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Rate of Quantal Transmitter Release at the Mammalian Rod Synapse
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ABSTRACT Under scotopic conditions, the mammalian rod encodes either one photon or none within its integration time.
Consequently the signal presented to its synaptic terminal is binary. The synapse has a single active zone that releases
neurotransmitter quanta tonically in darkness and pauses briefly in response to a rhodopsin isomerization by a photon. We asked:
what minimum tonic rate would allow the postsynaptic bipolar cell to distinguish this pause from an extra-long interval between
quanta due to the stochastic timing of release? The answer required a model of the circuit that included the rod convergence
onto the bipolar cell and the bipolar cell’s signal-to-noise ratio. Calculations from the model suggest that tonic release must be
at least 40 quanta/s. This tonic rate is much higher than at conventional synapses where reliability is achieved by employing
multiple active zones. The rod’s synaptic mechanism makes efficient use of space, which in the retina is at a premium.

INTRODUCTION

The spatio-temporal density of photons striking the retina in
deep twilight is quite modest, on the order of 10 photons/
pm?/s. With nightfall this flux drops by three orders of mag-
nitude, so that in starlight there are only 10-2 photons/um?/s
(Sterling et al., 1987). The mammalian rod has a small cross-
sectional area (~3 wm?) and a modest integration time
(~250 ms; Baylor et al., 1984; Nakatani et al., 1991); it
absorbs 33% of the incident photons, of which half produce
arod response. Consequently, between starlight and twilight,
the individual rod signals either one photon or none (Sterling
et al., 1987; MacLeod et al., 1989). Although mammalian
rods are not coupled to each other by gap junctions, they are
coupled to cones (Kolb, 1977; Smith et al., 1986). However,
calculations suggest that, when there is less than 1 photon/
rod/integration time, the rod-cone junctions uncouple to iso-
late the rod (Smith et al., 1986). Thus, the signal reaching the
synapse of a mammalian rod is binary: one photon or none.

Several lines of evidence suggest that this binary signal is
transferred reliably. First, there is evidence that humans can
actually detect single photon events (Sakitt, 1972). Second,
cat ganglion cells in dim light show small bursts (2 or 3
spikes) apparently corresponding to a single photoisomer-
ization, the isomerization of a rhodopsin molecule (Rh*) by
a single photon (Barlow et al., 1971; Mastronarde, 1983).
Similar bursts continue in the dark, apparently triggered by
single, thermal isomerizations of rhodopsin. In fact, the gan-
glion cell’s dark firing rate (18 spikes/s) seems to be ac-
counted for by the rate of thermal isomerization per rod times
the number of rods converging on the ganglion cell (0.006
Rh*/rod/s X 1000 rods/ganglion cell X 3 spikes/Rh*;
Barlow et al., 1971; Mastronarde, 1983; Sterling et al., 1988).
Thus, the Rh* signal, whether triggered by light or heat,
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traverses not only the rod synapse, but a whole chain of
subsequent synapses to reach the ganglion cell and then the
brain.

Because the mechanism employed to transmit the binary
signal (0 or 1 Rh*) is stochastic, we wondered how it could
achieve the requisite reliability. At the rod synapse, a single
“active zone” (region of vesicle exocytosis) releases trans-
mitter quanta continuously in darkness (signaling 0) and
pauses briefly following an Rh* event (signaling 1). Since
the interval between successive quanta in darkness varies
stochastically, an extra-long interval could be mistaken for
the pause in tonic release that signifies an Rh* event. Thus,
the resulting signal to the brain would be falsely positive.
Consequently, the question regarding reliability is well de-
fined: what rate of tonic release insures that the interval be-
tween quanta is rarely long enough to elicit a false positive?
Clearly, a higher tonic rate would produce fewer extra-long
intervals and thus fewer errors. Here, we compute the maxi-
mum interquantal interval that can be tolerated before a false
positive occurs. This interval and the statistics of quantal
release provide a numerical estimate for the minimum tonic
rate required at the rod synapse.

MODEL

Fig. 1 shows the early stages of the mammalian rod circuit.
In darkness, the rod voltage fluctuates about a level of de-
polarization that promotes tonic release of transmitter
(Trifonov, 1968; Dowling and Ripps, 1973; Cervetto and
Piccolino, 1974; Kaneko, 1979; Detwiler et al., 1984). An
Rh*, hyperpolarizing the rod and suppressing transmitter re-
lease, depolarizes the bipolar cell (Dacheux and Raviola,
1986). We assume that the bipolar cell releases no transmitter
in darkness but, when depolarized beyond some threshold,
releases transmitter in a brief burst onto neurons at the next
stage of the pathway. This shower of quanta transfers the Rh*
signal.

Thus, the rod synapse must accomplish two critical tasks.
First, it must minimize the number of false negatives; i.e.,
ensure in the presence of a true Rh* that the pause in trans-
mitter release is long enough for the bipolar cell to depolarize
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FIGURE 1 Left: Early stages of rod circuit in cat retina (Boycott and
Kolb, 1973; Freed et al., 1987; Sterling et al., 1988): n rods converge onto
a bipolar cell, each contacting a separate dendrite. Right: Physiological
sequence triggered by a photon (hv) absorption. (A) Diagram of the rod
voltage response: an absorbed photon isomerizes a rhodopsin molecule
(Rh*) leading to a prolonged, all-or-none, hyperpolarizing response (Baylor
et al., 1984). (B) Diagram of the tonic quantal release at a rod terminal (each
dot indicates a quantum) and the response of the postsynaptic bipolar den-
drite: each quantum evokes an mpsp. We note that the response termed here
“mpsp” is actually just the tip of the full mpsp. This fact does not affect the
rationale to compute the tonic dark rate. However, it does imply that an Rh*
signal increases the mean bipolar voltage by the amplitude of the full mpsp,
not just the amplitude of its tip. (C) Diagram of the response at the bipolar
soma: the noise (o) reflects temporal integration of mpsp’s from 7 rods with
each rod contributing /n*?; an Rh* in one rod suppresses its tonic release,
causing depolarization of amplitude S in the bipolar cell. (D) Diagram of
the quantal release at the bipolar axon: depolarization of the bipolar cell by
an Rh* event triggers a brief period of transmitter release. The circuit shown
here for cat is highly conserved across mammalian species, including human
(Kolb et al., 1992), monkey (Griinert and Martin, 1991), rabbit (Vaney et al.,
1991), and rat (Chun et al., 1993).

to its threshold. Second, it must minimize the number of false
positives; i.e., ensure in the absence of a true Rh* that the
interval between quanta is rarely long enough for the bipolar
cell to reach threshold. Since the first task concerns the re-
sponse of the rod synapse to light, it does not enter the present
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calculation which concerns only the tonic rate of transmitter
release in darkness.

The probability that a bipolar cell signals a false positive
to the next stage depends on its signal-to-noise ratio (S/0).
For a S/o = 5 in the bipolar cell, the probability of false
positives is ~0.01. If S/o is halved, the false positive prob-
ability rises sharply to ~0.11, and if S/o is doubled, the false
positive probability plummets to ~4 X 1077 (see Appendix
for these calculations). Since the rod reliably encodes an Rh*
event using S/o ~ 5 (Baylor et al., 1984), little would be
achieved by making the bipolar cell more accurate. There-
fore, the model assumes that S/ = 5 in the bipolar cell and
hence that the probability of false positives is 0.01.

The bipolar cell’s noise (o) we attribute to voltage fluc-
tuations due to tonic synaptic input. The bipolar dendritic
arbor resembles a candelabra with one rod synapse at the tip
of each terminal dendritic segment. Voltage fluctuations
evoked at the n rod synapses sum linearly at the bipolar
soma. Thus, the noise contributed by each dendritic terminal
is o/n'

At a given dendritic terminal, the postsynaptic potential
(mpsp) evoked by a single transmitter quantum is assumed
to be an all-or-none shot event, i.e., of constant amplitude,
shape, and duration (Redman, 1990; Larkman et al., 1991)
(Fig. 1, B). It is further assumed that the hyperpolarization
caused by one quantum is maximal for that synapse and that
successive quanta, no matter how closely spaced temporally,
evoke no greater hyperpolarization. Supporting this assump-
tion is evidence at central synapses that one quantum satu-
rates all the postsynaptic receptors (Jack et al., 1981;
Edwards et al., 1990; Tong and Jahr, 1994). Thus, the model
attributes fluctuation in dendritic voltage solely to differ-
ences in the time interval between successive quanta. The
problem then is to calculate how long this interval can be
before the dendritic voltage depolarizes beyond o/n'2.

This calculation depends on the time course of the mpsp.
This is unknown but was estimated as follows (Fig. 24). We
based the shape of the mpsp on that calculated for the “uni-
tary event” underlying the noise spectrum of the turtle bipolar
cell (Ashmore and Copenhagen, 1980):

at
a(®) = - exp(—t/t, + 1) 1)
P

where a(t) is the voltage, a is the peak amplitude, and ¢, is
the time to peak. The time course of the mpsp can be con-
sidered as two intervals: 7, the half-width of the mpsp, and
7, the time required for the decaying mpsp to depolarize the
dendrite by o/n'? from its half-maximum level. We first es-
timated y and then used it to estimate 7.

v describes the decay (depolarizing) phase of the bipolar
mpsp. This phase represents the commencement of the Rh*
signal in the bipolar cell, so /y can be measured from the
bipolar cell’s depolarizing response to a light step. Fig. 2 A
(right) shows this response for a rabbit rod bipolar cell at
35°C (taken from Dacheux and Raviola, 1986). The rise in
response to the onset of the light step is equivalent to the rise
of a flash response to 500 Rh*/bipolar cell. We assume that
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FIGURE 2 (A) Left: Shape of the mpsp, with a peak amplitude of o and
a time to peak of ¢,, plotted according to Eq. 1. The equation describes the
voltage as asymptoting to the initial voltage; however, we allow the mpsp
to depolarize past the initial voltage using the slope of the curve at one-
quarter amplitude. The mpsp’s time course can be considered as two in-
tervals: 7, the half-width, and vy, the time required for the decaying mpsp
to depolarize the dendrite by o/n'? from its half-maximum level. Right:
Rabbit rod bipolar response to a light step (redrawn from Fig. 7 in Dacheux
and Raviola, 1986). v is the time for the response voltage to rise to 1/5n'2
of the peak amplitude. (B) Given that the bipolar dendritic voltage in the
absence of an Rh* has a Gaussian distribution (u *= SD) with SD = a/n'?,
y is the area under the curve greater than p + SD (hatched), divided by the
total area under the curve; thus, y ~0.16. (C) Probability density function
of interrelease intervals, p(2), for a Poisson release process. This plot is such
that when the maximum interval (T) between quanta is 50 ms, the prob-
ability (y) of exceeding it (the hatched area under the curve as a fraction
of the total area) is ~0.16. The mean release rate required to produce this
plot is 37 quanta/s.

the time to peak for this response is the mean time to peak
for the underlying 1 Rh* responses. Thus, the time () re-
quired for a bipolar dendrite to depolarize from its mean level
by a/n'?, i.e., by §/5n'? given S/o ~ 5, is the time required
for this response voltage to rise to 1/51 of the peak am-
plitude. To determine 7, the half-width of the mpsp, we nor-
malized the mpsp’s peak amplitude (c) to one and adjusted
the time to peak (#,) until the time to depolarize from half-
maximum to the initial level equaled vy (see Eq. 1). This set
the time course of the mpsp and hence, its half-width, 7.
By our definition, 7 plus vy gives 7, the entire temporal
extent of the bipolar mpsp. This is the maximum time be-

Quantal Release Rate at the Rod Synapse 59

tween quanta before the bipolar dendritic voltage depolarizes
beyond o/n'2. Thus, the question now becomes: given that
release is stochastic, what minimum tonic rate would ensure
intervals between quanta that are rarely longer than T?

“Rarely” implies some low probability ( y) that the bipolar
dendritic voltage does depolarize beyond o/n'2. We assume
the bipolar dendritic voltage in darkness to be well approxi-
mated by a Gaussian distribution (as depicted in Fig. 2 B).
Then, with a standard deviation (SD) of o/n'?, y is the area
under the curve greater than the mean plus the standard de-
viation (hatched region) divided by the total area under the
curve. Our assumption that the mpsp is of maximal amplitude
implies truncation of the Gaussian’s lower tail. However, the
area under this tail adds to the probability near the maximum
amplitude and thus does not affect the value for y. Conse-
quently, y is ~0.16 and the next task is to calculate what
minimum tonic rate ensures that intervals between quanta
exceed T with a probability of only 16%.

We modeled quantal release as a Poisson process. At the
mammalian rod synapse, the binomial statistics of transmit-
ter release can be approximated as Poisson because, at the
single active zone, the number of vesicle release sites is ap-
parently large and the probability of release per site is low
(Rao and Sterling, 1991). Poisson statistics imply that the
probability density function describing intervals between
quanta is exponential:

p(t) = pexp(—pt) 2

where ¢ is the interval between quanta and p is the quantal
release rate. The decay of this distribution, plotted in Fig. 2
C, depends only on the release rate. When the maximum
interval between quanta is 7, and the probability of exceeding
it is y (hatched region), the distribution is specified; hence,
so is the quantal release rate that produces it. In other words,

we solve
y= f p(t) dt 3
T

substituting p(¢) from Eq. 2 to obtain

Iny
P=—7 @

RESULTS

Fig. 2 C plots the probability density function for intervals
between rod quanta in cat, where the rod-to-bipolar cell con-
vergence (n) is 20. For an mpsp temporal extent (T') of 50
ms, the minimum tonic release rate is 37 quanta/s. If the mpsp
is shorter or longer (T = 25, 75 ms), the minimum tonic rates
are, respectively, 74 and 25 quanta/s (marked in Fig. 3 A).
The minimum tonic rate also depends on the specified /o,
and Fig. 3 A shows the linearity of this relationship. How-
ever, the dependence of the false positive probability on S/o
is not linear (see Appendix and Fig. 4 E), so an increase in
tonic rate from 37 to just 47 quanta/s would cut the false
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FIGURE 3 (A) Plot of minimum tonic rate (p) vs. S/o- the rate is directly
proportional to signal-to-noise ratio. Rates for T = 25, 50, and 75 ms are
74, 37, and 25 quanta/s, respectively. (B) Plot of p vs. the log false positive
probability. (C) Plot of p vs. convergence (n): the rate is proportional to the
square root of the convergence. Arrows mark the values for cat, owl monkey,
human, macaque, and rabbit.

positive probability by 10-fold (Fig. 3 B). Thus, the incre-
mental cost of increased reliability is modest.

The rod convergence varies between species: 20 rods/
bipolar cell in cat (Boycott and Kolb, 1973; Freed et al.,
1987), 30 in owl monkey (Ogden, 1975), 2060 in macaque
(Boycott and Dowling, 1969; Kolb, 1970; Griinert and Mar-
tin, 1991), 3045 in human (Kolb et al., 1992), and up to 100
in rabbit (Dacheux and Raviola, 1986; Young and Vaney,
1991). Greater convergence increases noise in the bipolar
cell by n'? (Freed et al., 1987). Thus, to maintain the same
degree of reliability, i.e., to constrain the noise in the bipolar
cell to o, greater convergence would require a higher tonic
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release rate. The relation is such that a fivefold difference in
convergence (cat vs. rabbit) would require roughly doubling
the rod’s minimum tonic rate (Fig. 3 C).

DISCUSSION

For different assumptions regarding the temporal extent of
the bipolar mpsp, the minimum tonic rate calculated for the
rod synapse is within twofold of 40 quanta/s. For different
assumptions regarding the reliability of transmission (prob-
ability of false positives), the calculations show that the in-
cremental cost of increasing reliability from a false positive
probability of 0.01 to 0.001, is small (~25%). Thus, the
minimum tonic rate calculated here is realistic to within a
factor of two.

If the true shape of the mpsp differs from that assumed,
voltage at the bipolar soma would appear different. However,
the mpsp shape was used merely to obtain a value for tem-
poral extent; therefore, if that parameter remains constant, a
different shape would not affect the calculation of rate. On
the other hand, if the mpsp is not a shot event (as assumed)
but rather varies in amplitude, the minimum tonic rate would
be higher. Thus, the values we have calculated should be
considered lower bounds. The actual rate may eventually be
measured directly by electrical (von Gersdorff and Matthews,
1994) or optical (Betz and Bewick, 1993) recordings.

A quantal rate for the rod was first estimated by Falk and
Fatt (1974) and suggested to be more than 10 times the value
derived here. Their calculation depended, not on the release
statistics, but rather on the ratio of the bipolar cell conduc-
tance to the quantal conductance. In retrospect, their estimate
of the whole cell conductance at 10 *mho (10~°S) was prob-
ably too high, and their calculation of quantal conductance
(derived from the frog miniature endplate potential) assumed
an mpsp that decayed 10 times faster than estimated here.
Thus, if their calculations used parameter values that we now
believe are more reasonable, the two quite different models
would give similar results.

Differences between mammals

The rod circuit, though conserved in basic plan across mam-
malian species, varies quantitatively. As noted, convergence
at the first stage, rod-to-bipolar cell, can differ by fivefold
(n = 100 in rabbit vs. n = 20 in cat). Convergence at this
stage represents only a small fraction of the total convergence
onto the ganglion cell (Freed et al., 1987; Sterling et al.,
1988); therefore, differences at this stage are probably un-
related to acuity. More likely, the variation corresponds to the
efficiency with which the eye of a given species collects
sparse photons. For example, the rabbit eye, lacking the cat’s
tapetum and having a smaller pupil, probably collects fewer
photons for a given luminance. Thus, the rabbit bipolar cell
can sustain greater convergence for the same dynamic range.

One obvious advantage of matching convergence to light-
gathering capacity is that space is saved. Thus, corresponding
to the fivefold greater convergence (rabbit vs. cat) is a sev-
enfold lesser density of rod bipolar cells (6000/mm? in rabbit



Rao et al. Quantal Release Rate at the Rod Synapse 61

signal Rh* signal

y

threshold <—
threshold

time signal

no signal

P(Vg)

. D.
C B Rh* VB
signal
v S-o
S c signal
threshold « . threshold <—
0R time no
— signal
no signal
P(Vg) Y
B p(Vg)
E.

=2
o
]
Qo
o
Q
2
.‘5
o
Q
[}
o
8
(=]
o 7 ] | 1 1

0 2 4 6 8 10

signal-to—noise ratio, S/c

FIGURE 4 (A and C)Right: Hypothetical voltage responses, Vy, of a rod bipolar cell to an Rh* event. Left: Gaussian probability distributions of the voltage,
P(Vg), with and without a signal. We take the “no signal” distribution to have mean and standard deviation, 0 * o, and the “signal” distribution to have
mean and standard deviation, S = SDy. Since o = SDy, the widths of the distributions are equal and the threshold can be set halfway in between. (A) S/o
= 5. (C) S/o = 2. (B and D) Higher magnifications of (A) and (C), respectively, showing the regions where the two distributions overlap. (E) Plot of log
false positive probability vs. S/o.

(Young and Vaney, 1991) vs. 40,000/mm? in cat (Freed etal.,  The rabbit’s retina over the span of the bipolar cell (outer
1987)). Since the rabbit rod bipolar cell is somewhat larger  plexiform through inner plexiform layers) is about 17 um
than the cat’s, the total volume of retina devoted to the rod thinner than the cat’s, and about 20% of this difference is at-
bipolar cell array in rabbit is only about two-thirds that of cat.  tributable to the difference in volume of the rod bipolar array.
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These calculations show the relation of a fundamental cel-
lular mechanism (transmitter release) to the design of a neu-
ral circuit (rod convergence and bipolar density) and ulti-
mately to the macroscopic structure of the tissue (retinal
thickness). If tonic rate at the rod synapse is raised, or a
greater probability of false positives is tolerated, rod con-
vergence can be increased, bipolar cells decreased, etc. Such
matching of design across levels of organization, termed
“symmorphosis,” is well known for somatic structure-function
relationships (Weibel et al., 1991; Diamond, 1993) but this may
be the first example at the level of a neural circuit.

Comparison to other synapses

A tonic rate on the order of 40 quanta/s is considerably higher
than observed at the active zones of “conventional” (non-
ribbon) synapses. A single conventional active zone releases
one quantum per action potential with a probability less than
one (Korn and Faber, 1991). At the frog neuromuscular junc-
tion, tonic stimulation at 40 Hz releases less than 40 quanta/
active zone/s, and even this decays sharply over the first
minute (Betz and Bewick, 1993). Application of a-latrotoxin
to this neuromuscular junction at low temperature raises sus-
tained release to 0.25 quanta/active zone/s (assuming ~400
active zones; Heuser et al., 1979) for only 2 h (Ceccarelli
et al,, 1988). At room temperature, the rate increases by an order
of magnitude, but the duration declines proportionately. At the
crab T-fiber synapse, tonic presynaptic depolarization releases
an estimated 60-120 quanta/s at one active zone, but the rate
declines after only 2 s (J.-W. Lin, personal communication).

Another example, from the retina itself, concerns the con-
ventional synapses between amacrine neurons. In cultured
chick amacrine cells, an upper bound to the release rate at an
active zone is estimated at 19—42 quanta/s (Gleason et al.,
1993). However, this calculation assumes that the release
probability at an active zone is 1. Therefore, it may under-
estimate the number of active zones forming the junction and
thus overestimate the peak rate. Further, although this rate is
sustained over hundreds of milliseconds, it declines over 10
stimulus trials spaced 4 s apart. Therefore, whatever the true peak
rate at the amacrine active zone, it is not sustained for very long.
Similarly, the giant axon terminal of the goldfish bipolar cell may
release as many as 200 quanta/active zone/s but this rate declines
sharply after 2 ms (von Gersdorff and Matthews, 1994).

On the other hand, the rate sustained at the large ribbon
active zones in turtle cone seems remarkably similar to the
rate we have calculated here. Analyzing the noise spectrum
of the hyperpolarizing cone bipolar cell in darkness, Ash-
more and Copenhagen (1983) calculated 9200 “elementary
transmitter events” per second. This rate they divided by the
estimated number of active zones contacting the bipolar cell,
to arrive at a tonic rate of 20 quanta/s. Thus, the capacity to
secrete quanta at a high rate for long periods may be con-
served across vertebrate photoreceptors.

Functional architecture at rod terminal

The need to sustain a high tonic rate may explain the unique
architecture of the rod active zone. Sustained quantal release
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implies: 1) a substantial number of vesicle docking sites; 2)
a mechanism for their prompt reloading; 3) a handy depot of
fresh vesicles. The rod’s vesicle-docking region is linear and
extensive, with room for 100-150 vesicles (Rao and Sterling,
1991) (vs. ~20 at a conventional retinal synapse; Raviola
and Raviola, 1982). The obvious candidate for a resupply
depot is the plate-like synaptic ribbon to which 500600
vesicles are attached (Rao and Sterling, 1991). The ribbon’s
basal edge anchors parallel to the docking region at a distance
of 30 nm. Since this is about the diameter of one vesicle, the
arrangement minimizes the distance for translocation of a
vesicle to resupply an empty docking site.

Although most neurons transfer a signal by employing a
low quantal rate at multiple active zones (see above), the rod
employs a high rate at a single active zone. This design con-
serves space. For example, the cone terminal with 17 active
zones (Sterling and Harkins, 1990) occupies ~8 times the
volume of the rod terminal. Rods are the most numerous of
retinal neurons (in cat, up to 460,000/mm?; Steinberg et al.,
1973) and their terminals occupy 66% of the retinal volume
devoted to photoreceptor terminals. Yet, rods are the most
impoverished of signal: a rod in starlight absorbs a photon
only about once in 10 min (Sterling et al., 1987; MacLeod
et al., 1989). Therefore, the single active zone with a high
quantal rate may reflect pressure to “miniaturize the appa-
ratus needed for the reliable transfer of a binary signal.
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APPENDIX

Dependence of the false positive probability
on Sl/o

Barlow pointed out the relationship between the probability of errors and
the S/o of a system (Barlow, 1985). To calculate the probability of false
positives from the S/o, we first define a voltage threshold such that bipolar
cell voltages above this threshold indicate an Rh* signal, while those below
this threshold indicate no Rh* signal. Then, we calculate the probability that,
for any given observation, the bipolar cell voltage in the absence of an Rh*
signal exceeds this threshold and indicates an Rh* signal (i.e., a false posi-
tive). This probability indicates the fraction of outputs that signal the pres-
ence of an input event although the input event is absent. We use “probability
of false positives” in the context of signal detection theory, where it is also
known as the probability of false alarms (van Trees, 1968).

Consider the bipolar cell response to an Rh* for different signal-to-noise
ratios. The Gaussian probability distributions of voltages, p(Vy), with and
without an Rh* signal are shown at the left margin of Fig. 4, A and C. The
“no signal” distribution we take to have a mean of 0 and a SD of o; the
“signal” distribution then has a mean of S and a SD of SD;. Since variance
of the voltage with or without a signal is evoked by transmitter release from,
respectively, n — 1 or n rods, the mechanism producing the standard de-
viation in both cases is essentially the same. Thus, we take o = SDg. Then
the two distributions are of equal width, so we take the threshold to be set
equidistant from their peaks. In other words, a bipolar voltage lying below
this level indicates “no signal” and a voltage lying above it indicates
“signal.”

The overlap of the two distributions is set by the signal-to-noise ratio
(S/0). For example, S/o = 5 (Fig. 4 A) leads to less overlap than the dis-
tributions with S/o = 2 (Fig. 4 C). The area of overlap (hatched regions in
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Fig. 4, A and C) indicates the probability that a given bipolar voltage will
lead to an incorrect signal, i.e., that a voltage exceeding threshold and thus
indicating a signal will result without a signal (false positive) or a voltage
lying below threshold and thus indicating no signal will result with a signal
(false negative). This area of overlap divided by the sum of the areas under
the two distributions gives the probability of errors. This probability is 0.01
for S/o = 5 and 0.17 for S/o = 2.

From the same plots, we calculate the probability of false positives, i.e.,
the probability that, without an Rh* event, bipolar voltage exceeds threshold
and thus indicates an Rh*. This probability is the hatched area in Fig. 4, B
and D divided by the area under the “no signal” distribution alone. Thus,
for S/o = 5, the false positive probability is 0.01 and, for S/o- = 2, it is 0.17.
Fig. 4 E shows the false positive probability as a function of S/o.
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