Q.

If efficiency is >50%), as it is in the lower panel of Fig. 2,
the median Qoynr+ must be =QOr, that is, =7 Q in this
example. As a result, the narrowing of the Qcouner+ distri-
bution in the lower panel in Fig. 2 places even more of the
counts at =7 Q and contributes secondarily to the high
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FIGURE 2 For a given quantal threshold Qr, efficiency of transmission
rises as QOrate dark falls. The Oraee gark generating the data in the upper panel is
higher (108 Q s~ 1) than the Orate,dark generating the data in the middle panel
(100 Q s7Y). The QOrate.dark generating the data in the lower panel is lower
(96 Q s than that in the middle panel. A false positive occurs when the
Ocount.dark (#) is =Qr. Because a false positive occurs for Qcountdark = Ot
rather than Qcount,dark < O, the Ot of 7 Q is indicated by the dashed vertical
line between 7 Q and 8 Q rather than at 7 Q. The probability of a false
positive is the sum of the probabilities for values of Qcount dark = O, that is,
to the left of the dashed vertical line. A true positive occurs when the
Qcountr+ () is =Qr. Efficiency is the sum of the probabilities for values of
Ocountr* = Or, that is, to the left of the dashed vertical line. The narrowing
N is set to give a probability of one false positive per 16,000 epochs (1600 s),
the counting window is set to 0.1 s, and the decrement from Qe gark tO
QOrater+ due to a 1-mV hyperpolarization is 18.1%, corresponding to an
e-fold drop in Q.. for a 5-mV hyperpolarization.
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FIGURE 3 As Oqedark Tises, less regularity is required, so narrowing
N rises, and efficiency of transmission falls. (A) Narrowing N as a function
of Qrate dark for Ot = 7 Q. (B) Efficiency as a function of Qe gark for Or =
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efficiency. This latter phenomenon is illustrated in the lower
panel of Fig. 4, which shows two Q.oun distributions, one
wider (N = 1.0), one narrower (N = 0.5), but both with the
same mean Qoune. If the median Q.oynir+ 18 less than the
threshold count (dashed vertical line), then the narrow
distribution has a greater percentage of its counts to the left
of the dashed line and has higher efficiency than the broad
distribution.

As shown by the light squares in the higher panel of Fig. 2,
an R* event reduces the higher Qe dak 108 Q s 'toa
Qrater+ that is 81.9% as great, 88.5 Q s~ !, more than
81.9 Q s~ '. Primarily for this reason, a lower percentage
(12.2%) of the Qcountr+ is =7 Q.

If efficiency is <50%, as it is in this case, the median
QOcountr+ Must be >0, that is, >7 Q in this example. As a
result, the narrowing of the Q.ouncr+ distribution in the
higher panel in Fig. 2 places even fewer of the counts at =7 Q
and contributes secondarily to the low efficiency. This latter
phenomenon is illustrated in the upper panel of Fig. 4. If the
median Q.ount r* 1S more than some threshold count (dashed
vertical line), then the narrower distribution has a smaller
percentage of its counts to the left of the threshold count and
has a lower efficiency than the broad distribution.

For the data in Fig. 3, O,ate dark Tanges from 93 to 140 Q s~ L
For low rates, efficiency is very high (Fig. 3 B). For these low
rates, the narrowing N must be practically O to achieve a
probability of one false positive in 16,000 epochs (Fig. 3 A).
At this low N, even though release is almost perfectly regular
and quantal noise has been almost completely eliminated, con-
tinuous rod voltage noise remains. In the absence of quantal
noise, the physiological voltage noise, 0.2 mV, widens the
QO count distribution and contributes an SD of ~0.4 Q to it
(Appendix B of Schein and Ahmad (1)). As a result, even
complete elimination of quantal noise would not be able to
reduce the probability of false positives to 1 in 16,000 epochs
for a lower Qe dark like 92 or 91 Q s L.

In summary, for a lower Qe gark, regularity as expressed
by Erlang order  must be higher, the requisite narrowing
N must be lower, and efficiency is higher. For a higher
O ate dark> Tegularity must be lower, the requisite narrowing
N must be higher, and efficiency is lower.

Fig. 3, A and B, shows narrowing NV and efficiency, both as
functions of Qe dark- As shown in Fig. 3 C, we can also
graph efficiency as a function of N: efficiency rises as N falls;
that is, efficiency rises as Erlang order r rises.

7 Q. (C) Efficiency as a function of narrowing N for O = 7 Q. These data
rely on the same ‘‘standard assumptions’’ as in the legend of Fig. 2 for prob-
ability of false positives (1/16,000), duration of counting window (0.1 s),
and decrement (18.1%). We sampled integer values of Qe dark, Starting
with 93 Q s™!and incrementing by 1, 2, and 5 Q s~! for higher values of
Qates.dark- Because Orae dark 1S N0t restricted to integers, points are connected
by solid curves. The open symbol in each dataset marks Qe dark =
100 Q s’l, N = 0.123, and efficiency = 34.2%.
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FIGURE 4 Narrower distribution (lower N) has lower efficiency if median
Qcount < O or higher efficiency if median Qoun > Ot- Here, Ot is set to 10
Q. Efficiency is the sum of the probabilities for values of Qcount g+ = O, that
is, to the left of the dashed vertical line. Each part contains two distributions,
the broader one with N = 1, the narrower with N = 0.5, and the symbols (L)
in both are light because both represent Qoune r+ (A) With mean and median
Qcountr* >0, the narrower distribution has the lower efficiency. (B) With a
mean and median Qoune r+ 0T, the width of the distribution has little effect
on efficiency. (C) With a mean and median Q.ounir+ <QOr, the narrower
distribution has the higher efficiency.

The same story holds with different Qy
and different ranges of Qiate dark

Like Fig. 3, Fig. 5 shows the relationships among Qe dark
narrowing N, and efficiency, but it does so for a many values
of O, ranging from 0 Q to 15 Q.

Fig. 5 B shows that high efficiency is possible with very
1oW Qrates dark- Indeed, an efficiency of 64% can be achieved
with a Qaedark Of 12 Q sUif Ot is 0 Q; however, the
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FIGURE 5 Relationships among Qe dark, Darrowing N, and efficiency of
transmission for quantal thresholds O from 0 Q to 15 Q. (A) Narrowing N as a
function of Qe dark- (B) Efficiency as a function of Qe gark- (C) Efficiency as
a function of narrowing N. These data make the same ‘‘standard assump-
tions”’ listed in the legend of Fig. 2 for probability of false positives, duration
of counting window, and decrement. Because Oy dark 1S DOt restricted to
integers, the points in each family (marked with the value of Q) are connected
by a solid curve. The data for O = 7 Q is the same as in Fig. 3.
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narrowing N must be set very close to zero, 0.026 (Fig. 5 A).
To achieve such a low N, release would have to be almost
perfectly regular. Fig. 6, on the left, shows the Ooun,dark and
Ocountlight distributions that would give this remarkable
result.

As was shown by Fig. 3 B, for a Ot of 7 Q and a high
Orate dark> 120 Q s, efficiency is very low indeed. However,
Fig. 5 B shows that a high Opue dark like 120 Q s~! can
produce high efficiency if O is set to an appropriately high
value (like 9 Q). Fig. 6, on the right, shows the Qount dark and
Ocount,light distributions that would give this result.

Many of the same efficiency values show up in many of
the O curves in Fig. 5 B. For example, an efficiency of 34%
may be achieved for a Qe gark Of 50 Q s ' with 01 =3 Q
and for a Opyte gark of 100 Q s ! with Or = 7 Q as well. The
release process must be more regular in the former than in the
latter case, N = 0.087 versus N = 0.123 (Fig. 5 A).

Indeed, the different Q1 families of points in each part of
Fig. 5, A and B, appear to be simple transformations of each
other. Beginning with Fig. 5 B, any particular efficiency can
be obtained with many combinations of Qe dark and Q. As
in the above example, an efficiency of 34% can be obtained
for a Qrate,dark of 100 Q Sil with QT =7 Q and a Qrate,dark of
50 Q s~ with O = 3 Q. The ratio of Ohrates.dark (100/50) is
equal to the ratio of the Ot + 1 values, in this case, (7 + 1)/
(3 + 1). Thus,

Qrale,darkZ _ QTZ + 1
Qratc,darkl QT] + 1

(Had we defined O as giving a positive event when Q qune <
O- instead of when Q.ount = O, the O in these two cases
would have been 8 Q and 4 Q, and the ratio in Eq. 1 would
have been just O1,/0Ot;.) Correctly following this equation,
an efficiency of 34% may be obtained for a Qe gark Of

(D

o Qcount,R* . Qcount,dark
Qr=0Q Qr=9Q
1o, |
‘ 12 Q sec’! ‘ 120 Q sec”!
10 N=0026 N=0.082
1| Eff=642% | Eff=64.2%
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FIGURE 6 High efficiency can be achieved with a wide range of
Ohrates.dark- These two examples, with a O aee dark 0f 12 Q s~ on the left and a

Qeount (Q)

Orate.dark of 120 Q s~ on the right, have the same efficiency (64.2%).
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200 Q s Lif QOris set to 15 Q. Note that Qe gark 1S DOt re-
stricted to integer rates; for example, this efficiency may
also be obtained for a Q1 of 6 Q if Qe gark 15 87.5 Q s L.
In Fig. 5 A, for the same combinations of Qe dark and Ot
(e.2.,100Qs 'and 7Qvs. 200 Qs ' and 15 Q) that give an
efficiency of 34%, N is related by the square root of the ratio
of the Orates dark- Thus, for 100 Q s ! on the Ot =7Qcurve,
N = 0.123. For 200 Q s~ ! on the Ot =15 Q curve, N =
0.173, increased by the factor 1/200/100= v/2. Thus,

N,

Qrate dark2
= d 2
N, @

Qrale.darkl

Similarly, for 50 Q s~' on the Ot = 3 Q curve, N = 0.087,
reduced from 0.123 by v/2.

Therefore, in Fig. 5 C, to obtain a particular efficiency like
34%, as QO increases from 3 Q to 7 Q, O ate dark MUSt increase
by a factor of [(7 + 1)/(3 + 1)] = 2, and N must increase by
the square root of this factor, V2. The three parameters
Orate dark» O, and N, are thus tightly linked. Indeed, given
one set of Ot curves, like the N versus Qiae dark curve for
Ot =7 Q (Fig. 3 A) and the efficiency versus Qe gark CUIvVe
for Or = 7 Q (Fig. 3 B), we can by use of Eqs. 1 and 2
produce all of the Ot families of points in Fig. 5, A—C.

Efficiency depends on a single parameter, CVy,«

The relationships in Eqs. 1 and 2 suggest that efficiency could
be plotted as a function of a single parameter, N/ /Orate dark
and then all of the Ot families of points in Fig. 5, A and B,
would collapse into one curve. However, because efficiency
is determined by a comparison between Qcountdark and
Qcountr+ distributions, it is useful to transform first the
O:rates dark 1Nt0 mean Qcounts dark DY multiplying the former by
0.1 s; hence,

N B N
\/O1 X Qratc,dark \/mean Qcoum,dark

with a discussion of CV g,y to follow.

The term CVg, has physical meaning. Coefficient of
variation (CV), a measure of the relative width of a distribu-
tion, equals the SD of a distribution divided by the mean. For
a count distribution generated by a Poisson process, the SD
equals the v/mean count, and CVp,;sson €quals v/mean count/
mean count = 1/ y/meancount. Thus, Eq. 3 could be
rewritten as

= CVdam (3)

Cvdark = N X CVPOisson' (4)

For a count distribution generated by an Erlang or gamma
process, the SD and thus the CV is reduced approximately by
the factor N compared to the count distribution generated by
a Poisson process, as described in Methods. Therefore, the
term CVg, in Egs. 3 and 4 is approximately equal to the
coefficient of variation of a Qcount.gark distribution generated
by an Erlang or gamma process, hence the name CVq,.
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Indeed, as shown by Fig. 7 A, when efficiency is plotted as a
function of CV 4.y, several—a selection—of the different Ot
families of efficiency from Fig. 5 collapse onto one curve, with
higher efficiency for lower CVy,. In Fig. 7 B, the selected
families are displaced to make each family visible. It is worth
noting that all of the Ot families of efficiencies would lie
on just one curve when graphed against any function of CV g,
on the abscissa, including, for example, its reciprocal.

The specific curve in Fig. 7 A obtains only for a specific set
of three other parameters that we fix in this article. First, the
requisite narrowing N of the Qcount dark distribution depends
on the probability of false positives due to quantal noise and
rod voltage noise: We assumed 1 in 16,000 epochs. Second,
the mean Qcount dark 1 close to the product of Qe gark and the
counting window: We assumed 0.1 s for the counting
window. (Actually, the mean Qountdark 18 slightly less than
this product, called M, as described in Methods.) Third, the
efficiency is the fraction of the Qcoun g+ distribution that is
=(Qr, and the mean of the Q.qyn g+ distribution depends on
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FIGURE 7 Efficiency is a function of a single parameter, CV . (A) The
efficiencies from a selection of the Ot families collapse into one curve. (B)
To be able to see each Q1 family of efficiencies, the selected Q1 families are
shown displaced one from another along both abscissa and ordinate.
Because Qe dark 18 DOt restricted to integers, the points in each family could
be connected by a solid curve.
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the decrement in Q.. in response to production of one R*:
We assumed a decrement of 18.1%, produced by a 1 mV
hyperpolarization and an e-fold reduction in Q. for 5 mV.
Therefore, throughout this article, we fixed 1), the probabil-
ity of a false positive; 2), the duration of the counting
window; and 3), the decrement in Q..

Measurement of efficiency reveals CVy,.k
but not Qate dark Or N

As shown by any horizontal line in Fig. 5, B or C, many
combinations of parameters can produce a given efficiency.
These isoefficiency combinations yield the same CVg.
(Fig. 7 A). As a specific example, the combinations of N and
O ate aark that yield 50% efficiency are shown in Fig. 8 for Ot
ranging from 0 Q to 15 Q. For Ot = 0 Q, the Q.. would be
12.208 Q s~ '. (In that case, the Qcount.dark Would be 0 Q in
1 of 16,000 epochs and 1 Q in 15,599 of 16,000 epochs. In
addition, the Qcountr+ Would be 0 Q in exactly half of the
epochs and 1 Q in the other half, hence 50% efficiency.) This
Oate dark 18 slightly greater than the rate (12 Q s~ 1) that gave
an efficiency of 64% in Fig. 6. To achieve the same CV g,
(0.0307) for all of the points in Fig. 8 (and to maintain the
‘“‘standard’’ probability of one false positive per 16,000
epochs), N increases as the square root of Qe gark- And, as
QOr steps by increments of 1 Q, Qe dark St€ps by increments
of 12.208 Q s~!. Therefore, even with a fixed counting
window, a fixed decrement, and a fixed probability of a false
positive, measurement of efficiency reveals CV 4, but not
the individual values of Q,ae dark OF N.

Efficiency improves for higher Qate dark if Gr
is increased

In our previous article (1), we reported that efficiency rose
from 1% to 5% to 12% to 32% as Qrae dark doubled from

Qrate,dark (Q sec” l)
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FIGURE 8 To obtain a particular efficiency, like 50%, N is directly propor-
tional t0 \/Qraedark- These points are fit by the equation N = 0.0097 X

vV Qrale‘dark .
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50 to 100 to 200 to 400 Q s~ '. That finding can now be
understood in the broader context of the current findings, as
shown in Fig. 9: As rates double from 50 through 400 Qs ',
with all of the Q.oune distributions having nearly the same
N = 0.24, overlap between Qcountdark aNd Qcouner+ distri-
butions falls. Efficiency would crash if Ot were fixed, but it
rises if O is able to rise to take advantage of the shift of the
O count distributions to higher values.

By contrast, in this article, a small increase in Qe dark
(e.g., from 100 Q s ' to 101 Q s~ ') is not enough to permit
an upward shift of Ot (from 6 Q to 7 Q, for example). Qr is
thus necessarily fixed. As shown in Fig. 2 for fixed Qr, as
Qrale,dark rises Qrale,R* rises Proporﬁonately’ the Qcount,R*
distribution moves rightward, a smaller percentage of the
QOcount r+ distribution is =0, and efficiency falls.

A
DQcoum,R*
. Qcount,dark
2
=
S
°
e
~
B
2
=
<
°
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C ] a -1
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FIGURE 9 For similar N, efficiency rises as Oy, rises if O rises suitably
as well. (Al) Qrate,dark =50 Q Sil~ (B) Qrme,dark =100 Q Sil~ (C) Qrme,dark =
200 Q5™ (D) Qruetark = 400 Q5.
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DISCUSSION

We investigated how the efficiency of transmission by a rod
photoreceptor of a single-photon event changes for a small
change in the quantal release rate in the dark (Q;aee dark) and a
proportionately small change in the quantal release rate for
one isomerization of thodopsin (Q,ae r+). This investigation
produced several new findings. First, as shown in Fig. 3,
efficiency falls—and falls steeply—as Qpae dark rises. As
shown in Fig. 2, it falls primarily because the distribution of
quantal count for one isomerization of rhodopsin (Qcountr*)
moves rightward, and a smaller percentage of this distribu-
tion is less than or equal to a quantal-count threshold (Qr).

Second, as shown in Fig. 5, the curves showing efficiency
as a function of Qpye qark are different for each Ot but are
systematically related, as given by Eqgs. 1 and 2. For that
reason, as shown in Fig. 7, all of these curves collapse into
one when plotted against CV ., a parameter that combines
degree of regularity (Erlang order r) and Q.ountdark- Third,
because the key parameter CV 4, involves order r as well as
Orate.darks Measurement of efficiency (e.g., 50%) by itself
cannot reveal the Qe gk Fourth, for that reason, as shown
in Fig. 6, high efficiency could be achieved even with a very
low Q,ate dark if order r is great enough.

These findings hold irrespective of whether the rod bipolar
dendrite actually counts in whole numbers (quanta) or trans-
forms that count into a continuous variable. Consideration of
the consequences and opportunities presented by such a trans-
formation leads to several additional findings, which follow.

The biochemically realized values of Q;oun: and Qy
in a bipolar dendrite may be noninteger

The cascade that couples mGluR6 activation to closure of
cation-selective channels on the rod bipolar dendrite remains
apuzzle (28-31). Nonetheless, the postsynaptic response to a
quantum of glutamate, as measured by the change in concen-
tration or activity of these coupling elements, must have a
time course. As a result, a quantum released late in the 0.1 s
“‘counting window’’ or before—but close to—the start of the
0.1 s ““‘counting window’’” would have partial effect. More-
over, the effects of quanta released at different times in the
counting window may differ. These partially or differently
weighted effects yield the equivalent of noninteger numbers
of quanta within the counting window. Thus, the biochemical
realizations of Qcountdark ANd Ocountlight i @ bipolar dendrite
may assume noninteger values.

In the bipolar dendrite, O is also realized biochemically,
by the concentration of coupling elements like second mes-
sengers or the level of activity of enzymes. We can call the
value of such a quantity the ‘‘biochemical Q1. Like the
biochemical Qcouns, the biochemical Ot may take noninteger
values. For example, according to the threshold mechanism
modeled by van Rossum and Smith (5), ‘‘messengerase’’
enzyme activity in the dark is in excess of what is needed to
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hold the concentration of intracellular messenger at zero.
Because it is in excess, messengerase activity must fall to
some threshold level before the concentration of messenger
is able to rise above zero and open channels. Thus, Q. must
fall below some (threshold) rate to drop Q.oune low enough
(to some threshold count) to permit messengerase to fall to
some low (threshold) activity to allow the concentration of
messenger to rise above zero and open messenger-gated
channels. None of these biochemical threshold parameters
are quantal in nature.

The bipolar dendrite could regulate Qr and Q.ount

Many parameters enter into the mathematics of the rod bipolar
dendrite’s decision between a photon and darkness: Qe dark
the counting window, Erlang order r, the mean and the SD of
the Qcount.dark distribution, the probability of a false positive
due to quantal noise and rod voltage noise, O, the decrement
i Qrate dark due to production of one R* (yielding Qe r+),
and the mean and the SD of the Q.ouncr+ distribution.
However, O,ate dark and the decrement (and therefore Qe r+)
and order r are set presynaptically. In addition, within the rod
bipolar dendrite some of these parameters are likely to be
fixed, like the counting window. Other parameters are tightly
linked: the mean and SD of the Qcount.dark distribution are
determined by Q;ae dark, the counting window, and order r.
The probability of a false positive is determined by O and the
mean and SD of the Qount dark distribution. The mean and SD
of the Qcountr+ distribution are determined by the mean
Qcount.dark and order r. By this logic, only one parameter re-
mains for the rod bipolar cell to regulate, the biochemical Q.

However, O.ounts are transformed into biochemical Q.qunts
in the rod bipolar dendrite by the cascade that couples
activation of the mGluR6 receptor (32—43). Therefore, the
biochemical Qcount.dark aNd Qcountr* are proportional to the
strength of this coupling and should also be subject to reg-
ulation by the bipolar dendrite. Indeed, most of the effects
on the bipolar response of variation in intracellular [Ca*"]
(29,44-49), cyclic nucleotides (29,50), and the activity of
different enzymes that modulate the cascade (31,46,47,49—
51) may therefore be described in terms of change in the
biochemical Q.ounts-

Maintaining the relationship between the
biochemical Qr and Qcount,r~ Would
stabilize efficiency

For any fixed Or, if Orae dark drifts upward, efficiency falls
steeply (Figs. 3 B and 5 B). For example, starting with
conditions for 50% efficiency (e.g., Orate dark = 97.66 Q s,
Or=7Q,and N = 0.0958), if O 4 gark rose by only 5% (to
102.54 Q s~! with N = 0.1486), efficiency would drop to
22.7% (Fig. 3 B). Or, if N remained at 0.0958, efficiency
would drop from 50% to 17.6%. Indeed, starting from any
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combination of Qe dark and N that yields an efficiency of
50%, an increase of Qiyegark DY 5% (with unchanging N)
would drop efficiency to 17.6% (Fig. 7).

Orate.dark depends on membrane potential in the synaptic
terminal of the rod and is likely to drift somewhat, perhaps
even more than +5%. In the face of such drift, how could the
efficiency of the transmission from rod to rod bipolar den-
drite be maintained within small limits?

A likely mechanism follows from the observation that the
primary determinant of efficiency is the relative position of
mean Qcoune g+ and Or (Fig. 2). In Results, O is quantal, that
is, restricted to values like 7 Q or 6 Q. However, as described
above, the biochemical O in a bipolar cell dendrite is a con-
tinuous value that could, for example, rise to a mean of 7.35
Q, 5% higher than 7 Q in response to a rise in mean Qcoune r*
by 5%. Thus, if the biochemical Ot rose or fell with Q. g+
(and Qyaee gark), efficiency would be stable. Alternatively, if
Ot held steady but the coupling strength of the cascade was
reduced by 5%, countering the 5% rise in Qpyer+ and
holding the biochemical Q.. r+, efficiency would be stable.

In an even better scenario, Q7 and median Q. r+ Would
be equal because efficiency, which would be 50%, would be
immune to change in N, as shown by Fig. 4 B. Indeed,
efficiency is close to this value: Field and Rieke (10) reported
an efficiency of 25%, but our analysis of their data suggested
35-40% (1), and Taylor and Smith (52) and Berntson et al.
(53) estimated 60%.

However, assuming that O was equal to median Qe r+,
variation in N would still affect the probability of a false
positive due to quantal noise and rod voltage noise. Such an
effect would be easily tolerated if the interval between these
false positives (e.g., 1600 s) were much greater than the in-
terval (~160 s) between spontaneous isomerizations of
rhodopsin (11).

What conditions would produce 50% efficiency? As de-
scribed in Methods, the biological O ute gark 1S likely to total
~100 Q s~ ! for the two active zones associated with the two
ribbon synaptic units in a mammalian rod (19). As detailed
above and in Fig. 8, for a Qe dark Of slightly less than
100Qs™ !, 50% efficiency could be generated fora Qrof 7 Q
by an N of ~0.1 (Erlang order r ~ 100).

The regulation mechanism

If a rod bipolar cell has just responded, negative feedback
could reduce its likelihood of responding again, that is,
reduce the efficiency of transmission. As illustrated by Fig. 2,
it could do so by reducing its biochemical Ot or by in-
creasing the mean of its biochemical Qoynt r+. In terms of the
threshold mechanism proposed by van Rossum and Smith
(5) and described two sections above, reducing the bio-
chemical Ot could correspond to reducing the concentration
of messenger by reducing its rate of production in the dark.
Raising the biochemical Qoune g+ (aNd Ocount.dark) could cor-
respond to raising the activity of the messengerase enzyme.

Biophysical Journal 91(9) 3257-3267
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Both mechanisms are employed to accomplish negative
feedback in an olfactory receptor cell that (like the rod bi-
polar cell) depolarizes when stimulated (54). The cell depo-
larizes because odorant binding stimulates an adenylyl cyclase,
which increases the concentration of cAMP, which opens
cation channels that also flux Ca®". The feedback occurs
when interaction of the higher intracellular concentration of
Ca”" with calmodulin both reduces the activity of an adenylyl
cyclase (analogous to reducing Q) and increases the activity
of a cAMP phosphodiesterase (analogous to raising Qountr+)-

Likewise, stimulation (by a photon) causes depolarization
of a rod bipolar dendrite as a result of the opening of cation-
selective channels (55,56) that can flux Ca** (45,48). Acting
as negative feedback, the increased intracellular concentra-
tion of Ca®" reduces sensitivity to light by two mechanisms,
desensitization and ‘‘use-dependent depression’’ (29). The
former has a time constant of ~1 s, whereas the latter has a
time constant of ~10 min. Ca®" entry and these periods of
reduced sensitivity depend on R* events, so they are ‘‘event-
based’’.

Conversely, when the dendrite has failed to respond to an
R* for a “‘long time”’, the reduced intracellular concentration
of Ca’* would increase the dendrite’s likelihood of re-
sponding, that is, increase the efficiency of transmission. How
long is a “‘long time’’? Under starlight conditions, photon
capture by an individual rod is rare, perhaps once in several
thousand epochs (8,57); in complete darkness, no photons
are captured at all. Spontaneous isomerization of rhodopsin
is more frequent, approximately once every ~160 s in each
rod (11). If transmission efficiency were 50%, each rod bi-
polar dendrite would experience a positive event on average
once every ~320 s, ~5 min, within the time constant of use-
dependent depression (48,49). Thus, spontaneous isomeri-
zation of rhodopsin could play a beneficial role, providing
the signal that may be used to stabilize efficiency of transmis-
sion at the synapse between a rod and a rod bipolar dendrite.

We thank Karen Migdale for discussions that triggered this work and Robert
Smith for generously and consistently providing insightful discussion.
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