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Freed, Michael A.Rate of quantal excitation to a retinal ganglion celtion. For example, if a large synaptic conductance saturates the
evoked by sensory inpu.. Neurophysiol83: 29562966, 2000. To driving force on the ions that provide the synaptic current,
determ_lne the rate and_statlstlcs of Ilght-e_voked transmitter releaggmmation of quanta will be nonlinear (Freed et al. 1992; Koch
from bipolar synapses, intracellular recordings were made fsam et al. 1982; Martin 1955; Rall 1959). Despite their importance,

alpha ganglion cells in the periphery of the intact, superfused, . . .
reFt)ina. gSoc(‘:?ium channels werr)e bﬁock){ed with tetrodotoxipn to preve, antal rate and the statistics of arrlval_are relatlv_ely unl_<nown
action potentials. A light bar covering the receptive field cent pr central neurons during natural stimulation in an intact

excited the bipolar cells that contact the alpha cell and evokedgural circuit. ) o
transient then a sustained depolarization. The sustained depolarizatio? theory, rate and arrival statistics can be evaluated by
was quantified as change in mean voltage)( and the increase in counting quanta. This approach works in culture where a
voltage noise that accompanied it was quantified as change in voltaguron receives quanta infrequently from a few synapses (Bek-
variance A¢?). As light intensity increasedAv and Ac” both in kers and Stevens 1995; Forti et al. 1997; Isaacson and Walms-
creased, but their ratio held constant. This behavior is consistent Wiy 1995; Liu and Tsien 1995). This approach has not proved
Poisson arrival of transmitter quanta at the ganglion cell. The respoRg@sible in intact neuronal circuits because quanta arrive from
o o Soag 0. many synapses at such figh fguencies hat ndivial
As CNQX concentration increased, the signal/noise ratio of th uanta merge in the macroscopic voltage. An alte_rnatlve ap-
proach has been to measure the mean and variance of the

response componenienox/Aocnox) held constant. This is also . . . . .
consistent with Poisson arrival and justified the application of fluctileémbrane voltage. If for different stimulus intensities, the ratio

ation analysis. Two different methods of fluctuation analysis appli€f these two measures is constant, then quantal arrival is
to AVenox and Aocnox Produced similar results, leading to anconsistent with Poisson statistics (Dodge et al. 1968; Katz and
estimate that a just-maximal sustained response was causedMiledi 1972). This has been found in a vertebrate circuit (cone
~3,700 quantas’. The transient response was caused by a rate thetorr bipolar cell) (Ashmore and Copenhagen 1983). Assum-
was no more than 10-fold greater. Becausedkalpha cell at this ing that quantal arrival is indeed Poisson, measurements of
retinal locus has-2,200 bipolar synapses, one synapse released  mean and variance were used to calculate the quantal rate.
?”at?]ta t§ *for thte é”Stai”ed r%spontshe. ag? no mol.re thar|1| 17 qt“aﬁt‘:‘. S The present study used this method (measurement of voltage
or the transient. Consequently, within the ganglion cell’s integrati ; ; ;
interval, here calculated to be16 ms, a bipolar synapse rarel;ﬁ%ean.and variance) to gstlmate the mean rate and arrival
releases more than one quantum. Thus for just-maximal sustained ﬁ}ﬂ)t'St.'cs of quanta from bipolar .Ce" Synapses ondhﬁa!pha
transient depolarizations, the conductance modulated by a singnglion cell. For these cells in peripheral cat retina, the

bipolar cell synapse is limited to the quantal conductanek0p pS at Number of bipolar cell synapses is known (_Kier et al. 1995).
its peak). This helps preserve linear summation of quanta.AMe Thus from the total quantal rate, one can derive the quantal rate

Aco2 ratio remained constant even as the ganglion cell’s resporper bipolar synapse. Because the alpha cell also receives am-
saturated, which suggested that even at the peak of sensory inpgtine synapses, special precautions were taken to restrict the
summation remains linear, and that saturation occurs before the éi’lﬁalysis to glutamate quanta from bipolar cells. This was done
polar synapse. by applying a glutamate antagonist, CNQX, and analyzing only
those components of the voltage mean and variance that were
sensitive to this antagonist.

INTRODUCTION

A central neuron encodes a stimulus by integrating trangetHobD s
mitter quanta from multiple synapses. The rate at which quanta i
impinge on a neuron and the statistics of their arrival timdgtracellular recording

determlne_ the neuron's Slgna_llrm|se ratio. FPr exan_]ple, '_flntracellular recordings were made from a superfused, flattened
quanta arrive with Poisson statistics, then the signal/noise rafi@paration of the mammalian retina (Dacey and Lee 1994; Jensen
is proportional to the square root of the mean rate (Laughling1). Experimental procedures were approved by the University of
1989). Mean rate and the statistics of arrival also determiPennsylvania Animal Care and Use Committee. A cat was anesthe-
how many quanta overlap temporally. This sets the instantaed with ketamine (10 mg/kg im) and then pentobarbital sodium (50
neous synaptic conductance that limits the linearity of summiag/kg ip); an eye was removed, and the cat overdosed with pento-
barbital. A 1 X 0.5 cm rectangle, which included the ventral retina,
The costs of publication of this article were defrayed in part by the paymetgment epithelium, and sclera, was removed from the back of the eye
of page charges. The article must therefore be hereby maedatttisemerit and placed in a chamber on the stage of an upright microscope. The
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. ~ retina was superfused at 1-2 ml/min with tissue-culture medium
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(minimal essential medium, Life Technologies, Rockville, MD), A ‘
which was bubbled with a mixture of 95% oxygen and 5% carbon

dioxide and heated to 34°C. Pharmacological agents were kept in an

array of reservoirs, any of which could provide the superfusate. These

agents were tetrodotoxin (TTX; Sigma, St. Louis, MO), 6-cyano-7-
nitroquinoxaline (CNQX),L-(+)-2-amino-4-phosphonobutyric acid

(L-AP4), bicuculline methobromide, strychnine, aiq2,6-dimethyl- ;
phenyl carbamoylmethyl) triethylammonium bromide (QX-314; RBI, ‘
Natick, MA). Electrodes were filled with 1% pyranine in 1 M KCI ﬂ‘
buffered with 0.1 M Tris (pH 7.3) and had tip resistances~df00 |
MQ.

To visualize ganglion cells, a few drops of 0.001% acridine orange ‘
were added to the superfusate. This dye was taken up by ganglion cell ‘ H
somas, causing them to fluoresce when excited with near-ultraviolet ‘
(UV) light (400—-440 nm). An alpha cell was identified by its large
soma, and the tip of a microelectrode was advanced until it touched H
the soma. The illumination was turned off, and the microelectrode was 101t
advanced to impale the cell. During recording, the pyranine diffused i
into the soma and dendrites, confirming the cell’s identity. “

To create visual stimuli, the filter cube used for epifluorescence W ‘
microscopy was replaced by a mirror. This reflected light (from a
50-W mercury arc lamp) passed through a rectangular aperture, then
through a series of neutral density and interference filters, and finally i
onto the retina. The stimulus comprised wavelengths of 63 nm 5mV:
and, when controlled by an electromagnetic shutter, had a rise time of L —
~2 ms. h

The stimulus intensity was 10° photonsum™2 s~ %, which caused B MM
~5,000 R* s rod™* (see calculation below) thus saturating the rod [ |
response (half saturatios 100 R* rod ' s~ ') (Schneeweis and J A Mg oy — = VI Ay = Vp-Vg
Schnapf 1999). The stimulus was presented for 1-2 s every 3—6 . Wi — — — — — — — I Sl ol
Between stimuli, the retina was in dim red light (termed “dark” in Y
rResuLTs Kodak Safelight 1A, 440 nm cutoff), which allowed the rod
response to recover. Recordings from retinal neurons under these WW}G,% me }G% Ac? = 0%' 0,%
conditions show that the initial 200—300 ms of the response has both
rod and cone components; the remaining response has only a cone
component (Freed et al. 1996).

Membrane potential was amplified using an electrometer and storedic. 1. MeasuringAv andAg®. A: response to a bar of light. This cell had
on a frequency modulated recorder. For fluctuation analysis, recofdow spike rate in the dark, but the dark rate varied among &ltiuring bath
ings were digitized at 1 kHz using an anti-aliasing filter (4_p0|@ppllcat|0n of 20 nM TTX,Av was measured as the difference between the
Besself. = 500 Hz). Electrode frequency response was measured Bg2" voltage in the dark,f) and during the sustained depolarizatiof);(Ao®
injecting white noise currents through the electrode into the ba 025 mdeizswed as the difference between the corresponding voltage variances
digitizing the resulting voltages at 10 kHz, and calculating the power® anday).

spectrum. The frequency response was B dB)_from 1t0 500 Hz. . electrotonically compact (Coleman and Miller 1989; Freed et al. 1992;
AL 500 Hz, the power spectral density of gangl_lon cell voltage nOISfaaylor et al. 1995, 1996; Velte and Miller 1995). Apparently other
Wasl.d_g\l/vn ?fy ?od de ftrhom :ts tpe;lk fvalue (Fig. 7) and Wasbtht ctors are significant because the amplitudes of spontaneous excita-
ne? 'gl'. ya f9|E[: e yd ¢ e f? e;: rot_ e feqﬁer.‘Cy response or by iy postsynaptic currents (EPSCs) recorded from retinal ganglion
anti-aliasing fiter used for fluctuation analysis. cells in salamander have a 50% coefficient of variation (€V
.D'g'.t'.zed volta}ges were analyzed using a Macmtosh computer a /mean) (Taylor et al. 1995). Spontaneous PSCs in other neurons
scientific analysis software (IGOR, Wavemetrics, Lake Oswego, O ry by a similar amount (C\E 59%) (Frerking and Wilson 1996).

Intervalsl oftvglftage ”?‘Sﬂ%ﬁ N Iolr;g, as shtcrn]\_/vn in Flgsf.t%], 2, a_mtd S)f stimulus-evoked quanta vary to the same extent as spontaneous
were selected for analysis. 1he voltages within Some ot these INeVgisy o then fluctuation analysis would underestimate quantal rate and
showed slight linear trends, due either to electrode drift or to a gradygl, astimate quantal amplitude by (CMKatz and Miledi 1972)

decline of the cell's sustained depolarization (€.g., F#j. Before ~25%. Thus to correct for dispersion, the estimated quantal rate was

ga!culatlng variance and power spectra, .the drift was correctgd for Itiplied by 1.25 and the estimated quantal amplitude was divided
fitting a line to the voltages within the interval (regression fit) an y the same factor

subtracting this line from the voltages.

Calculating error due to dispersion of quantal size Rate of photoisomerizations within the ganglion cell’'s
receptive field center

Dispersion of quantal amplitude (i.e., variation around the mean)
increases the variance of the voltage, causing an underestimate ddnderresuLTs | calculate the contribution of photon noise to the
guantal rate and an overestimate of quantal amplitude. Dispersiorgahglion cell's light-evoked noise. This calculation requires an esti-
quantal amplitude could come from several factors, including variazate for the total photoisomerization rate of all cones in the receptive
tion in vesicle size or filling, variation in the number of postsynaptiield center. This calculation also requires a determination of whether
receptors, and electrotonic decay along the dendritic arbor (Bekkershet rods are saturated by the stimulus, which requires a similar
al. 1990; Frerking and Wilson 1996). For retinal ganglion cellgstimation for a single rod. A cone outer segment-is7 um long
electrotonic decay is a small factor because their dendritic arbors é&¢einberg and Wood 1974), and its absorptivity at the wavelength of
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depolarization with larger increase in voltage noiSesus-
tained response\y) saturated at high intensity (graph shows
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“\ < FIG. 2. As intensity increased, ratio df¢® to Av re-
‘ T mained constantd: dim stimulus (6.3x 10° quantaum™2
( 2mV ‘ 0 4 s %) evoked a small, mostly sustained, depolarization with a
B T I T T T I small increase in voltage noisg: bright stimulus (2.5< 10
r 05s 6.8 7.2 76 quantapm™? s™%) evoked a large transient and sustained

Intensityflog(photons pm-2 s-1)]
data from a single cell; error bars show SE; solid line is

| ‘ M] I;)_\ 1 Naka-Rushton functionD: light-evoked change in variance
bright | | &4 (Ad®) vs. sustained response (from same cell) is fit by a
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J \ :f constant ratio. This cell had a smalb® most other cells

! | S 2 had a larger value (0.1t 0.3 m\?).
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peak sensitivity (556 nm) is 0.018m~* (Harosi 1975). Thus the noise from quantal release. This results in a quantal rate for all
outer segment absorbance (absorptivity * length) equals 0.3 andgtotoreceptors within the receptive field centef)(of 3 x 10°
fractional absorbance [+ log™ *(—absorbance)] equals 0.5. Given aquanta S*.

photon efficiency of 0.7 (Dartnall 1968), each incident photon at the

cone’s peak wavelength cause®.35 R* (fractional absorbance * ESULTS

photon efficiency). The cone absorption at the stimulus wavelengF%h

(650 nm) is 0.158 times that at its peak sensitivity (Fig. 11 of Pflug et After impalement a ganglion cell was observed for several
al. 1990), sdr* per incident photon is 0.055. The cross-sectional argginutes; if its dark potential was more negative thaB0 mV

of the cone outer segment-is3 um? (Steinberg and Wood 1974), andgnd its action potentials were larger than 40 mV, it was

the stimulus intensity used for a just-maximal response was® ; ;
photonsum™2 s, so photoisomerization rate per ol photon™* selected for further study (Fig.A). Then, because action

* cross-sectional area * intensity) wasl.7 x 10° R* s cone ™. potentials obscured voltage noise, TTX (20 nM) was applied
About 10° ventral to the area centralis, where divealpha cells were (Fig. 1B) " )

recorded, there are-5,000 cones mn# (Fig. 6 of Steinberg 1973).  The stimulus was a bar1 X 0.6 mm, which covered the
Thus the receptive field center;300 um in radius (personal obser- receptive field center and thus stimulated the bipolar cells
vations; Peichl and Wasle 1979), encompassed 400 cones. So the presynaptic to the alpha cell. The intensity of the stimulus was
total photoisomerization rateRf s~ * cone * * number of cones) is incremented until, by visual inspection of the oscilloscope
~2x 10°R*s™*. Asimilar calculation for the rods, based on an outetrace, the response was just maximal. The intensity for maxi-
segment length of 3Qum, a cross-sectional area of @m, and a mg| response was 10° photonsum‘z s 1

relative absorptionAgs/Aso) Of 0.005 results in a photoisomerization e response consisted of an initial transient depolarization

rate per rod of 5,00&* s~ *. These calculations neglect self-screenf llowed by a sustained depolarization (Fi@)1The sustained
ing, the waveguide properties of the cone inner segment, and tap(reg |

reflectivity. But these are minor factors because, as showasoLTs %ponsez(v) was quantified by subtracting the mean in the

the calculated photon noise is six orders of magnitude less than §@K from the mean during the sustained depolarization and
total light-evoked noise. averaged 3.5+t 0.4 mV (mean* SE;n = 13 cells). The

sustained response was accompanied by an increase in voltage
noise. This noise increasA¢?) was quantified by subtracting
the variance in the dark from the variance during the sustained
depolarization and averaged 0.#10.03 m\~.

In rResuLTs | calculate the contribution of quantal release from
photoreceptors to the ganglion cell’s light-evoked noise. This calctl:

lation requires the rate of transmitter quanta within the ganglion cell Shanglng quantal rate did not alteko”/Av

receptive field center. In cat, each cone terminal ka2 ribbon  For quanta whose arrival times have Poisson statistics, the
s_;tgrgapses (Sterlln(gRand Harlkmlsgglg)sao_)lihand eaé:tg)(;gd terminal zaFaﬂio of the voltage variance to the voltage méaw?/Av) is
robon synapse ao et al. . ere are, cones an . . . .

. o~ roportional to quantal amplitude (Katz and Miledi 1972).
500,000 rods per mfi(Steinberg and Wood 1974). Thus within th hups changing guantal ratg shoulcg not alter this ratio T)he

receptive field center (30Qm radius) there are-156,800 photore- . ) . ; .
ceptor synapses. The sustained release rate of a ribbon synapse ifi@f-evoked quantal rate was increased by increasing stimulus

dark is somewhere between 20 and 100 quanta(dshmore and Intensity. This increased botko? andAv (Fig. 2,A-C). A plot
Copenhagen 1983; Rao et al. 1994; Rieke and Schwartz 1996). TeAa” versusAv was linear and well fit by a regression line.
lower of these two estimates is chosen to give an upper bound fdne slope of this line varied from 6 to 33V, but the line

Rate of transmitter quanta from photoreceptors within the
ganglion cell’s receptive field center
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A normalized normalized incrementally reducedv andAo? in the alpha cell (Fig. &).

1.0 Av 1.0 Ac? A plot of Ao versusAv was linear and well fit by a regression
line. The slope of this line varied from 38 to 89/, but the line
always passed close to the origm<€ 3 cells; Fig. B). Thus
the ratio Ac?/Av was again constant, consistent with quanta
whose arrival times have Poisson statistics.

0.8 0.8
0.6

0.4

0.6
0.4
0.2

0.2 Changing quantal amplitude did not alté&\eox/Aocnox

0.0 0.0 For quanta whose arrival times have Poisson statistics, the

012 10, 01 2 10_ signal/noise ratioAv/Ao) is proportional to the square root of
L-AP4 coneentration L-AP4 concentration quantal rate (Katz and Miledi 1972). Thus changing quantal
(kM) (M) amplitude should not alter this ratio. To reduce the amplitude
B of quantal glutamate excitatory postsynaptic potentials
25 — 0uM (EPSPs) from bipolar cells, CNQX was added to the bath. Then

the components afv andAo sensitive to CNQXAvyox and

20 7 Aocnox) Were analyzed to see whether the signal/noise ratio

(Avenox/Aocnox) had changed.
The stimulus was presented repeatedly while the concentra-
tion of CNQX was increased stepwise (Figh)4At each step,
my CNQX hyperpolarized the membrane potential and reduced the
response amplitude. The variances before the response and
during the sustained depolarization were both reduced, as was
their difference Ao® (Fig. 4B). The same result was obtained

AcZmV2x 102
> &
| |

)
|

0 2HM from 4 on-alpha ganglion cells (Fig. 5). TheXv at the highest
10 uM CNQX concentration was subtracted from the same measure at
I T | ' l ' I each CNQX concentration to give the componeniAgfsen-
0 1.0 2.0 3.0 sitive to CNQX Avcnox)- The component oho? sensitive to
Av (mV) CNQX (Aognox) Was derived in similar fashion, and its square

FIG. 3. As L-(+)-2-amino-4-phosphonobutyric acid-AP4) reducedAv 0Ot gaveAUCNQx.
rormalized 0 vales at 616 Concomratiom 3 CO19B. S vt &y ftom  ports s Cancentration increasedyienox and Avenox
normalize values z 101 S).b. VS. AV
a single cell is fit by a regression line passing near the origin, demonstratinﬁ)r%grdgﬁ(;e;seﬁdf’it atl)nd a plot Alicyox VersusAocnoy Was
constant ratio. y a regression line. The slope of this line

averaged 6.6 0.6, and the line always crossed close to the

always crossed near the origim € 5 cells; Fig. D). Thus the origin (n = 4 cells; Fig. 6). Thus the ratidveyox/Adenox
ratio Ac’/Av was constant, consistent with quanta whose aas constant, consistent with quanta from bipolar cells arriving
rival times have Poisson statistics. with Poisson statistics.

The light-evoked quantal rate was also changed pharmaco-
logically to see again whether the ratibo?/Av remained Total quantal rate from bipolar synapses
constant. The light-evoked quantal rate was reduced by bat%
application of the glutamate agonistAP4, which reduces the The total quantal rate arriving from all bipolar synapses to
light response obn-bipolar cells (Slaughter and Miller 1981).the on-alpha cell during its sustained response was calculated
L-AP4 was applied in concentrations from 1 to AM, which by two methods. In the first method, the form of the quantum

A Concentration CNQX
10 yM
45 apm AM
> ! |
g -50 FiG. 4. Step increases in 6-cyano-7-nitro-
‘ quinoxaline (CNQX) concentration caused
-55 step decreases in light-evoked variance

LU L L AL A AU R (Bo”). A penchart record of just-maximal

responses to a repeated stimulus. Responses
appear spikelike because of the slow time

B 4 scale B: 3-point running averages of the vari-
~ ' ,_ ance measured in the dark and during the
= 3 N O variance in dark sustained depolarization. Increasing CNQX
* A variance during sustained depolarization concentration reduced the difference between
S 5 S© these 2 measures, which is the light-evoked
=) o increase in varianceA@?).

IIIIIIIIlIllllIIIIIIIIIIIII'IllIIIIIIIIIIIIIIIIIIIII

22 23 24 25 26 27 28 29 30
minutes after impalement
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A A 1 (Av)2
i\ To evaluateEq. 3 for bipolar synapses requires the ratio
’5 v AVenox/Aoenox- This ratio was taken as the slope of the
m regression fit to the plots afocygyx VErsusAveyox (Fig. 6).
control | 0.5 s The experimental values for this ratio and fo(for each of 4
‘\w cells) were substituted int&q. 3 and multiplied by 1.25 to
A adjust for dispersion of quantal amplitude (segHobs). This

yielded a rate for the sustained response of 3,40@,000

'y
b1 st
WWMMMWWW qu?ﬂtteassecond method of calculating quantal rate made no

MWWW M N assumptions about the shape of the event (Wong and Knight
WMMMWW‘ 1980). For the same four cells, the power spectrum of the
ﬁ\ e CNQX-sensitive noise was inverse-Fourier transformed and
M then divided by its value at = 0 to give the normalized
! autocorrelation function. The integral of this function esti-
CNQX | W“‘W " mated quantal duratiohand averaged 16 4 ms. The raté\n
' MWWM«W - was then calculated as
Y J Wmvwmw
Wl | R sn-1 < sy ) ’ @
‘f o
This method, adjusted for dispersion of quantal amplitude,
yielded a rate for the sustained response of 4,680 quanta
B normalized normalized s L. Thus both methods, when applied to the same four cells,
1.0y, Av [ Ac? produced similar quantal rates. The calculations to follow use

the average of the two methods, 3,700 quanta s
In theory, the basal rate in darkness and the peak rate during
the light-evoked transient could also be estimated because
CNQX reduced mean voltage and variance in darkness and
also reduced the transient (Figs. 4 and 5). However, these
measures in darkness drifted too much over time to estimate
the basal rate. Similarly, a single transient was too brief to
allow its fluctuations to be averaged over time (fluctuation
0.0 5 10 0.0555 5 10 analysis), an_d the recordi_ng time (30 min) was too brief to
CNQX concentration ~ CNQX concentration allow averaging over transients .(ensemble analysis). Neverthe-
(LM) (UM) less, because the largest transients weit®-fold larger than
the sustained depolarization (FigB,12B, 5A, and %), and
because quantal summation during the transient is probably
linear (seebiscussioy, a 10-fold higher rate sets an upper
f(t) was represented by the impulse response déstage bound of 37,000 quanta $.
low-pass filter (Ashmore and Falk 1982; Taylor et al. 1996;

Wong and Knight 1980) Peak amplitude of quantal voltage

it = awjn'e™” @ Given that the quantal voltage has a simple exponential
wherej = k — 1, ais the peak amplitude of the event, and decay, its peak amplitude was estimated as

is a time constant. The sum of such events has a power 2062

spectrum of the form a=— (5)

0.8f

0.6} 0.6[]

0.41

0.4}

0.21] 0.2¢

FIG. 5. CNQX reduced\v and Ad?. A: responses for control and 1M
CNQX. B: quantification of CNQX effectsn(= 4 cells).

®) To calculatea, the values ofAo? andAv at 10 uM CNQX
were subtracted from their control values, to derive the com-
whereA is the power spectral density B(0). To estimate the ponents ofAc? andAv attributable to glutamate release from
two parametersk and 7, which describe the form of the bipolar cells AO%NQX andAvcnox)- These components were
guantum, the power spectrum of the CNQX-sensitive compsudbstituted intd=g. 5 The result, divided by 1.25 to adjust for
nent of the noise was fit witkq. 2(Fig. 7). For different cells, dispersion of quantal amplitudes, was #05 wV.
k ranged from 0.7 to 1.1, and the time constafntwas 10+ This amplitude for an evoked quantum can be compared
3 ms. Becausk approximated 1, the form of the quantuBg( with the size of a spontaneous EPSC in other mammalian
1) simplified tof(t) = ae Y*, which has a simple exponentialganglion cells. This has a peak conductance-@00 pS (Tian
decay with time constant Also, the power spectruni(. 2 etal. 1998) and a decay time constant-df—6 ms (Protti et al.
simplified to a Lorentzian function. Given these simplifical1997; Tian et al. 1998); therefore the integral of its conduc-
tions, the quantal ratdn could be estimated as tance is~100-600 pS ms. Consider that the-alpha cell’'s

FO = 15 2
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0.5 Cell #1 Cell #2
0.4 - 25 7
~ 03 = 20 H
g E 15 &
5 024 5 .
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- 1 g 05 -+
0 0
T T T ] T T ] T T T T
00 .02 .04 .06 .08 .10 0 1 2 3 4 FIc. 6. As CNQX reduced response, the CNQX-
AGCNQX (mV) AGCNQX (mV) sensitive component of this response retained a con-
stant signal/noise ratio. Plots of the CNQX-sensitive
component of the sustained response,ox) vs. the
CNQX-sensitive component of light-evoked noise
30 — Cell #3 4 — Cell #4 (Aocnox) are fit by regression lines passing close to
’ the origin, demonstrating a constant ratio.
25 -
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[ »
210 A g
S 5 1
< 05 T <
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1 I | I T I | | 1 T
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guantal conductanagt), in parallel with its input conductance current-voltage relationship is linear (Martin 1955); the present
G, and in series with the synaptic voltagg causes a quantal study indicates that this assumption is reasonable fsees
voltagef(t). The quantal voltage may outlast the quantal cosion). Because the quantal voltage decays exponentially, its
ductance, due to membrane capacitance, but the integralsnségral [f(t) is equal toar which, when substituted int&q. 6,
guantal voltage and quantal conductance are related by Ohpreduces

law
G
G J g(t)dt = E ar )
f g(t)dt = Ej f(t)dt (6)

The decay time constanf taken from the power spectrum,
This equation assumes that the synaptic conductance is magkraged~10 ms; synaptic voltageE] is ~50 mV (Egyqx =
smaller than the input conductance and thus that the synaptisO mV andEg,, = 0 mV); input conductanceqd) is ~8 nS

A

102

1 llIlIII

FIG. 7. A: power spectra of voltages dur-
ing sustained depolarization (data from a sin-
gle cell). o, from control condition (average
of 8 responses), during CNQX (average of
25 responses; spectra from 0.1, 1, anghb0
CNQX are combined). No smoothindB:
power spectrum of CNQX-sensitive quanta
(difference between 2 spectras). Smooth-
ing over 3 points below 100 Hz and over 5
points above 100 Hz. Solid curve is from
Eq. 2.

mV2/Hz
T

10-3

T

a L1l el

1 llIIIIl[ J llllllll 1 0.

1 10 100 1 10 100
Hz Hz
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(Freed et al. 1992). Thus the integral of the conductanceHRsssible contributions of upstream and downstream noise
~500 pS ms, similar to that calculated above from whole cedburces taAo?
recordings (100-600 pS ms).

The on-alpha cell’'s macroscopic light-evoked conductan
Giight €an be calculated as the product of quantal rate and
guantal conductance integral

Conceivably, noise sources upstream of the bipolar synaptic
rminal might modulate its vesicular release (Fig. 8). Also,
se sources downstream of the bipolar terminal might be
modulated by bipolar release. Either upstream or downstream
modulation would add to the ganglion cell’so®. Therefore
Gugn = AN f gty g the contributions of the main upstream and downstream noise
sources were examined.

. _ LAMP NOISE. Light source intensity fluctuated due to instabil-
Using the yalues of 3’700. quanta‘sand 500 pS ms, the ity of the power supply voltage (signal/noise ra#cb0). If this
macroscapic conductance is .1'9 ns, CIOS? tq the approxXimgified to the light-evoked noise increase, then it would de-
1-nS conductance for a sustained depolarization measured [} &g the signallnoise ratio of the sustained response. How-
previous study (Freed et al. 1991, 1992). ever, lighton increased noise inn-alpha cells (Fig. 1) by the
same amount as lighirr increased noise inrrFalpha cells.
Consequently, their signal/noise ratios were not significantly
different Av/Ae = 16 = 2 for 4 orr cells and 15+ 2 for 13

oN cells). BecauseAv/Ac was independent of whether the
stimulus was on or off, fluctuations in lamp intensity could not
have contributed significantly tdo?.

PHOTON NOISE. A single photon absorbed by a rod can affect
spiking in a profoundly dark-adapted ganglion cell (Barlow et
al. 1971; Mastronarde 1983). This suggests that at any light
level, a photoreceptor is capable of transmitting photon noise
to the ganglion cell. However, in the dark, photon noise was
negligible, and during the bright stimulus, the rod response was
saturated (seeetHops). Thus virtually all photon noise in the

g(li’_tf‘g“ﬁﬁt)e alpha cell came from cones.
¥ The cone contribution tdo? was calculated by rearranging
Eqg. 4
AgZ = AV? ©
7 e Tee

where Ac’. is the light-evoked change in variance due to
photon absorptionsAv is the sustained responsas. is the
photoisomerization rate; anik- is the photon event duration.
The total rateng. for cones within the receptive field center is
~2 X 10° R* s~ ! (seemeTHODS) andAv = 3.5 mV (see above).
o Tr- IS ~100 ms (Baylor et al. 1984). BecauBg is longer than
ele) the time constants of other retinal neurons, it is not lengthened
by transmission to the alpha cell. Thiye. is calculated to be
~6 X 10’ mV2 Compared to the alpha cell’s light-evoked
increase in variancé\gZ ~ 10~ mV?), this is negligible. Had
rods been included in the preceding calculation, the photon
contribution toAo? would have been even smaller. Thus the
contribution of photon noise tdo? was insignificant.

amacrine
cell

glutamate ‘ GABA (bicuculline,
(CNQX) glycine((strychnineg

voltage-gated NOISE FROM PHOTORECEPTOR RELEASE UPON BIPOLAR CELLS.
channels . .
Light reduces quantal release by photoreceptor terminals. Be-
cause bright light also reduces noise in bipolar cells (including
those types that contact tle-alpha cell) (Nelson et al. 1981;
R. Taylor, personal communication), quantal release from pho-

FIG. 8. Main sources of noise ian-alpha ganglion cell. CNQX-sensitive toreceptors is apparently the bipolar cell’'s main noise source.
noise in theon-alpha cell results form bipolar cell quanta but might also com

from several other sourcelf CNQX might antagonize bipolar release onto the hus photoreceptor release W_OUId contribute |nd|rectly to the
amacrine cell, which could reduce the rate of amacrine release onto @-alpha cell'sAo®. Because stimulus rate-0.3 Hz) was low
on-alpha cell or, via feedback synapses, increase the rate of bipolar cell relegs@ugh to allow rods responses to recover (@&eeiops), the

0”‘3 }hte Ol;“.‘a'lloha cIeII;2) pg;tbo.” I”Oise”a”? phow?‘*ﬁfpmg rle'teaseltmig%ds must repolarize between stimuli and resume quantal re-
modulate bipolar release; ai®l bipolar cell release might modulate voltage- . :

gated channels in then-alpha cell. Despite these possible complicationé,ease' Thus rods would Conmbl‘.lte t_O quantal noise as well as
bipolar release into then-alpha appears to be the source of CNQX-sensitiveON€s. Therefore the total contribution of both photoreceptors

noise. was calculated by rearrangiriep. 3

anglion
8 c%ll
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\ - .
bicuculline

normalized normalized
Av Ac?

1.2
1.0
0.8
0.6
0.4

0.2
control  bicuc control  bicuc FIG. 9. GABA and glycine antagonists had insignificant
effects onAv and Ad®. A: effects of bicuculline (20uM;
05s n = 4 cells).B: effects of strychnine (0.M; n = 3 cells).
B normalized normalized
1.2 Av Ac?
ol 1.0
contro 0.8
strychnine \ 0.6
7
‘. 0.4
0.2
0 control ~ strych 0.0 control  strych
e
, AV NOISE FROM VOLTAGE-GATED CHANNELS. Although TTX
Aore = 2NeTre 19 plocked the alpha cell's voltage-gated sodium channels, it

seemed possible that the sustained depolarizing response might
whereAd? is the light-evoked change in variance contributedctivate other types of voltage-gated channel (K& ") that
by rod and cone quanta amg. is the release rate~3 X 10° might contribute toAo®. Therefore steps of positive current
quanta S*; seemeTHODS). Because each quantal event is brief50—100 pA) were injected into three cells to cause depolar-
enough to be lengthened by the alpha cell’'s membrane cap@étions similar in amplitude tav (3—10 mV; Fig. 10). For all
itance t,. is the same as the membrane time constard)(ms, three cells, the light-evoked variance was not significantly
as confirmed above by power Spectra)_ TMC is —\,1074 different from zero (Student’S—teSt; P> 065) Thus in the
mV2. This is larger than the variance due to photon absorptigifesence of TTX, voltage-gated channels do not adtiat
but still negligible compared with the alpha cell’s to
(=10~ mV?). DISCUSSION

NOISE FROM AMACRINE RELEASE ONTO THE GANGLION CELL.  The key conclusion is that a stimulus of just-maximal inten-
Quanta released by bipolar cells might modulate the amacrigigy to the ganglion cell’s receptive field center evokes sus-
cell's release and thus contribute indirectly to tvealpha tained release from bipolar cells 6f3,700 quanta's'. Before
cell's Ao®. Most amacrine cells employ GABA or glycine as ajiscussing the implications of this conclusion, it is necessary to
transmitter (Marc et al. 1995; Strettoi and Masland 1996), af@at the main assumptions on which it rests.

the postsynaption-alpha cell has GABA and glycine recep  The conclusion derives from standard fluctuation analysis,
tors (but not GABA, or GABA( receptors) (Cohen et al.which assumes quanta arrive with Poisson statistics (Dodge et
1994). The contributions of GABA and glycine tho” were g, 1968; Katz and Miledi 1972). If arrival is Poisson, then the
evaluated (in separate experiments) by adding their respectj¢giance/mean ratio remains constant as the rate changes. This
antagonists bicuculline and strychnine to the bath in conceteld true when quantal rate increased with increasing stimulus
tration known to effectively block the respective currents in th@tensity (Fig. D), and when quantal rate decreased with
on-alpha cell (Cohen et al. 1994). Bicuculline (2M) in- -AP4 (Fig. B). If arrival is Poisson, then the signal/noise
creased the transient, and strychnine (@\B) increased basal ratio remains constant as quantal amplitude changes. This also
noise, but neither significantly affectellv or Ao® (Fig. 9. held true when quantal amplitude decreased with CNQX
Apparently, under the conditions of the main experiment, neintagonism (Fig. 6). Poisson statistics are found where spon-

ther GABA nor glycinergic amacrine cells add der”. taneous quanta arrive at low rates on the ganglion cell (5—
200 s'1) (Gao et al. 1997; Matsui et al. 1998; M. Tachibana,
mV personal communication), and the present findings suggest
that, as the rate rises due to stimulation, arrival statistics remain
05s % constant. Poisson statistics have also been found by measuring
the variance/mean ratio for therbipolar cell at very high
| stimulated rates (9,200 quanta’} (Ashmore and Copenhagen

FiG. 10. Injecting current (50 pA) into cell during bath application of TTX1983)- ) ) ) )
caused sustained depolarization but did not increase voltage noise. Constant ratios of variance/mean and signal/noise could also
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be consistent with doublyPoisson process (Teich 1981). Thigarea (Kier et al. 1995), so they should hav@,200 synapses.
would result if Poisson noise sourcepstreamof the bipolar Thus the sustained rate at a single bipolar synapselis
cell modulated the bipolar cell’s quantal release. One conspianta S*. Given that the alpha cell’s transient depolarization
guence of such modulations would be an increase in ligh$-no more than 10-fold larger than the sustained depolariza-
evoked noise in then-alpha cell. Yet, negligible additions totion, an upper bound for the transient release rate is
Ao? were found from the main upstream sources (photenl7 quanta s'. This number seems reasonable given that
absorptions, photoreceptor transmitter release, and amacpeak rates>20 quanta s* have been reported for other ribbon
cells) implying that these do not modulate the bipolar cell'synapses by capacitance measurements (Rieke and Schwartz
transmitter release. Furthermore, were the bipolar cell's reled€96; von Gersdorff et al. 1996) and by noise analysis (Ash-
modulated by upstream noise, the power spectrum of thwre and Copenhagen 1983).
ganglion cell’'s voltage noise would be attenuated at lower
frequencies a_md peak at higher freql_Jencies (Wong and Knighitchanism of linear summation
1980), but this was not observed (Fid3)7

Doubly Poisson statistics might also result if bipolar cell At low to moderate stimulus intensities, a ganglion cell's
release modulated Poisson noise soumesnstreamagain response is proportional to stimulus flux (Barlow 1953; Cle-
increasing light-evoked noise. Normally, sodium channelgnd and Enroth-Cugell 1968). The mechanisms for this linear
would be activated by the sustained depolarization and wolddmmation have not been established. For a ganglion cell to
provide a large source of downstream noise. However, thdgearly sum the voltages generated by successive or adjacent
were blocked with TTX, and injecting depolarizing currenguanta, the quantal conductance must be small relative to the
ruled out possible contributions from other voltage-activatetendritic input conductance (Freed et al. 1992; Koch et al.
channels. Amacrine cell release on thealpha cell might be 1982; Martin 1955; Rall 1959). Otherwise the voltages gener-
modulated by bipolar cells, but, as evident in the null effects afed by each successive or adjacent quantum would be smaller.
bicuculline and strychnine, amacrine cells contribute insigniflso, the quantal EPSP must be small relative to the potential
icantly to theon-alpha cell’'s sustained light-evoked noise. difference driving the permeant ions, otherwise each quantum

The present analysis assumes that CNQX affects noiweuld reduce the driving force for generating successive cur-
solely by antagonizing glutamate quanta released by bipofents.
cells onto theon-alpha cell. CNQX probably also antagonizes A multicompartment model of then-alpha cell suggested
glutamate quanta released by bipolar cells onto amacrine cdif&t, if the light-evoked conductance applied by a single syn-
This would reduce both amacrine release ontootiralpha cell apse were low enough-100 pS), summation would be linear
and, because amacrine cells feed back on the bipolar céfireed et al. 1992). The present results and recordings from
would increase the rate of bipolar release ontodir@lpha cell other mammalian ganglion cells indicate a peak quantal con-
(Fig. 8). Because quantal rate is proportional to the squaredafctance of~100 pS (Tian et al. 1998); thus if quanta were to
the signal/noise ratiogg. 3, an alteration in rate would alter overlap in time, the total synaptic conductance would exceed
the signal/noise ratio. Yet no such alteration was observeld0 ps, causing nonlinear summation. However, 1.7 quartta s
Because quantal rate was estimated from this signal/noise raitioplies ~0.03 quanta per integration interval € 16 mS). It
any contribution of amacrine cells to this estimate was negfisllows from Poisson statistics that quanta overlap rarely=(
gible. 0.0004). Even at the highest rate (17 quanta) sluring the

The analysis also assumes thatdhealpha cell sums quantatransient, quanta would overlap rarely € 0.036).
linearly. This is consistent with finding that as quantal rate Other mechanisms to preserve ganglion cell linearity have
increased, the variance/response ratio remained constant (B&gn described. One mechanism uses the nonlinear voltage
2D). The variance/response ratio is proportional to the amptlependency of thé&-methylo-aspartate (NMDA) current to
tude of the quantal voltag&g. 5, and thus the quantal voltagecancel saturation of the non-NMDA current (Mittman et al.
must have been constant. If summation were nonlinear, iE890). Another mechanism uses voltage-gated conductances to
creasing quantal rates would have caused successively small@mp the membrane potential, preventing saturation of the
guantal voltages. Finally, fluctuation analysis yielded a valwynaptic driving force (Diamond and Copenhagen 1995). If
for both the quantal and the macroscopic conductances thatthie mechanism were to serve the-alpha cell, then TTX, by
close to those measured directly. Thus 3,700 quantasems relieving this clamp, should augment its response. TTX did
a reasonably good estimate, and | now consider some imglisgment the transient depolarization but actually reduced the
cations. sustained depolarization (Fig. 1), suggesting that this mecha-

nism is limited to the transient.

Release rate from a single bipolar cell synapse

. . . Mechanism for saturation
The sustained release rate evoked by light from a single

bipolar cell synapse can be obtained by dividing the total At higher stimulus intensity, the alpha cell’s response begins
quantal rate (3,700 quantay by the number of bipolar to saturate (Fig. @). This saturation could occur anywhere
synapses on then-alpha ganglion cell. This number can béetween the photoreceptor and, where voltages were recorded,
extrapolated from the smallen-alpha cells in the area cent-the alpha soma (Fig. 8). If saturation occurred atdkealpha

ralis that have 550 synapses (Freed and Sterling 1988) to tedl dendrites, due to exceeding the synaptic conductance con-
larger on-alpha cells of the present study recorded at 1Gistent with linear summation, then the quantal EPSP ampli-
eccentricity. The density of bipolar synapses on the membramee would be reduced. Yet, during saturation, the alpha cell’s
is constant, and cells at 10° have fourfold greater membraveriance/mean ratio remains constant (FiD).2Because this
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ratio is proportional to quantal amplitud&d. 9, this con- ForTi, L., Bossi M., BercamascH, A., VILLA, A, AND MALGAROLI, A.
stancy impIies that quantal EPSP amplitude must have beehkeose-patch recordings of single quanta at individual hippocampal syn-
constant. Thus saturation apparently is caused by a curtailjn psesNature 388: 874878, 1997.

" tal rel £ binol d Id oriai ED, M. A., NELSON, R., STERLING, P.,AND SMITH, R. Synaptic conductance
or quantal reélease irom bipolar synapses and could ornginatg, jineay operation obn-alpha ganglion cellSoc. Neurosci. Absti.7: 344,

anywhere upstream of these synapses. 1991.
FrReep, M. A., PrLuG, R., KoLs, H., AnD NELSON, R. oN-oFF amacrine cells in
Natural quantal rates on other neurons cat retinaJ. Comp. Neurol364: 556-566, 1996.

FReep, M. A., SMITH, R. G.,AND STERLING, P. Computational model of the
Where the natural quantal rate impinging on a single neurorpN-alpha ganglion cell receptive field based on bipolar circufmnac. Natl.

i Acad. Sci. USA9: 236-240, 1992.
has beer_l measure.d’ It appear_s to b.e low. I.n the _present (.:aieREEg M. A. AND STERLING, P. Theon-alpha ganglion cell of the cat retina and
mammalian ganglion cell during visual stimulation receives i presynaptic cell typesl. Neurosci8: 23032320, 1988.

~3,700 quanta's' from ~2,200 synapses distributed acrossrerking, M. axp WiLson, M. Effects of variance in mini amplitude on
the dendritic tree. This rate is low in that only60 quanta  stimulus-evoked release: a comparison of two modBisphys. J.70:
overlap temporally during the sustained depolarization (3,70¢?078-2091, 1996.

=l x A0, F., YaNG, J. H.,AND WU, S. M. Miniature inhibitory postsynaptic currents
quanta s 16 ms). The low rate plus the modest quame_‘ in retinal ganglion cellslnvest. Ophthalmol. Vis. Sci. Sup@B: 51, 1997.

conductance reduce interactions between quanta, allowifigos, F. I. Absorption spectra and linear dichroism of some amphibian
their linear summation. Similarly, a spinal interneuron during photoreceptors). Gen. Physiol66: 357-382, 1975.

natural patterned motor activity receivesl00 quanta sl or Isaacson J. S.aND WALMSLEY, B. Counting quanta: direct measurements of

; ; transmitter release at a central synapéeuron15: 875-884, 1995.
only about five overlapping quanta from an unknown numngrNSEN, R. J. Intracellular recording of light responses from visually identified

Of Synapses (Raa;s_tad et al. 1996). However, the spinal NEUrhngiion cells in the rabbit retind. Neurosci. Methodd0: 101-112, 1991.
differs in that |n_d|V|duaI quantal conductances are large COMaTz, B. AND MiLEDI, R. The statistical nature of the acetylcholine potential
pared with the input conductance and thus could cause briefind its molecular components. Physiol. (Lond.p24: 665-669, 1972.

but significant, nonlinearity (Raastad et al. 1998). KIER, C. K., BucHsBAUM, G.,AND STERLING, P. How retinal microcircuits scale
for ganglion-cells of different sizel. Neurosci.15: 7673—-7683, 1995.
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