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Abstract— Retinal neurogenesis oceurs in adult goldfish, and more rods are sdded 10 the reting than any
other class of cell as the fish grows. To determine whether the disproportionale addition of rods affects
the responsivity and sensitivity of dark adapted retinal ganglion cells, we ded activity from optic tract
fibers in gokdfish of different wizes. Experimentat conditions were as similar as posibie 1o thos used in
» separate study in which psychophysical ab were d: large, dim, monochromatic
spois | sec in durstion were projected close to the nght eye of akert, sell-resparing goldfish. A total of 214
fibers were recorded in smal) (3.0-5.7 cm), medium (9.5-11.0 cm) and large 113.0-20.0 cm) fish. Meither
maintained sctivily (mean and variance of the discharge rate in darkness) nor responsivity (quantum-to-
spike ratios) por absolule thresheld (g | irradiance required to produce a difference of | spike/trial
from spontanegus rates) varied relisbly with size of fish. However, some Off cells were mare active in the
dark than On and On/Of celis; these had low QSRS and abiolule thresholds, and were found in all sizes
of fish. Fifty percent (50%) of Off cells (comparad to 8% of On celis) had thresholds comparabie 10 of
lower than peychophysical threshold, and OfF cell thresholds (but not On cell thresholds) iended to be
lowet in Sargor fish. Hecause prychophysical threshold s closely retsied 1o the planimetric density of rods
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in goidfish, the similarily between O oell threshold and psychophysical threshold suggests that Off cells
may be influenced relstively more than On cells by the addition of new 1ods 10 the retina.

Retinal ganglion cells  Scolopic sensitivity  Neural development Rods Gokifish

INTRODUCTION

In embryonic and larval goldfish, mitotically
aclive cells appear throughout the retina
(Sharma and Yngar, 1980; Johns, 1982). At
later stages of development the neurogenesis of
most cell types becomes restricted to an annular
zone at the retinal margin. A notsble exccption
to this rule is the rody: new rods continue 1o be
added across the entire retina during adulihood,
interspersed among older, already differentiated
neurons (Johas and Fernald, 1981; Johns, 1982;
Raymond 1985). The newly diffcrentisted rods
are known to form synapses with existing bl
bipolar cells, which in turn increase in somatic
and dendritic field size (Stell and Kock, 1982,
Kock and Stell, 1985). The possibility exists that
the new rods form synapses with other types of
bipdlar cell as well. New synapses also continue
to form within the inner plexiform layer of
goldfish retina during growth (Fisher and
Easter, 1979; Marotte, 1980), and ganglion cells

*To whom correspondence should be sddressed.

from larger eyes have longer dendrites and
wider dendritic fields than those from smalier
eyes (Kock and Reuter, 1978b; Hitchcock and
Easter, 1986).

Despite these many retinal changes, the abso-
lute visual threshold of the goldfish changes very
little with growth (Powers er al., 1988). In this
paper we ask whether the spontancous activity,
responsitivity or absolute threshold of goidhish
retinal ganglion cells changes with growth. To
facilitate comparison with the psychophysical
measurements, we used stimulus conditions typ-
ical of our psychophysical studies and we
recorded from ganglion cells in swake, self-
respiring goldfish,

METHODS

Animal preparation

Procedures adhered (o the ARVO resolution
on the use of animals in rescarch, Seven small
(5.0-5.75cm standard body length, lip of
nose 1o base of tail), 7 medium (9.5-11.0cm)
and 8 large (13.0-20.0cm) common goldfish
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(Carassius auratus), purchased from a commer-
cial supplier (Ozark Fisheries Stoutland, Mo.),
were maintained in the laboratory at 20°C
(1 1°C) on a 12 hr:12 hr light:dark cycle for at
least 2 weeks before undergoing surgery. These
size calegories correspond to ages of <lyr
(small), 2-3yr (mcdium) and 4-5yr (large)
(Johns and Easter, 1977), and werz chosen (o be
similar to those used in previous anatomical
(Johns and Easter, 1977; Easter er al., 198];
Johns, 1982) and psychophysical (Powers ef al.,
1988) studies.

Goldfish were placed in a light-proof chamber
for at teast 1 hour prior 10 surgery, which was
performed under dim red illumination in an
otherwise dark room. The surgical procedure
was modified from Shefner and Levine (1976).
Fish were ancsthetized by immersion in 0.1%
tricaine methanesullonate (Finquel, Ayerst Lab-
oratories) until respiratory activity ceased
(about $-10min). Under decp anesthesia the
spina) cord was transected at the level of the
third vertebra, leaving the innervation of gills
and viscera intact. This prevented any voluntary
sketetal activity, while allowing the fish to self-
respire. It alsa eliminated sensory input from
the body. The cranium was opened while the
fish was still anesthetized, bilaterally exposing
the caudal telencephalon amd the rostral oplic
tectum. Fauty tissue overlying the brain was
aspirated, and a local anesthetic (2% Lidocaine
ointment) was applied to the cut edges of the
skull.

Following surgery, which required 10-15 min,
the fish was placed in a Plexiglas aquarium
inside a light-proof recording cage (see Fig. 1).
The animal’s head was immobilized by means of
a small clamp attached to the rostral edge of the
skull opening, and its body was supported with
sponges. Water from the fish's home tank was
atrated, fillered and continuously recirculated
through the agquarium. The eyes were fully
immersed in water, so the corneas remained
clear and optically inactive. For large fish,
where respiralory movements resulled in move-
ments of the brain, we routinely filled the cra-
nium with an agar solution. Respiration rate
was monitored routinely throughout these ex-
periments to ensure that the animal remained
healthy, and in a few cases heart rate was also
monitored by means of a silver wire clecirode
inserted inlo the thoracic cavity. When either of
these measures, which are known to corrclate
with detection of noxious stimuli by goldfish
{Otis et al., 1957) indicated the animals were

unduly uncomfortable the experiment was ter-
minated. ft was in fact impossible to record
from distressed animals due 10 excessive move-
ments of the head, brain and cyes. At the
conclusion of the experiment fish were sacrificed
by anesthetic overdose, then decapitated andfor
pithed. Body length was measured with a centi-
meler rule, and lens diameter was measured
with calipers.

Extensive precautions were taken to ensure
that the animals remained thoroughly dark-
adapted throughout the experiments. Control
measurements on several fish showed that the
tricain¢ anesthesia used during surgery had no
effect on psychophysical absolute threshold
(Falzete, 1984).

Stimulus conditions

Figure | shows the optical system. Light from
a regulated tungsten-halogen source (Ealing
model 227-1403) was focused on a shutter
(Uniblitz model 325B), colliimated, and passed
through a 3520 nm interference filter (Melles
Griot, 8 nm bandwidth at half height) and neu-
tral density (Oriel) filters before being brought
to focus again at the entrance of a 3/8” fiber
optic light pipe (Edmund Scientific). This wave-
length was chosen because it is near the peak of
the goldfish rod porphyropsin absorption spec-
trum (Schwanzara, 1967) and because previous
psychophysical measurcrnents had shown that
vision is mediated by rods in this region of the
spectrum {Powers and Easter, 1978). The other
end of the light pipe was mounted in an X-Y
manipulator l0cm from onc wall of the
Plexiglas aquarium. White bond paper secured
to the aquarium provided a rear projection
screen. The light pipe produced a diffusc
circular spot on the screen, and the fish's right
cyc was placed so that the spot subtended a
visual angle of 96* regardless of the size of the
fish. The spot was centered on the eye by placing
an infrared filter (Kodak Wratten 89C) at /F
and adjusting the X-¥ manipulaior while view-
ing the eye with an infrared image converter
(FWS Systems).

Although all neurons reported here within the
central 60° of retina, no attempt was made to
center the stimulus on the cell's receptive field in
this experiment because we were interested in
the nature of the responses that might be given
by retinal ganglion cells during psychophysical
measurements of absolute threshold. In the
companion psychophysical study {(Powers et al.,
1988) threshold was measured with large, diffuse
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¥ig. 1. Apparatus. The Plexiglas squarium containing the immobilized fish was positioned in a lightproof
recording cage, and stimuli were delivered via a light pipe from the optical system outside. Freth water
b CRE T

was lated in the

by means of a pumyr S: source; L lens, Sh: shutler; A: aperiure;

IF: interference fiher; NDF: neutral density Mleer; M: mirvor; Mm: micromanipulator; 5c: rear projection
acreen.

stimuli presented to animals that were bodily
restrained but fres to move their eyes. We
assume that these conditions involve stimu-
lation of many cells because of the large overlap
of ganglion cell receptive fields in goldfish
(Macy and Easter, 1981). We further assume that
any given cell is likely to reccive relatively
constant stimulation as long as it is reasonably
centrally located in the retina.

The quantal irradiance of the stimulus was
computed from measurements made with a
calibrated photodiode (PIN-10DFP, United
Detector Technology) placed at the plane of the
pupil. Calibrations were performed several
times throughout the course of the experiment;
measured values did not vary more than
+ 0.06 log uniL. Stimulus intensity is expressed
in units of corneal irradiance (photons sec™
cm~? incident at the cornea) or retinal fux
(photons sec™' incident at the retina). Retinal
flux was computed by taking into account the
diameter of the fish's pupil (Falzett, 1984) and
the absorption of the cye media (Bassi ef al.,
1984). QSR's took into account in addition the
area of the stimulus on the retina (Powers and
Easter, 1978).

Recording technigues

Tungsten wirc-in-glass clectrodes (Levick,
1972) were used 1o record action potentiais from
optic tract fibers. Tip diameters of 1-3 um with
exposures of 12-18 um provided the best iso-
lation of individual axons. The elecirode was

held in » micromanipulator and positioned
above the left optic tract using coordinates
obtained from Peter and Gill {1975) and cor-
rected for differences duc 1o the fish's orien-
tation in our apparaius. The clectrode was
lowered into the tract via a hydraulic microdrive
until light-driven responses occurred during
presentation of dim, 520am stimuli |sec in
duration. The location of the tlectrode in the
tract was verified in a histological experiment
wherein current was passed across the micro-
eiectrade following recording of single units.
Lesions were subsequently easily visible within
the optic tracl in cresyl-violet stained 40 pm
frozen sections, and adjacent sections clearly
showed evidence of the electrode track.

Action potentials were fillered and amplified
(Differential Preamplifier, Rockefeller Univer-
sity), displayed on an oscilloscope (Tektronix}
and monitored over a loud speaker (Haer Audio
Monitor). The time base and trigger level of the
oscilloscope were adjusted to generate & TTL-
compatible SV gate-out pulse with each spike;
this was in turm fed into a Schmitt trigger on an
LSI11/23 computer (Data Translation). The
time of occurrence of each spike was stored with
1 msec resolution on Roppy disk for later anal-
ysis.

Procedure

After a fiber had been well isolated, it was
classified as On, Off, or On/Off (Hartline, 1938)
based on its response lo a near-threshold
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520 nm light. Under dark adapted conditions,
On cells increase their firing rates and O celis
generally decrease their firing rates in response
to negr-threshold stimuli. On/OR cells increase
their firing rates both at onset and offset of light,
and some OR cells increase firing at stimulus
offset.

Following classification, the preparation was
dark-adapted for at least 30 min, and then an
intensity-response series was obtained for each
cell, as follows. A 520nm stimulus, |sec in
duration, was presented 30-50 times at an in-
tensity that had elicited no discernible response
during classification of the cell. On each tnal,
the computer recorded all spikes that occurred
in a J-sec interval, composed of 1sec before,
I sec during and | sec after the stimulus; activity
was not recorded during an additional | sec
intertrial interval. Tf the cell remained well iso-
lated, the intensity was increased by about
0.3 log unit and the procedure was repeated.
This continued until the cell gave a clear re-
sponse on all trals. Most cells did so within
1-1.5log units of the first intensity. Note that
the total inter-stimulus interval was 3 sec. Con-
trol experiments using longer and shorter inter-
vals showed that this time was sufficient to allow
recovery from any adapting effects the dim
stimuli may have had.

Data analysis

Spike trains were analyzed off line. To obtain
measures of spontancous activity we construc-
ted distributions of baseline spike discharge
during the 1sec pre-stimulus interval for trals
below threshold or at the lowest intensity used.
Both pulse number distributions (number of
spikes sec™' per trial) and interpulse interval
distributions (the time between successive spikes
over all trials) were drawn, butl the statistics
reported here (the mean number of spikes sec ™'
per trial and the variance or standard deviation
of the number of spikes sec™' over trials) were
computed from pulse number distributions. A
post hoc examination of the data revealed no
obvious effect of the dim, sub-threshold stimuli
on the shape of the puise number of interpulse
interval distributions.

Intensity-response functions were generated
by a technique described in full elsewhere (Fal-
zett et al, 1985). The method involves com-
puting a cumulative response lunction for each
intensity tested from an averaged (over trials)
peri-stimulus time histogram—an integral of the
PST. An important aspect of the method is its

ability to identify the beginning and end of the
response, which was always subsiantially de-
layed relative 1o the stimulus interval under the
dark adapted conditions of our experiment.
This technique uses the statistical properties of
the neuronal spike train itself to determine the
beginning and end of the temporal response
window, and thus provides a more accurale
measure of threshold or responsivity than meth-
ods that analyze responses during the stimulus
period only. This may be particularly relevant
under scotopic conditions where response laten-
cics tend 10 be long (see Fig. 5).

Onoe the end points of the response interval
were identified, the magnitude of the response
was determined by comparing the slopes of the
different segments of the cumulative response
function, which cotrespond to finng rates dur-
ing pre-response, response and post-response
intervais. Repeating this procedure at different
stimulus intensities yielded intensity-response
functions that show the mean number of spikes
above or bslow basaline activity during the
response interval of interest {R in equation (3)
of Falzett #¢ al., 19851 For dim lights where
R > 0 these functions tend to be lincar (Barlow
and Levick, 1969), so their slopes are con-
veniently described by linear regression analysis.
Regression equations were computed from a
minimum of 3 intensities for all but 4 On cells
and | Off cell, for which only 2 intensities
produced R >0. When light intensity is ex-
pressed ag retinal flux (see Stimulus Conditions)
the reciprocal of the slope of the intensity-
respanse function is the quantum-to-spike ratio
(QSR): the incremental number of photons per
spike produced over the range of intensities
tested. QSR is the measure of responsivily in
this paper.

In order to compare the neuronal data o
psychophysical thresholds we defined a cell's
“absolute threshold™ as the corneal irradiance
that produced a mean change of | spike from
bascline (R = 1). This value was computed from
the least squares regression cquation relating R
to corneal irradiance (see Fig. 6 beiow and
Falzett et al., 1985).

RESULTS

We recorded from a total of 214 ganglion
cells, Of these, 204 were demonstrably sensitive
to light, and could be classified as to type based
on their response (o near-threshold stimuli.
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Table 1. Number of neurons recorded

Body length Ooff On OO N R. Total
Small 7y e 845 L} 55
515+01 cm
Medium W18 20(8) ) 4 0
1000 +024cm
Large N A9 10(3) 3 °%
16.06 + 0.88cm
Total 8 L] 25 10 FiL)

The number of ganglion cell axons from which recards were obtained, by
clans of cell and size of fish. Body lengihs are nose to base of wail,
tb! + | SEM. Number of fish = 7 for small, 7 for medivm, and 8 for
large. N.R. stands for “not responsive™, these celis could not be
clansified because they did not retpond to visusl stimuli. Mainiained
sctivity was recorded Tor &1l neurons. Values in parentheses indicalc
the number of cells (or which compiete intensity-response functions

were abtained.

Table 1 shows the number of cells recorded by
cell type and size of fish.

Maintained activiry in darkness

Al cells we encountered had some level of
maintained activity when fully dark adapted.
Figure 2 shows representative pulse number and
interpulse interval distributions for an On cell,
an O cell and an On/OR cell. Both types of
distributions are cstimates of probability-
density functions (Perke! et al., 1967, Barlow
and Levick, 1969). The interpulse interval
distribution describes the probability that an
interval of a given duration will oceur between
2 successive impulses, and the pulse number
distribution describes the probability that a

cerlain number of impulses will occur within a
given temporal window; in our case the window
was arbitrarily defined as 1000 msec. Levine
(1980) has shown that the variability of impulse
occurrence in goldfish ganglion cclls in the
absence of stimulation is not a renewal process:
that is, it is not strictly a random stochastic
process, but exhibits short-term regularities.
The regularitics affect the shape of PST histo-
grams. In the present study, the shapes of the
pulse number and interpulse interval distribu-
tions did not vary systematically with body
length ar celi type, which were the independent
variables of interest. We therefore did not ana-
lyze the struciure of maintained activity any
further. The statistical analyses that follow were
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Fig. 2. Maintained activity of goldfish gangiion cells in darkness. Left panel shows interpulse interval
distributions during 50 |-sec sampling periods for typical individuat On, On/Of and OR ocll!_‘ Right panel
shows pulse number distributions for the same cells during the same 50 [-sec periods.
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Table 2. Mean { 1 | 5D) impulses/sec recorded from goldfish opiic wract fibers in
darkness

On off Onfon All 1ypes

Smali 12100 £3.61)  22.26(14.71)  BIS(£1.99) 138K 118N)
Medium 128(£276) 19351591  1209(13.66)  14.26(14.50)
Large 1741200 15.6K+5.68) 1080{138)) 11.09(4.18)
Al sizes BII(£1I6)  1BAHE3.5)  IDS(1120)  13.18{14.19)

Maintained discharge rates in darknesa for all cells, by class of cell and size of fish.
N'sare in Tabie |, Analyns of variance showed no significant difference in menn
discharge rate with figh size (F = 0.90, £ = 0.41), although larger fish iended 1o
have slightly lower rates. Discharge rates of different cell types were significanily
different (F = 16.44, P < 0.0001); Off cells were higher than those of On or
On/Of cells, which resembled each other. This was the case within each size
catcgory (i.e. the interaction beween cell type snd tite of fish was not significant:
F = 0.85, P =0.50). The standard deviation of the Maintained discharge also did
not change with size of fish (Fw= 1.19, # = 0.3), but did with type of cell
(F = 16.5,, P < 0.0001): Off cells were more variable than On and On)OfF cells
within every size category (inleraction was not significant: F = 1.23, P = 0.30).

petformed on both types of distributions,
leading to the same conclusions. In the remain-
der of the paper, we discuss only pulse aumber
distributions.

Pulse number distributions were used to com-
pute the mean number of impulses sec™' for
ganglion cells in fish of different sizes. Table 2
shows that mean firing rate in the dark did not
vary wilh size of fish, for any class of cell; the
tendency toward lower discharge rates for larger
fish was not statistically reliable (see Table
legend). O cells were generally more active in
the dark than cither On or OnfOR cells, regard-
less of size of fish.

A similar pattern occurred with standard
deviation. The values shown in Table 2 indicate
the average variability of firing rate over succes-
sive trials,-and again, no systemalic differences
were observed among the size catcgories. But
differences did occur among classes of cell: the
variability of Off cells was greater, on average,
than that of On or On/Off cells.

Figure 3 shows that the vanance of the
maintained discharge rate correlated with the
mean rate, for all classes of cell and all size
categories of fish. Except for a few high-rate,
high-variance cells in large fish, the scatterplots
by age arc similar to onc another. The upper-
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§ n i N ™ most points in the plot labeled *“Large” are in sizes of fish (see Table 1). Their mtcrrpulst
5 1004 .. . voo 4 100 - fact Off cells, as can be seen by comparing the inter-burst) intervals ranlged from al ew tl:
g T : sizewise plots with the cellwise plols above seconds to 5 sec or more; an interpulse in
P N ™ " “] ' them. There were no significant differences in  distribution for such a cell (as in Fig. 2) w
i il e . 0 ’ . i be extremely narrow. One unresponsive
N " °] slope ameng these functions. e wnEspons
: r———— ————————t— y———y———T— Unresponsive units. About 5% of the cells we fired 1-sec bursts of 150-200 spikes every
e st Gncnsnos oo PemreE encountered in the optic tract did not produce 3 sec. The discharge remained regular and
e A e ' a noticeable modulation of baseline activity in llt-ered by visual sumul;‘ _l'(:.r as ::::g &s“t'
Y s B Ba 0] Lwee ' response to monochromatic stimuli, cven a1 unils were recorded, whic dm s
E 1 levels that were clearly photopic to us. Broad- was 40 min. Typlf.:al .racords; emonstrating ,
g " " ™ . « band white light was equally ineffective. In every regulanty _ol‘ ma]nunnod dlschafge mn:s
2 : 1 " 1 e, case, such peurons were surrounded by other  unresponsive units are shown 1}1 Pal-d
. ce Tal e LT, fibers, both above and below them within the  Fig. 4. Pancl A shows examples of records
i 1. £ N T N .i .f . L optic tract, that were sensitive 1o light. And  light-sensitive units for companson.
K R of e of i . ' when cxamined closcly the waveform of the
> . . |
¢ W 10 38 4 s s e 1 M s e HEE I action polentials always appeared normal. Stimulared activity

Eight of the 10 unresponsive units had rela- .
1ich: low maintained discharge rates (<10 Figure 5 shows examples 9!’ PST histog
spikes sec™'), and all 10 had very regular firing from cach ccll type and size c':f_ fish. 'I
patterns. They were evenly distributed across all  histograms represent summed activity durii

MAINTAINLD DASCHARQE (apharasc)

Fig. 3. The relation between mean and variance of mainiained activity in darkness. Ench point represents

onc ganglion cell, with dawa averaged over 50 1-sec periods. In the top graphs cells are catcgorized

sacording 10 responsce type without negard to fish size; in the bottom graphs cells arc calcgorited sccording
10 size of Bsh without regard to response type.
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Fig. S. Representative responses of goldfish retinal ganglion cells just above their absolute thresholds.

Peri-stimulus-time (PST) histograms are shown, summed over 30 trials, for each type of call in small (lef

column), medium (middle column) and large {right column) fish. The 1op row shows Off cells, which

tended to be sustgined in all sizes of fish. The middle row shows On cells, which had transient components

n about 50% of the cases. The bottom row shows On/Off cells, which were transient in over 95% of
cases. Ordinate: number of spikes in 50 trials; stimulus marker | sec.

‘ntations of the dimmest intensity that elic-
1 just-suprathreshold response (R > 1) un-
ull dark adaptation. There were no obvious
rences in the form of responses from
rent sizes of fish. On and Off cells could be
r transient or sustainced, and both types
found in all sizes of fish. In general more
cells than On cells were sustained: when
psed across fish size, 73% of Off cells were
ined, while only 50% of On cells were.
i 1 exception, On/Off cells were always
sient,
gure & shows examples of dark-adapted
1sity-response functions for each type of
Although the examples are from neurons
rded in the optic tracts of small fish, they
irate our hndings from cells in all sizes of
In small, medium and large fish, On/Of
responded with increased spike output
wing both onset (circles) and offset
ares) of the stitnulus. 89% of On cells in all
of fish increased firing after stimulus onset
les) and returned to baseline rates after
t; the remainder increased firing following
t and decreased below bascline values after
t {not illusirated in Fig. 6). Seventy-five
ent of Off cells decreased firing during stim-
presentation, returning to baseline after
1 (not shown). Of the remainder, half of the
cells responded by decreasing their fiting
during stimulus presentation (circles in

Fig. 6) and increasing it aflter stimulus offset
(squares), and half responded with increased
finng only after stimulus offset. When more
than one component was present in the re-
sponse, QSR's and thresholds were determined
by taking the mean of the values derived for
each component. In the end this mattered little
because the values for one componcnt were
generally close 1o those for the other, as Fig. 6
illustrates.

The similarity in slope of the different com-
ponents of a ganglion cell's intensity-response
function observed in this study may be at-
tributabie cither to the conditions of the experi-
ment or to our method of defining the response.
Under dark adaptation, surround activity
should be reduced or absent (Barlow er al.,
1957). Thus, while different aspects of the
response may reflect different weightings of
center and surround under photopic conditions,
we would not expect to see such an effect
scotopically. In terms of the methed, we defined
the response intervals by examining the spike
train (sce Data Analysis), which may give
different magnitudes of response than would be
obtained from sctting arbitrary periods reiative
to sumulus presentation.

The smatf dot at the end of each regression
line in Fig. 6 shows the best estimate of the cell’s
absolute threshold, expressed as the photon flux
at the retina that produced R =} on average

Gangiion cell responses in goMdhsh m
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Fig. 6. Intensity—response functions for Off, On and On/OM cells (all from small fish). The pointy were

computed from PST histog by a

ative sums procedure (Falzen ¢ of, 1985) which compares

the rate of spike activity during an empirically-defined response interval with the rate of activity during
> 1 ec period preceding the response. Open circles show responses following the onset of light; squares
show responses foliowing offsel of light. This On cell did not respond a1 light offset. unlike the On cell
feom 2 medium-sized fish shown in Fig. 5. The functions mre reasonably approximated by siraight lines,
which have been fit by least squares regression to the dala. We defined threshold, for purposes of

pari with psychophysical values, s the point oxn the i Uy-resp function where a change
of | spike from maintained rate occurred (i.e. where AS = 1), This point is marked by a small dot al the
end of each function; when two response components were present, they rarely differed in threshold.
Quantum-1o-spike ratios (QSR's) were computed from the stopes of the linear regression functions, taking

account of the area of the stimulus on the retina.

over 50 trials. Threshold for the Off cell in
Fig. 6 was about 900 photons sec™', for the On
cell it was 2500 photons sec™' and for the
On/OM cell it was 8700 photons sec™'.

Responsivity. The total range of QSR’s
recorded was more than 4 log units. No system-
atic changes occurred with size of fish, indexed
as the diameter of the ocular lens in Fig. 7
(Falzett, 1984). The arrows in Fig. 7 indicate
groups of cells that were all recorded from the
same fish. Under the conditions we used, re-
sponsivity varied widely from cell to cell, even
within the same preparation. This variability
could be due to different receptive field sizes or
(less likely) different center-surround weighting,
but it does suggest that fish of every size have
ganglion cells that are highly responsive to large
field stimuli (e.g. there were 22 Off cells and 3
On cells with QSR's < 3500) and rather un-
responsive to large field stimuli (there were cells
of all types with QSR’s of 100,000 or more).

Although no changes in responsivity occurred
with age, the distribution of QSR's did differ
significantly between Off celh and On and
On/Off cells (see Figure legend). On average, Off
cells’ QSR's were 0.47 log unit lower than those
of On and On/Of cells. More striking is the
nearly total lack of On or OnfOM cells with log
QSR’s below 3.5 (about 7000 photons per
spike), compared with the even distribution of
OR celis below that value. Only 6% of On cells
had QSR's below 7000, compared to 40% of Off
cells,

How does responsivity relate to spontaneous
activity? Figure 8 shows QSR’s for & group of
cells as a function of the standard deviation of

their spontancous activity in darkness. For this
analysis we used only the best cells in the
sample: those for which the intensity-response
function had 3 4 points and an r value for linear
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Fig. 7. Quantum-to-spike ratios (QSR’s) for cach cell, as &
function of size of fish. The diameter of the ocular lens has
been used as an index of eyc size (Falzewt, 1984), which
correlates more closely with retinal parsmeiers than does
sbi. On and On/OA celly are plotied above, Off cells below;
no changes in QSR oocurred with increasing lens diameter.
Arrows indicate groups of cells recorded from the same fish.
Ovenall, Off cells had significantly lower QSR's than Or cells
and On/Of cells (1 = 2.900, df. =89, P < 0.005}).
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Fig. 8. Relation between log QSR and the logarithm of the
siandard deviation of the maintained discharge in darkness
{s). Not all cells in the sample appear in this figure (see text
for details). Regardiess of size of fish, Off cells {solid circles)
tended 10 be more variable and 1o have Tower QSR's than
On or On/ON cells (open symbaols). The dashed line, with a
slope of — |, repeesents & constant ratio of “signal™ (QSR)
1o “noise” {s) on this log-log plot. A few O cells had
exceplionally low signal-io-noise tatios, by this definition,
bocause they lie below the line that includes all other cells.

regression of at least 0.9. The standard devi-
ation of the spontancous activity may be taken
as an indicator of “noise,” and we have already
shown that Off cells 1end to be noisier by this
definition (see Table 2 and Fig. 3). If QSR is
considered to be the “signal™ produced by dim
lights, each point can be taken to respresent a
given cell’s signal-to-noise ratio.

The distributions of Cn, On/Off and Off cells
are highly scautered, indicating that within ¢ach
cell type there are individual neurons with
widely varying signal-to-noise ratios. But the
distributions are not identical. The O cells are
clustered at the low QSR, high s corner, while
the On and On/Off cells tend to have higher
QSR's and lower 5. A line with a siope of —1
on this log-log plot represents a constant re-
laionship between QSR and “noise,” or a con-
stant signal-to-noise ratio. Such a line has been
drawn into Fig. 8 at an arbitrary ratio that
excludes all On and On/ON cells. The On and

Smai

On/OMT cells closest 10 the line are the most
sensitive of their type because they have the
highest signal-lo-noise rativs. The small cluster
of Of cells below the line have higher signal-10-
noise ratio than any On or OnfOff cells, and by
this definition these Off cells (N =4, or 13% of
the cells illustrated in Fig. 8) were the most
sensitive in the sample.

Corneal irradiance at absolute threshold.
Quantum-to-spike ratios arc not casy to relate
to psychophysical threshold. For that reason we
tum next o a measure that emphasizes the
stimulus parameters in visual space, at the level
of the cornen, before pholons enter the eye.
Figure 9 shows histograms of log corneal irra-
diance needed to produce a change of | spike,
on average, in ganglion cells of all types from
small, medium and large fish. The arrows show
mean absolute visual threshold for fish of com-
parable body lengths when lested psycho-
physically (Powers e al., 1988). The range of
psychophysica] thresholds was +0.75 log unit
for all 3 size carcgories (Powers ef al., 1988). In
contrast, ganglion cell thresholds spanned 3-4
log units.

Twenty-five percent (7 out of 28} of the cells
we recorded in small fish had corneal thresholds
that were at or below psychophysical threshold;
35% (11/29) of those from medium fish and
27% (10/33) of those from large fish had thresh-
olds at or below psychophysical values as well.
All units that had thresholds below 4.0log
photons sec™' cm~? were Of type.

Table 3 lists threshoid values by cell type and
size of fish. As with QSR’s, within every size
category Off cells had lower thresholds than
both On cells and On/ORf cells. Moreover, when
averaged over fish size, Off cell thresholds were
0.51-0.61 log wnit lower than the other two
classes.

Threshold corneal irradiance did not change
significantly with size of fish for On, Off or
On/Ofl cells. However, Off cells tended 10 be
more sensitive in larger fish, and the average
thresholds of Off cells paralleled the change in
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Fig. 9. Absclute threshold for all retinal ganglion celis studied in these experiments, plotied sccording
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Table 3. Log | irradi at absolute threshold for gokdfish
retinal gangiion cells (photons sec™! cm~7)

Size On off OnfOff Al types

Smal $IBA0.04 5121024 5734031 5321014

Medium 5473030 4954027 5151023 5111047

Large 5354017 4341032 3594303 51016

Al sizes 5.49 498 559

Corneal irradi 21 sbsolute threshold for ganglion cells in dark
sdapted golfish. Mcan photon density sec™’ is expressed loga-
rithmically, £ | SEM, for each class of cell and size caregory of
fish. Threshold did not vary significantly with size of fish
(F = 0.042, P > 0.05), but differences were observed with cell type
(F = 3.69, P <0.01). Off cella had lower thresholds in each size of

fish.

psychophysical absolute threshold (Fig. 10).
This correlation suggems that activity in Off
cells may be particularly relevant for deter-
mining psychophysical \hreshold for large
diffuse scotopic stimuli al any age.

DISCUSSION

The purpose of this experiment was to deter-
mine whether the activity of retinal ganglion
cells in goldfish changes ag new ncurons are
added to the retina. We chose stimulus condi-
tions like those used psychophysically and
recorded from ganglion cell axons in awake
animals in order 1o facililate comparison be-
wween neuronal and behavioral measures of
threshold. The results will be discussed from
three point of view: their implications for the
impact of retinal neurogenesis on visual func-
tion near absolute threshold, their relation to
psychophysical measurements of absolule
threshold in goldfish of different sizes, and the
differences beiween responses from Off cells and
On or OnjOf cells near absolute threshold.

Oit cellg
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p— |
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'

Ganglion cell activity and growth
All ganglion cells we encountered had some
level of maintained discharge in darkness. Rates
of discharge were highly variable from cell to
cell, as in the cat (Kuffler er al., 1957), but the
range of varability was similar in small,
medium and large fish and the statistics of the
discharge did not change with growth. If the
maintained discharge is the noise against which
a signal must be detected (Kuffler et al., 1957),
. this result implies that cells of very low and very
high noisiness exist in every size of fish, and that
the average level of noise in ganglion cells
remains constant with growth cven though the
neural composition of the retina is continually
changing.

As the goldfish grows the planimetric density .
of the rods increases slightly and the ratio of
rods to ganglion cells increascs greatly {Johns
and Easter, 1977, Powers et al, 1988). If
quantum-like events in the rods are responsible
for the production of maintained activity in
ganglion cells, both of these factors would lead
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Fig. 10. Threshold for Off cells tended 1o decrease in paraliel with psychophysical threshold (Fowers e

al.. 1988), while tha1 of On cells did not. The points arc mean Jog comneal irradiance sl threshold for

gaaglion cells in small, medium and large ish. Error bars show +15EM in threshold (vertically) and in

body lengih (horizontally). The shaded region indicates the 95% confidence region for psychophysical
sbsolute threshold at 532 nm, computed from Powers ef of. (1983).
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to the expectation that maintained discharge
rates should increase with growth. We did not
abserve such a change. There are several factors
that could account for this result, among which
are that the amount of change expected was too
smail to be detectable given the sample sizes we
used, and that the effect of increased quantum-
like events in rods was dissipated before reach-
ing the ganglion cell level. Whatever the reason,
any effects of increased noise due to increased
input from rods during growth were not appar-
ent in this experiment.

The site(s) of origin of the maintained dis-
charge in retinal ganglion cells is unclear. Al-
though Schellart and Spekreijse (1973) and
Levine (1982) suggest that noise enters at the
level of the ganglion cell itself, action potentials
do nol appear to arise spontancously within
ganglion cells, for when isolated from synaptic
input ganglion celis have no maintained dis-
charge (Rodieck. 1967; Levine, 1984). It seems
more likely that the maintained discharge re-
sulis from activity in cells presynaptic 1o the
ganglion cell because the patterns of discharge
in cells of like sign (On or Off) tend to be
correlated (Arnett, 1978; Mastronarde, 1983;
but see Schellart and Spekreijse, 1973). In cor-
related pairs, approximately 20% of the vari-
ability in discharge rates is due to noise
source(s) that are common to both cells (Mast-
ronarde, 1983; Ginsburg et af., 1984). But the
specific site of noise injection and the structures
responsible for noise are still in question. Mast-
ronarde (1983) suggested that the source of
maintained activity in darkness might be quan-
tum events mediated by cone bipolars. This
would seem to implicate the receptors as origi-
nators, Johnsen and Levine (1983} propose a
model for goldfish retina that is not inconsistent
with this suggestion, they place the site of origin
at the OPL or even distal to it, before the
sign-inverting process occurs. Based on this
work and our psychophysical findings (Powers
et al., 1988), we propose that “noise™ relevant to
psychophysical detection exists at all levels of
retinal processing and that the exact sources
responsible for such noise remain to be deter-
mined at each ievel.

With the possible exception of Off cells, which
tended o have lower absolute thresholds in
larger fish, the responsivity and absolute sensi-
tivity of the retinal ganglion cells studied here
did not change with size of fish. Thus, like the
maintained discharge, these aspects of ganglion
cell function do not reflect the dramatic increase

in rod input suggested by the neuroanatomy
(Johns and Easter, 1977, Johns and Fernald,
1981; Johns, 1982), at least when the stimuli are
large, long, diffuse flashes. Whether changes
would be apparent with stimuli that are better
matched lo the dimensions of dark adapted
receplive fields remains to be determined. If
receptive ficld sizes increase with growth, as
anatornical (Hitchcock and Easter, 1986) and
physiological (Macy and Easter, 1981) changes
suggest, slimulation with spots that fit the cen-
ters should show that larger cells are more
sensitive {Enroth-Cugell and Shapley, 1973).
Such measurcments remasin 1o be made in the
dark adapted goldfish.

Psychophysical measuremnents in goldfish
have also shown minimai change in absolute
sensitivity with growth (Powers er al., 1988) and
taken together the (wo studics show that having
a higher ratio of rods to ganglion cells in the
retina does not in itsell confer higher visual
sensitivity cither to the ganglion ceils or to the
goldfish. Instead, the continued addition of rods
appears to maintain the probability of photon
catch approximately constant by inserting new
rods to fill the spaces that would otherwise
result from stretching of the retina during
growth (Johns and Fernald, 1981).

Relation 1o pychophysical threshold

The corneal irradiance required lo produce an
average change of | spike sec™' can be com-
pared to the corneal irradiance required for
visual detection. Figure 11 shows the distribu-
tion of ganglion cell thresholds superimposed
on the distribution of psychophysical thresholds
obtained from 29 fish of different sizes (Powers
et al., 1988).

Comparing psychophysical and neuro-
physiological measures of threshold is difficult,
because of the necessarily different definitions of
“threshold™ involved. Part of the problem is
alleviated by our use of similar stimulus con-
ditions in the two studies; we can at least
compare measurements from the same organism
taken under similar conditions, But it is
important to keep in mind 2 caveats during
the discussion that follows. (1) Stimulus condi-
tions were not identical. In the psychophysical
experiments the stimulus subtended 140 degrees
and its duration was 5 sec. In the physiological
experiments reporied here the stimulus sub-
tended 96 degrees and its duration was | sec. If
spatial and/or temporal inteeration continue for
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into the low intensity region than the On and On/OR distributions, and is more nearly centered on the
prychophysical distribution.

large, long duration targets, thesc stimulus
differcnces couid account for part of the
difference in threshold between the sets of ex-
periments. [Preliminary data from our labora-
tory suggest that the critical duration for tempo-
ral integeation is < 1sec for ERG's, ganglion
cells and psychophysics (Nussdorf, unpublished
observations).J (2) Two different definitions of
“threshold™ are involved. Psychophysical
threshold is the corneal irradiance st which the
conditioned inhibition of respiration reached a
criterion value (half of the animal’s pre-stimulus
baseline respiration raie) on 50% of the trials
during which the stimulus was presented (see
Powers ef al., 1988). Threshold for retinal
ganglion cells is defined in this paper as the
corneal irradiance required to produce a change
of | spike per trial from pre-stimulus firing
rates, and was computed from post stimulus
time histograms that had been averaged over 50
trials {sec Falzett et af, 1985). We do not know
whether the goldfish requires this kind of input
from its ganglion cells to decide whether it has
seen something; our definition is based on statis-
tical principles that may not be used by the
amimal in the psychophysical task. The place-
ment of the distributions in Fig. 11 is therefore
a bit arbitrary. If we had selected 60% response
in the psychophysical study, the distributions
outlined with dashes would move to the right
relative to the ganglion cell distributions. Simi-
lar shifts would occur if different response cni-
tera had been applied to the ganglion cell data.
These caveats notwithstanding, we now com-
pare the two measures as we took them.

Note first that the distribution of ganglion cell
thresholds is broader than that of psycho-
physical threshold (Fig. 11). Off cells are more
widely dispersed than On or OnfOff cells, how-
ever, and the increased dispersion is exclusively
in the direction of lower thresholds: the least
sensitive Off cells required 10’ photons sec™!
cm~?and so did the least sensitive On or On/OfT
cells, but the most sensitive Off cells had thresh-
olds around 10° photons sec™' cm~?, while the
most sensitive On cells required 32 times more
than this before they fired an extra spike. The
same general point is illustrated also in Fig. 7,
where QSR's are plotted insiead of thresholds.

The mode of the Off cell distnibution is cen-
tered on the mode of the psychophysical distri-
bution, although the mean threshold for Off
cells was 0.5%og unit higher than the average
psychophysical threshold. The mode of the On
cell distribution is a full log unit higher than that
of the psychophysical distribution. More im-
portantly, only 6 of the 47 On cells (13%)
responded reliably at intensities that were at or
below mean psychophysical threshold. In con-
trast, 20 of the 43 Off cells (47%) responded at
those intensities. Thus, at corneal irradiances
that were sufficient to elicit behavioral responses
with a probability of 0.5, most On cells did not
respond ar all. Nearly half of the Off cells, on the
other hand, changed their fining rate by 1 spike
per trial (on average} at such intensities. This
result does not rufe out the possibility that On
cells could mediate detection at psychophysical
levels, of course; we may have missed the more
sensitive cells, or these high-threshold cells
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could contribute to behavioral threshold by a
means such as probability summation. But our
results do suggest that Off cells would present
the brain with a much larger report of the
stimulus than On cells a1 absolute visual thresh-
old.

This comparison further suggests that Off
cells may be responsible for signaling the pres-
ence of large diffuse stimuli at absolute thresh-
old. Even if the placement of the psychophysical
and neurophysioclogical distributions in Fig. 11
is not compietely accurale, the most sensitive
cells were without exception off celis: A! units
at or below 4.0 log photons sec™* cm ™~ were Off
cells, and 77% of units at or below 4.5 (the
average psychophysical threshold) were Off
cells. Reference to Fig. 9 further suggests that
Off cells may mediate absolute threshoid
throughout life in this species, for ganglion cells
with thresholds at or below psychophysical val-
ues were distributed evenly across the 3 size
categories, and most of these cells were Off type.

Difference between On and Off cells

This study has revealed some interesting
differences in the activity of On and Of retinal
ganglion cells in the goldfish, regardless of body
{ength. These differences seem to be due to a
subgroup of Off cells whose physiological prop-
erties differ in several ways from either On or
On/Off cells when tested with large-field stinuli.
Even though the purpose of this experiment was
not to document these differences, we sum-
marize them there because they were so strking,
and in hopes of stimulating further vesearch.

(1) Some O cells were more active and more
vanable in darkness than any On or OnjOR cell.

(2) About half of Off cells had lower QSR's
than On or On/Off cells.

(3) 73% of Off cells gave sustained responses
near absolute threshold, compared to 50% of
On cells and 9% of On/Off cells.

(4) 27% of Off cells had lower signal-to-noise
ratios than 94% of On cells (Fig. 8). Moreover,
77% (17/22) of O cells with low QSR's had
thresholds £ psychophysical threshold. Only |
On cell had both a low QSR and a threshold €
psychophysical values. Fifteen of these Off cells
were susiained-type Off cells with high main-
tained discharge rates, high variability and
thresholds < psychophysical values.

(5) Off cell thresholds tended to change with
growth in about the same way as psycho-
physical absolute threshold (Fig. 10). On and
On/Of cells did not follow this pattern.

Ganglion cell sensitivities varied widely, and
it is likely that the stimulus conditions used in
this expenment contribuied to the variability, If
receptive ficlds are not all the same size, and if
surrounds remain active near threshold, then &
large diffuse stimulus would not be optimal for
all cells and some cells would appear to be less
sensitive than they would be with more appro-
priate sumuli, Similarly, il the temporal sum-
mation properties of all cclls arc not the same
some would have been better stimulated by our
L sec spot than others. Moreover, peripherally
located cells would not be optimally stimulated
by a centrally located spot, and if the animal
moved its eyes {which il was free to do), even
centrally located cells might not reccive the
same relinal stimulus trial by trisl. All these
factors should tend 10 produce higher thresh-
olds for any class of cell. To account for the
differences observed here between On and Off
cells, such factors would have to operate
differently on different cell classes. This seems
unlikely.

A factor that could have contributed to the
differences between On and O cells is clectrode
bias (Rodieck, 1966). Il there exists a highly
sensilive class of On cells with very small axon
diameter, we might have missed it.
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