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ABSTRACT i
) ]
Leopard frogs, Fana pipiens, were used to determine if

efferent fibers in the vertebrate retina were involved in the

Pl
-

regulation of ganglion cell firing patterns. : JQV

The output of Class IIT1 ganglion cellw, recorded %rom the
optic tectum end retina, served as controls. Flash lengths from .
0.05 sec to 90 sec_agd of various Intensities were used to stimulate
the frogs. The intendities used covered the fuil range from sco- .
‘topic to photopic levels. 1In a small restricted range of stimulus
intensities, the controls demonst;ated a rhythmic bursting firing
pattern. This occurred primarily at the offset of a mesoptic level
gg&mulus. “If the efferent fibers, within the optic nerve, were
involved 15 ;he regulation of the burating pattern, a change in the
eﬁtput of tﬂe Class III cells might occur when the retina was 1iso-
lated functionally from the brain. . Two experimental procedures

LX

were performed to determine whether or not a change,occurred. A

reversible cold block was used to block the optic chiasma in one
series. In the seconé series, the o;tic nerve %r chiasma was
severed with a heater Qire.

The latencies and durations of ehe experimental responses
“were compared etatistically with the control responses which were
obtained using identical stimuli. No seatietically significant
difference wa; noted in any case. However, one consistant differenee
" was observed | The rhythmic bursting firing pattern disappeared
whenever the: Optic ﬁerve was blockng os severed. The rhythmic res-
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ponse was replaced by a mass of spikes similar to those obﬁﬁ}ned e

from scotopic level stimuli. Since the rhythmic pattern dﬁsappeared‘: o
. . , 5 ,

-

when the nerve was blocked, it' was concluded that the efferent ¢
fibers in the optic nerve must play a role in the regulation of

the retinal ganglion cell.output. Tt was speculated that the

effect of the efferent fibers'wasimediatea through the émacring
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.  INTRODUGTION . R
. - . . /

. Hértline (1938, 1940) was the first to study t:he dia-
charge of impulses in single optic netve fibers of cold blooded
vertebrates, in response to illumination of gge retinA. ‘He found
that the frog ganglion cell responses fell into three categories..-
Eaeh fiber displaved only one of theﬂthree response categories. ;
The finst category was termed ON fibers. These fibers started to; .
fire at the onset of illumination with 8 burst of high frequency
spikes which was followed by a slower steady diecharge throughout
_ the duration of illumination. The second class responded to. the

"
ogset and offget of illumination but not ‘to steady illumination.
These were termed ON-QFF fibers.' The third cldee of celle did not
respond at all during illumination, but responded with a vigorous
discharge when the illumination was extinguiehed. R

This work'was extended bv Maturana et aZ (1960) These

"workers found that the ON fibers of. Hartline could be divided into ;

® . T
-

. two classes, depending upon how the cells responded to a small !

|

moving apot.. Class III cells were the same - ae the ON-OFF fibers.
. These were also found to be’ movqment sensitive. The OFF fibers of
Hertline vere. identical with the clasa IV cells og Maturane.

o
Neithe;\\\?t}ige nor Maturana stdhied 4n detail any of

the effects -of the backgronnd'illumination on the firihg patterns

N CHmo LT
~of the ganglion cells. Hartline did -notel ”{t the response was. . '

'V_coneistent in both light and derk adapted condi 1 ns,-but he failed

{_to note any difference in the psttern of the response. Pickering




\ ground illumination does affect the firing pattern of the gsnglion
, . » . .o .

The 1atencies of~both responses became longer with decressing stdm—/

*

and Varju (1969) made some obsgfvdtions,khich {ndfcated that back-
c - 'ﬂ, . . .
- . P §

cells. Under-photopic conditions,.the duration of the ON and QFF ,

-
responses of. Class III cells were of approximately equal duration

The latency of the ON response was longer than for the OFF respongl

‘- \ .

Ve

ulus intensities. In dark adapted conditions, at low,stimulus

(T

fntensities, the OFF stimulus. elicited more spikes than the ON
stimulus. Thus, it can. be seen that the leyel of background 11Tum-
ination does affect the firing patterns of Cla;s IIL»cells. ‘~ o~
T One of the. oldest and most controversiel sspects of o
'

“visual physiology concerns the existence and function of efferent .

fibers to- the retina Their existence in the optic nerve of

-

pigeons and chickens has been fairly weil established (Dowling

‘and Cowan, 19663 aold%n, 1968a, Holden snd P%we11 1972 McE111 -
ST *’v\ . : 1 d
et’ aZ., 1966a, b; Miges, 1970 1972%, b, c, d; Rogers ‘and Miles, _),

: ;71972) However in'the frog the evidence for their presence’ is not ~

? *

as well established (Cejal 1952; Branston and’ Fleming, 1968). The )

' »situation fon mammsls is still-unclear. In birds, where the effer-

N

' nt f}bers are known to. exist, little work has been done as -to their -

‘possible function, Anatomicalvevidence indicates that efferent«

¢ .
c e,

[S8Y

fibers in the birds and. frogs seem to be associated with the amscrine
cells-of the retina. It has elso been shown, in the frog, that - .

_fnearly all ganglion ceIls make synsptic connections primarily with

amscrine cells. Thus, nesrly all information traVelling verticallv
’

‘from the bipolar cells to the ganglion cells must "pass through" 1{

1
. ’a, B

tffl"-
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(Y

these cells (Dowling, 1968). Little is known of the function of

efferent fibers to the retina. i
~—
Since little is known of the effelts of stimulus inten-—
A

sitv levels on the ganglion cell firing patterns, the following
experimeﬁts were designed to determine if efferent fibers to the
<

retina plav a role in the regulation of ganglion cell firing

patterns,



LITERATURE RFEVIEW

B - N
I. Class 177 Cells P 2N

Hart1ihe (1938, 1940) studied the discharge of impulses
in single optic nerve fibers of the frog eve, in response to 11lum-

{nation of .theé retina. It was found that 267 of the fibers studied

cells 'respor'ld &4 @&
- J

responded only to the onset of illuminatign.' The
e (" . N 7

\ v - f
with an initial burst of impulses at high frequency.

T

followed by a steady discharge ;t a }6&eg>frequency whicﬁ laste
throughout thé duration of the illumiﬁation. Thesé have been termea
ION fibers. A second type of respon;e occurred in 30% of- the fibers -
studied. The fiber was inactive when the retina was illuminated.
When‘the illumination was extinguished, a vigorous diséharge

occurred. This discharge lasted several seconds and usually sub-

sided gradually. JThese have been termed OFF fibers. The last

‘@ 3
' o

category described comprised 507 of the fibers studjed. These
fibers responded with a short burst of impulses at high frequency
when the iight was turned on, but show no 1mpu1;es as _long as it

" continues to shine steadily. 'When'the'light was extinguished,
another short burst of impulses occurred. These{cells have been
termed ON-OFF fibers. Hartline made a brief study of the fibers
Pin dark adaéted conditions; however, it was found that the sensi-
tivity of the fiber; increased as the retina dark adapt:ecl‘t No |
changes in firing patterns was described. The fibers stil] res-
ponded in the same manner tq the same stimuli. | .

. ]

Maturdna et al. (1960) studied the output of the retinal
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ganglion cells of R. ptpiens. Recordings were made from both
single opﬁic nerve fibers as well as the terminal arborizationg
of the optic nerve fibers 1n the optic tectum. A comparison of
the results from the two sets of recordings indicated that there
wés no difference in the responses recorded. Thus, since it was
easler to record from the optic tectum, the majority of their
study was carried out using recordings from the tectum. Five
categories of cells were observed in both the optic nerve fibers
and the optic tectum, It should be noted that while recording
from the single nervg fibers, the different cell types were en-
countered randomly. In the tectum, hdwever; it was found that
each cell type was arranged in a sequential layered manner. The
layering was in the stratum album centrale of the superficiale
optic tectum. The opérations perglrmed by the five classes of
ganglion cells were as follows. Class I and II cells were found
to respond to edges in the ganglion cell's receptive field (RF).
The RF of a single ganglion cell was defiﬁed by Hartline (1938,
1940) as the area of the retina within which stimulation causes
it to discharge. Class I and II cells were subtypes of Hartline's
ON fibers. ' The difference between Class I and IT cellslwas théﬁ
‘Class I cells responded to the edge as it moved into the RF and
stopped. ,If the background il;umination.was extinguished, the
cell stoép;d firiﬁg. Whep the background illumination Qas turned ,
on again, the éell.started to respond again after a shoft pause,

This property was called'"noherasibility". Class II cells were

erasible, 1.e., they wbuld not respond again after the background
. . *
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»
R

illumination was ‘turned on again, unless the edge moved again.

Class IV cells'yenglfound to respond to anv adequate darkening

r

of the RF wiéh‘q'proloﬁéed‘off discharge. Thev also responded
- to a moving objecq&gn proportion to the percentage of darkening

Q ",@" s )
that the object produced during movement. These cells were

., /

identical to Ehé“OFF fibers of Hartline. Class V cells were

1

termed darkness defectors. These cells responded continuousl§

in the dark and ceased when {lluminated. Theéé cells were fairly
rare. Class I1I cells were found to be identical to the ON-OFF
fibersgof Hartline.  These cells were also found to be mévement

sensitive and were not concentrically organized as the RFs of the

-

cat. These workers did‘not study the effects of the.background
. { .

illumination on the firing pattern of the cells described.

Grusser et al. (1964, 1967) studied the response of Ciass
IIT cells. ’Theée workers studied the effécts of several paramet;rs
on the response of Class III cells. These parameters included

angular velocity, stimulus size, contrast of the stimulus, position
, ' 1
of the path through the RF, and the time between the movement of /

/

identical stimuli along the same path through the RF., The responsqr

of the Class III cells was dependent on-some of the physical para-
. -

meters. The average luminance of the stimulﬁs pattern, if changed

"within the photopic range, was the only one which seemed not to

influence the fesponse. The other parameters all had~dﬁhgffect

- I
I
on the response of the cells. However, the study was only concerned

with photopic levels and no study was made to determine if the

relationships describedﬁvartgd with phanges in the béckground

'



. 11lumination.

Pickering and Varju (1969) studiedhclass.ITI cells of the

frog. These workers were primarily interested in the occurrence of
"a delayed response of.ganglion cells. They found that a very brief
intense flash presented to a dark adapted rétina could generate
activity qhich appeared as long as 20 gsec after the‘stimulué. These
workers also observed that under light adapted conditions, the ON
and OFF responses of Class ITI cells were of approximately eqﬁal
duration. However, the latehcy of the ON response was longer than
for the OFF response; The latencies of both ON and OFF responses
became longer with decreasing stimulus intensity. In dark adapted
conditions at low stimulus intensities, theiOFF stimulus elicited
more spikes than the ON stim3§US. This was the first report that a
change occurred in the fifiné patterq of Class III cells a} the frog
dark adapted. ‘

Barlgw et aZ; (1957) had observed changes in the RF
organization of'tﬁe cat as it was dark adapted. [ Under photopic
conditions, a majority of théﬁﬁféwih the cat rétina are concen-
t;ically organized. The annulus surrounding the RF cénter either
depresses or completely inhibits the qé&iersg response when both
are stimulafed simultaneously. Barlow et al. studied off-center
ganglion cells, i.e. ganglioq cells which responded when a spot of
light, in the field center, wa\\extinguiahed The cat was dark
adapted. A spot of light was presented to the_;enter and the expected'

off fesbonse occurred when the spot was ettingﬁished. The spot's

diameter was gradually increased. No antagonistic effect was noted.

-



This indicated a reorganization of the RF occurred during.dark
adaptation. Thus, it was shown that ‘changes can occur in ganglion
. , \

cell responses when the retina it adapted td different background

illuminations. ,

Sakmann and Creutzfeldt (1969) studied the effect of .
background illumination on thelresbonsevof on-center ganglion cells
of the cat. These workers used baékgf;unds in'tﬁe scotopic-mesoptic
range (107° to 1 cd/m”). -The maintained ;£ééhafge rate of all fn—
center units was found to increase with increasing adapting lum;n—'
ances up to 1077 cd/m?. Above this luminahbe,fthe»discharge lg?eled'
off or decreased. The changg of the maintalhed diséharge'rate,with r
increasing adapting-luminances was fouhd to bhe related‘no‘changes'f
in the RF organization and to changes in retinal sensitivitv,
Again, it has been shown dué;changes occur in the réb#onse patterns
of ganglion cells under. different 1evels‘?f adaptafion{ Thus,
it has been shown that while a ganglfon céi] may respond to only
one stimulus modalitv, the nature of the‘firing pattern depends,
in part, upon the adaptational state of the retipa.
IT. Oscillatory Potentials in Vertebrates

Thé occurrence of periodic oscillations of potential in
the visual system was first observed in"the frefg by Gotcﬁ (1903) arnd
Einthoven and Jolly (1908). - Gotch observed, while.recording with
large g¥oss electrodes on the optic nerve, that the presence of the

oscillations depended on previous light experience. The response

had a greater amplitude if the retina had previously been in the

Q

B
o

«$

L¢3



dark. Finthoven and Jolly used several 1ntensit£es of light to
étimulaté the oscillationé. Thev obsérvé: that the offset of a
stiﬁuius of one intensity produced rhythmic éscilla;ions. Chaffee
and Sutcliffe (1930) also observed oscillations fro; tﬁe optﬁ%

disk of the frog. Volkméf,(1956/57) found that in the frog

the frequency o; the rhythmic oscillations remained constant_éespite
great‘changes in ligh£ intensity. He also observed that the
oscillations could be detected with stimuli téo dim to elicit tlw:_f
usual electroretinogram (ERG).

While all ‘the previous‘workers used grogs recording tech-
niques, some intraretinal. rect ngs wére made b§<Tomita‘and
Fumaishi (1952) and by Brindlev (}956).. Tomita and Fumgishi used
the bullfrog;‘while.Brindley used the frog. These workers attempted
to locate the origin of the oscillatory poten;ials: Both groups
of workers observed that the oséillatiéns were largest in the
region of the gipolar and amacrine cells.

Oscillations have been observed in the ERG of several
other animals. Granit (1933) was the first to observe oscillations
in the retina. of mammals., He recorded from the gptic nerve of
decerebrate cats. The frequency range for these os;illations
ranged from 100 to 150/se9 for on and off responses. .The_oscillatidns
- were abqliéhed by ether &naesthesia or c#%otid occlusion, As in the
frdg, thése oscillations éhanged'in ahplityde, but not in frequéncy, éﬁ

with changes in the light stimulué intensity. Dodt and Wirth (1953)

studied the\ERG of pigeons. Oscillations at 100/sec were observq&.
P ) : ) . "

Thése were’ similar to those observed in frogs.
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)
Yonemura et al. (1963) and Yonemura and Hatto (1966)

studieA\ghe oscillations in the frog ERG in more detail. The
rhythmic oscillations‘were founJ\to occur on tJe)ascending branch
of the b wave. The period of the oscillations in the fro; was
45/§ec.- A study was also made of the cat, rabbit, guinea pig,
pigeon, chicken and tortoise-ERGs. Tﬁe rhythmic oscillatioqs were
kpresént in the ascending slope of ghe.b wave 1in each caée. The
fﬂ?quenconf‘the oscillations varied ftom speciés to species.
These wqfkers also sbowed, in the frog, that the frequency of the
oscillations was independent of the stimulus intensity., The
origin of the oscillations was found to be near ‘the bipolar cell
iayer. The authors concluded that the o;cillations had an origin
-different from the generating gechanisms of the'classicglmiﬁc and

a1
was a distinct component of it. They did not speculate as to the

functional significance of the oscillations. K

Graham and Pong (1972) observed rhythmic oscillations in
the rat ERG. These osciliations had been shownh by Brown and Rojas
(1965) to be prominent in the rat retina after barbiturate anaes-

/

_ thesia. Graham and Pong studied the effects of various drugs énﬂ

e

the ERG rhythmic oscillatory potentials, ¥ They determined that GAE}
could be an inhibitory transmitter from a ce}l which was responsiﬂie

for the potentials. ‘They concluded that an inhibitory input by the

_ émggrine'cells“to the Bipoigr and ganglion cells caused the obsérved

rhythmic oscillatory pbtentials. However, the results are based on

recor&ihgq ma&é-frbm?the Surfgcé=of the cornea. No single unit

. ' . . "g, ' ' v )
recordings were made. ,Theﬁ also assumed that the amacrine cells were



|
inhibitory. However, the.amacrine cells may be inhibitory as a
. 3 i
result of an inhibitory input to them. This source of input to the

-

‘amacrine ce;ls could be the source of the fﬁythmic potentials,

Aigvere and Wéchémeiser (1972), Algvere et «l. (1972), and Algvere
SN _

éqd Westbec£ (1972) studied the osclllatory potentials in the human

retin?. These had been first described by Cobb and Morton (1954).

Cobb énd'ﬁorton noted that short light flashes of‘high luminance

~ stimulated oscillatory com;onents of the b wave of the ERG.

Algveré gnd hié various co-workers stuéied the phenomenon in more o

detail. They observed that the oscillatory potentials vanished

during the rod‘phase of Qark adaptation. The disappearance always

folléwed ; pattern, The light adapting effect of a flash enabled

Bscillatory éotentials to-be observed for about 1 minute, i1f the

‘flash was delivered in the rod phase of dark adaptation. During

the éone phase of dark adaptation, the oscillations were regularly

observed. A fairly constant frequgncy of between 120 to 130 Hz

was observed. It was glgo observed that the stimqigs inte%pity

affected.on;y‘the a;élitude of the response, but it did not affect

the ffeéuency : These workera concluded that the origin of the

oscillations was 1ndependent of the processes contributing to the

a wave and b wave of the ERG. The authors further noted that "the

oscillations senaitively reflected the great changes 1in retinal

fadaptation - Since the oscillations occur 'in a light adapted retina

and disappear'wﬁen the retina 1is dark adapted, the authors concluded

that ;eorganizﬁtional éh#nggs must occur in the retina which either

permit or inhibitkthe bgpfilations. They felt it was not unreasonable.

’ .
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to assume that the oscillatory potentials may ''reflect some activity

from the amacrinehcells".

Doty and Kimura (1963) studied the.oscillatory potentials
in the visual system of cats and monkeys. These workers recorded
from the optic nerve using large bipolar eleotrodes} They found-that
the rhythmic waves occurred in response to bright flashes. The éﬁ&
frequency of these oscillations was independent of the ingensity of . _ .
the stimulus Monkeys displayed a rhythmic frequencv ofﬁ¥rom SO/sec : T
in deep barbiturate anaesthesia to l60/sec in chrdnicslly prepared,

Unanaesthetized monkeys. These authors ekamined the- possible
origins of the oscillatory potentials, It was determined that the
oscillations wene not due to elcctrénic spread of‘bostsynaptic‘
potentials. There was no attenuation in the amplitude of the

oscillations with distance from the retina as would be expe;ted if
FI

electrotonic sprlad were the cause of the oscillations.egﬂﬂh % these
. A Y ; a

workexs concluded . thst the oscillations must be propagai?d i('hese

fo

8 alsJ'studied the effects of antidromic stimulatioﬁ og ghe
g ."- Q o : R
optic nerve on the oscillatory potentials. They found thaﬂ' ?;é

intense antidromic stimulation did not reset the rhythm élleited by

7

the flashes.‘ It was inferred that the rhythm wes not set by the 7};
ganglion cells. The"elec;rical stimulation of the intact nerve,

. while not resetting the rhythm, was able to elicit it. °It was I .

uniikely that stimulation of the optic nerve could elicit rhythqic = <J

-activity solely by antidromic invasion of the ganglion cells, and“ *fﬁécj
retinsl nerve fibers 1ack collaterals (Csjal 1955) to effect more’ o . -

complex connectione. Centrifugal fibers whioh ‘seem. to end near o vﬁgfo_'

amdcrine cells were apeculated to have ac'ess to the rhythmic




fbursting pattern obserVed was also c'

generating mechanisms.
Steinberg (1966) studied the osc llatory potentials in
the retina of cats. He obserued that light, adaptation enhanced %

the development of oscillatory activity stimulated by short dur-
ation flashes. A retina whicn had been dark adapted, following a

1 - ‘ )
period in the light, was unable to ganerate—oseillatory'potentials

which could follow short flashes presented at fixed intervals. A

low intensity flash could not stimulate oscillatory potentials in

\

a dark adapted retina" When the retina was "in a stete which could

-

generate the potentials", a frequencv of 80 120/Bec was observed
This frequencv was unaltered bv flash rate or flash intensity.
Steinberg demonstrated ‘that .the odcillatory potentials were due

to the svnchronous discharge of the ganglion cells. He concluded

inhibitipn of ganglion cell. dischargew was probablv related to a”
process of neural 1ight adaptstion.» 4 ; |

Laufer and Verzeano (1967) studied the oscillatory poten—

tials in the’ cat visual system. The

led periodic activity.

Oscillatorv potentials were observed in unanaesthetized

;

Cats, which had been kept in darkness, in response to the turning

:op of a lighb stimulus‘ The regular oscillations had s frequency

7'range from 40-100/sec. In a given animaIA the frequenty range vas

. 0

"the same for all illuminationa tested. This range extended from

scotppic go photopic 1evels.: The oscillations shdwed a tendency

- to periodicdlly wax and wane in amplitude.. A decrease in amplitude

s e,
v e T

oscillatory potentials and the »

.that a retinsl mechanism, producing high frequency cyclical facilitationr

.,



A{ . .
was observed gfter 5-10 sec and increased again after 30 sec of

. l
continuous iIIumination.

Under the same conditiOns,{adnicroelectrode was placed in -
ey .
the gangliqn cell laver of the retina. A series of periodic bursts

of spikes was recorded After a latent period, an initial discharge

; This was followed by clear bursts of spikes separated

occurredE,

by silent periods. The frequency of the bursts was the same as

that of, the optic nerve and tract oscillations. Recordings of '
/

retinal spikes and the optic tract oscillationsweremade simul-

taneouely A burst of neuronal spikes in the retina was found to

‘. N

correapond to each positive peak of the optic tract ‘oscillations.

.
v,l

' Similat experiments were performed to examine the oscil-
v

w

: lations produced in response to the extinguishing of ‘a given level
of illumination.laA regular sequence of oscillations was observed
.after thé\extinguishing of the light. The frequency ranged between
20-40/sec and was not dependent upon the previous'level of illumin—
ation.' The\amplitude and the length of time the oscillations |
occured was,’ however, related'to the previous level of illumination.

1In darkness,;as in light, the neuronal activitv in the retina
:§~again cqnsisted of bursts of spikes. Thé burSts of spikes in the

)
retina corresponded to each@bositiVe peak of an oscillation in the

% optic tract‘ f,
o . L]

‘ ¢Prevaous experiments using single cell recordings (Kufﬁler
et aZ 1957‘ Fueter et aZ., 1965) questioned the existence of
'I:olperiodic disqharge in‘retinal neurqns. Laufer‘and Verzeano noted;
S N

that a sequence of spikes generated by a single cell demonstrated T

'-4'

N



sttt s

1ittle rhythmicity. However, theirfata indicated that the response

of groups of several cells could maintain highly periodic‘activi;iv

- and could maintain consistent phase relations with the periodic

f

»

oscillations recorded from the optic tract.  Analvsis of their
data indicatedothat there>was little variation in the size of the
interburst intervals and that the occurrence ofxthetbursts of
multineuronal spikes was Hignlr periodic. It qps also found that

periodic oscillations in the optic tract were always associated

s
’ i

with bursts of neuronal}spikes in the retina and in the optic nerve,

Osciilations similar to those found in the’retina and
optic tract have been found in the thalamus and cortex. In Both
the thalamus and cortex, bursts of spikes were associated with
oscillations. A constant phase rgﬂetion existed between the two,
An increase in the amplitude of the oscillations corresponded to

%
an increase in the clustering and number of spikes in the burst”
iVerzeano and Calma, i954; Verzeano, 1955; Schlag, 1956), The .
same relation was found to be true for the retina.
//Laufer and Verzeano (1967) cut the optic tnicts in order

[
to determine if Tfferent fibers plsyed a role in the origin of .the

bursting pattern of neuronal activity. The severence had no effect .

on the oscillatory potentiels.' However, it 1s possible that the :

efferent fibere join the optic nerve at the chiasme and not in the .

‘ltract. This has been showh to be true in the froJ (Larsell 1924

4

Lazar 1969) and pigeon (Galifret et al., 1971) Thue, it is still
v

possible that eﬁferent fibers may be involved in the’generggion of o

i 2

“the- oscillatory potential.:

15



These workers concluded that the periodic activity of the
retina might be involved in the regulation of the sensitioity'of tne
retina.

o;” It should be noted, briefly, that two central visual
areas also exhibit oscillatory_potentials.’ Hughes and Mazuroski
(1962) .observed rhythmic oscillatory potentials in the visual cortex.
The potentials appeared as wavelets occurring every 5-7 msec. Doty
and Kimura (1963) also obeerved these oscillatory potentiala'in the
monkey ‘striate cortex. Verzeano (1955) and Neigishi, Lu and
Verzeano (1962) observed that periodic bursts of spikes and perio-

dic oscillations developed spontaneously in the lateral geniculate

body (LGB) of the cat, Laufer and Verzeano (1967) found, by

" recording simultaneously from the retina and LGB, that the spon- - e

taneous activity of the LGB was suppressed when %the activity
related to tne tetina'devefoped The spontaneous activity re-
aopeared when the retinal activity ended ., Theae workers concluded
that this process of interaction between the activity of the retina

and LGB could be "the forvarding of information concerning the

L
distribution'of exciﬁotion and inhibition in the retina and about’ .

the conditiou of light and darknees in the envirOnment"

Thus, it can be seen that periodic oscillatory potentials
S occurlgn the retina, optic nerve, and optic tract of many species,
including the frog._ Furthex, it has been shown that the oscillatory

| potentials are due to clustered butsting activity of retinal neurons.

1It has been quculated that thia activity could control retinal

¢

_ aensitivity aa well as relay infgrmation concerning light and darkneas

B e

16
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(1968, 1970).Hemonstrated effe:ent fibers in human and monkey retinas.

¢

’ fibers were found to cross the inﬁér F;'f

Ve

in the environment to the brain.

[1T. Ffferent Fibers in the Vertebrate Retina

’

Hiétological evidence for efferent fibers and for retinal

‘.

components of an efferent svstem has been provided by Dogiel in the

chick (1895), Cajal in the chick (1889), Johnston in the pigeon

“

(1906), and Polvak in the qhimpanzee (1941). Honrubia and Elliott
" e <

.

.
Gills (1966) supported‘the findings of Honrubia and Elliott by also

observing efféren} fib:rs to the hutan rbtina. Cajal (1952)

. believed that fi?ers to the retina mediated control over visual
sensitivity.- Perlia (1889) using the chieg provided experimental
evidence to ;upport the findings of Cajal and Dogiel.” Perlia

enucleated one eve of a newbornrehick and observed, several months
N £
later, a distinct cell mass, the isthmo-optic nucleus (ION), was
N /

totally atrophied.. Wallenburg (1898) supported the observations

o -

" LYt
made by Pertia. Wallenburg showed that aftﬁ#sions* were made in
. v . U

the ION, degenerating fibers, stained by thefkarchi method, could

.

be followed rostrally in the istbmo-optic tract (I0T), across the

optic chiasma, and through the né¢iai»part of the contralateral

X
.c re ¥

optic nerve in the nerve fiber lﬁyér of the retina. Here they

u

spread out to all parts of the retina and seemed to. end in the

vicinity of the ganglion cells. Cowan (1970) and Cowan and Powell

er

. &

(1963) repeated the work and demonsfrated that ‘the efferent fibers

coﬁposed about 17 of the fibers in ﬁhe pigeon optic nerve. The
7

W, DY

form layer to their term-

.
PR -

inations along the inner aspect of the inner nuclear layer, where

-

. LT
4o
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they ended qn the amacrine éells. There was no evidence that they
ended on any ganglion cells.

Arey (19165 obtained physiological evidence for efferent
functioning during retinal light and dark adaptation in the fish,
.Ameiurus. Arey observed that in a light adapted retina; the )
"retinal ﬁigment (choroid) surrounds the visuél cells (rods and
cones)". When the animals were allowed to dark adapt, the "pigment
cells c;ntracted away frqm around the visual cellg'\. When ore
.Bptic nerve was severed proximal to.the chiasma, the\retinal pigment
in the contralateral eye failed to undergo the’;su changéa as
the animal was light‘and dark adapted.‘~The pigment remained distri-
buted as it would normally appear in a da;k adapted eye. When the
retina was hemisected, éne—ﬁalf of the eye responded normally while
the other half failed to respond. Aref concluded that efferent
fibers frgm the brain to the retina must mediate the migrations of
the retinal pigment. Further evidence of a possible role of effer-
ents was observed by Motoiawa‘and e (1954). They demonstrated
that antidromic stimulation of e optié nerve depressed the sensi-
tiviFy of the cat re;ina to stimhli.o They gpeculated that this
: depression}of éensitivity could pla;wa role in adaptational changes

in the'retina.A Jacobson’and Gestflng (1958) also studied a possible
role of efferéntg'in the cat retina. They sgﬂgied éﬁangea in the
cat and monkey ERG wtth dark adaptation and the a&miniétration of
drugs. Thesé workers found -evidence that efferent fibers in the

optic nerve play.an active role in dark adaptation. Thelr results

supported their hypothesis that, "a'cgnter in the brain exists which

o

18
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‘ ,
The%eyéas no evidepce that they

'\

\\ Arey (k9167 obtained physiological evidence for efferent

fu&téioning during retinal light and dark adaptation in the fish,

[
o~

Ameiurusa Arey gbserved that in a fight adapted retinﬁ, the
"retinal pigment (choroid) surrounds the visual cells (rods and
cones)". When the animals wexe allowed to dark adapt, the ''pigment
cellslﬁbﬂ@racted away from around the visual cells”. When one

optic nerve was severed proximal to the chiasma, thé)retinal pigment
in the contrglateral eye failed to undergo the usqal changes as

the animal was ligﬁ; and dark adapted. The pigment remained distri-
B )

buted asg it,youliﬂnbrmally appear in a dark adapted eye. When the

retina was hemfhesued, one-half of the eye responded normally while

by
-

)l

the other halﬁ fa pd to respond. Arey concluded ‘that efferent

fibers.from'the Qraﬂn to the retina must mediate the migrations of
o N :
the retinal pigménéi Further evidence of a possible role of effer-

ents was observed by Motokawa and Ebe (1954). They demonstrated
that antidromic sﬂimulation of the optic nerve depreassed the sensi-

tivity of the cat retina to stimuli. They speculated that this

N w*
depxession §£ﬁ§anéﬁtivity could play a role in adaptational changes
‘V Jv( 7”"’

iaFFhe vetféa.- Jacobson and Gestring (1958) also studied a possible

R LR

a«roie af efferents in the cat retina. They studied changes in the

cat and monkey ERG with dark-adaptation and the administration of

drugs. These workers found evidence that efferent fibers in the

optic ‘nerve play an active role in dark adaptation. Their results

supported their hypothesis that; "a center in the brain exists which

18



provides a feedback control that regulates the rat;\q5 retiﬁal
activity and controls dark adaptation". Brindlé& and ﬁ;masaki
(1962a, 1966) disagréed with the findings of Jacobson and Geskring.
These workers did two experiments. The first was a histological
study and the second was an electrophysiological one. They used a
Nauta-Gygax silver stain during their experiments on axonal degen-
eration of the cat optic nerve. It has since been shown that certain
parts of the central nefvous system cannot be stained by silver
methods, but it is possiblé to recognize them with the electron
microscope (Boycott et ql., 1961; Colonnier, 1964; Gray, 1962),
Thus, it 1s possible that the negative histological results of -
Brindley and Hamasaki could be due to the use of an 1nadequate ‘
staining procedure. Brindley and Hamasak;‘(1962b) also presented
some physiological evidence that centrifugal fibers did net exist
in the cat optic nerve. They did not observe‘any changes in the
amplitude of the ERG immediately after section o; the optic nerve
as had Jacobson and Gestring. It sh;uld_be mengkoned that Brindley
and Hamasaki did not experiment in as much detail as Jacobson and
‘GeString. The lack of reproducibility does not either confirm or
deny the existence of;ffgtrifugal fibers in the cat's retina. It

4

does suggest that both sets of experimentssshould be carefully
repeated. | | . o

Brooke et al. (1965) secfioned the opéic nerve of.the cat
aﬁ its junction with the optic chiasma. After su;vival periods

varying from 6 to 14 days, the animals were anaesthetized, The eyes

were removed and prepared for electron miéroscope, *dy according to



:."_r

\
the Nauta method: Fibers were found which demonstrated the same

indications of degeneration as efferent fibers in the pigeon. The
fibers contained whorls of electron dense membranes and had numerous
Shrunken, opaque mitochondria. These degenerating fibers were
followed. They were found to extend between the cell bodies\of the |
ganglion éells and into ;1} levels of the inner plexiform layer.

The degenerating fibers were found in‘gelation to the cell bodies

of amacrine cells. The degenerating fibers were considered to be
efferent fibers to the retina.  The findings were considered valid
since the observed changes in the dptic nerve and inner piexiform
layer of the retina weré similar to those‘described in other sites

of t?e central nervous system and the peripheral nervous system,

The-findings in the cat were the same as in the pigeon which is well °

-

. knowymn to contain efferent fibers to the retina. »

Dodt (1956) found that after a single electrical stimulus
'S . )

~to the rabbit optic nerve or tract, the antidromic volley recorded

from the optic nerve head was followed by delayed spikes. These
spikes occurred from 7 to 25 msec after the electrical stimulus. A

second characteristic of the delayed splkes was that unlike the

antidrbﬁic volley, the delayed spikes quickly habifuated. It 18 of

interest to note that Miles (1972b) found that ‘the ef%grent system
RN ' 4 - s . .

~of the pigeon also quickly habituates. Dodt fdund that the delayed

V 4 N
"spikes were also dependent upon the level of adaptation of the retina.

The delayed spikes occurred only when the retina hqd Fompleteiy'
adapted to either tpé photopic or scotopic levels.:. Unlike the anti-

. . ae . W
dromic activity which was always present, the delayed spikes were
[} ; )

20
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absent while the process of acaptation was taking place. A fourth
characteristic of the delaved spikes was that thev could no£ be
elicited by 1light flaéhes of any intensity or wavelgngth. ¢«Dodt
concluded that the delayed spikes were postsynaptic activity re-
corded from centrifﬁgal fibers to the rabbit retina.

Dowling and Cowan (1966) have examined the centrifugal
fibers in the pigeon retina. Thesé\workers have shown that the
efferent fibers make synaptic contact with amacrine cells. This
finding has been suppofted by the work of Maturana and Frenk (1971).
Thus, it can be seen thét an anatomicgl pathway exists whereby
efferent fibers may i;fluence amacrine cells which in turn could
pegulate the activity ofjganglion cells. Some workers also belieQe
that the efferent fibers also regulate some ofﬂthe neural changes
occurring during dark adaétation.

The efferent system has been thoroughly investigated in

. the pigeoﬂ and chick (Hdldeﬂ, 1968a, b; Holden and Powell, 1972;
McGillfet al., 1966a, b; Miles, 1970, 1972a, b, c, d; Rogers and
‘§11é92“1972). Miles (19;%&. ¢) and Pearlman (1973) have shown that
a closed loop exists in the éigeon(%ﬁd chick retina. These researchers
have demonstrated ;hat the output of the ganglion cells feeds both
the’optic tectum and the ION. The ION éends fibers to the amacrine
cells. The effefent fiber input to the amacrine cells may cause |
a modification of theﬂganglion cell ougfut. Miles <&§728; b, ¢, d),
using the chiak, and Pearlman (1973), using the pigeon, have also
shpwn that the primafyvﬁétion of the efferent fiﬁeré in the piéeon

and chiék retina is that of disinhibition to the iﬁhibitory‘sute



rounds to the on-off, movement-sensitive RFsa, These workers Eelieved
that the efferent fibers turn off the inhiﬁitory input of the ama-
crine cells to the ganglion cells, thereby causing the increased
size of the excitatory RF, -When the experiments were repeated using
an intact animal, igentical stimuli, and a reversible cold block on
the T0T, such findings were not obtained. In fact, the data obtained
offered no support to the hypothesis. The data obtained from the
reversible cold_blgck experiments indicated "no clear cut effects
~on th; visual respénses of retinal units to a variety of moiing
targets or to stationary spots of lighp of various sizes turned on
and off in their RF centers'. No atgempt was made to determine if
the centrifugal system played a role in the regulating of the
ganglion cell output at different levels of’adaptation. |
Rogers and-Miles (1972) also studied the effect'fof lesions
to the IOT on the normal behaviour of chicks. It was found that- the
chicks failed to perform discriminatory tasks in situations of
reduced backhroundnillumination or contrasts in the background.
For examplé, the chicks were unablezt? discriminate between kernels
of grain and pebbles when placed on agblack and wﬁite checkerboard
background. This studyfconcluaed that on the basis of the cold

block and behavioural studies, the efferent fibers might play an

important role in the adapting of the retina to different background

L4

1lluminations.
/

While the situation for the chick and pigeon has been

A

. “worked out fairly well, much less is known as to the role of efferent

fibers in thesfrog. Efferent fibers have been shown anatomically to



. exist in the toad and frog (Cajal, 1952; Lettvin et al., 1961;
Maturana, 1958a, b). Further, 1t has been shown by Larsell (1924)

. »
and by Lazar (1969) that a fiber pathway connects the optic tectum

with'the isthmo-optic nucleus. They also observed that the ION
éends fibers to the qptic trdact. These fibers cross over at the
chiasma and enter‘the contralateral eye with the optic nerve.
Dowling (1968) observed that amacrine cells nge extensive synapse;
with the ganglion cells. In fact, Dowling haé shown that almost

all input to the ganglion cells must go through the amacrine cells.
Synaptic connections between efferent fibers and amacrine cells

have been observe& (Cajal, 1952).’ This indicé;es that an anatomical
loop similar to that described in the piéeoa anq chick exiéts in thé
frog. In addition to this anatomical evidence for efferent fibers,
so;e physiological evidence also exists. Rana pzpzens ﬁave movement—

sensitive, on-off cells in the retina which are similar to ones in

the chick and pigeon (Grusser an& erssér-Corhehls, 1964; Grusser

et aZ.,.1967; Maturana et aZ.,‘i9605. This type\of cell has been
shown to be regulated by amacrin _ceiis and thus could, in turn, be.
regulated by efferent fibers. 'Bransfqp and Fleming (1968) recorded
from effereng fibers ifi the f:pg optic nerve.‘ However, the work
concentr;ted on the measuring of efferept gccivify in'respoﬁse to
extravisual stimuli. Efferent activity was also measured in the
proximal stump of the cut optic nerve. The workers also\examined
the effects of e#travieual stimuli on RF size, They noted that the

inhibitory RF increased in size with audio stimuli. They also

mentioned that‘tﬁe retina underwent adéptatiqnal changes, but did

Ny

H—
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not meﬁtion specific changes /Bowever, when the 6ptic nérve was
cold blocked in intact animals, the results lent some sﬁbport to
the hypothesis that the efferents provided a "counter-inhibitory"
effect. Thus, in the frog little is known of the possible role of
efferent fiBers to the %etina.. It would be of interest to deter-
mine if the efferent fibers in the frog play any role 1; reguléting

the firing pattern of ganglion cells.
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I. 'Andmal Prepératién : | _ ) |
A. Care - ‘ ' N ! "

. The 1eopa£d frog, Rana pipieﬁe, ;és obt;ined:from a
c&mmercial supplier. vThe frogs weré kept in the University of
" Alberta Health Sciences Animal éenter. Two weeks';f%Pf fé“use,
a half dozen frogs were removed to the labéfaforv Lnﬁ kept in a

large pen. Two trays of water were kept in the pen, and were

L
3

changed daily. The frogs were fed meal worm beetles, Tenebrio
molitor, daily. Anv frogs showing signs of red leg of other dam-

age were discarded.

B. Surgery"

Two different surgical brocedures were performed, depending
on the site‘f6r recordiné. In the first seéies, which acted as con-
trols, recofdings were made from the right stratum a}bum superficiale
of the Opiic tectum (Maturana et al., 1960). The frégs were anaes-
thetized'byiiméersion in 0.1%7 tricaine methanesulfonate (Képlan,
1969) Since all the recordings were made on awake, alert frogs, it

+

was necessary to inhibit as much movement as possible- therefore, the
two sciatic nerves were“severed above the level of'the pelvic girdle,
The two brachial nerves were sevet%d at the shoulddr. 1In brder to
reach the‘optic tectum, a ﬁidline incision throuéh%;he skin from the
rleVel of the eyes back to approximately the second cervical vertebrae

[

was made. The occipital artery was. dissected free and moved laterally

25 o : ' .



in order to provide accees to the fronto-pay#etal and‘exoccipatal
Sonés (Ecker, 1889). Thié and'following'procedures were perfofmed
with the éié of a dissecting microscope. These bones were carefully
removed-using a high speed dental drill. fhe dura mafer-waé'care~
fullv snipped away, leaving the‘right lobe of the optic téctdm ex-
‘posed. The tectum was covered with paréfin oil.. During the surgefy

excessive bleeding was avoided. If it occurred, the animal was dis-

carded.

)

C. Care during recording
It has been observed that it was difficult to obtain good

results from experiments performed during late spéing and summer,
éiﬁce thé Lechniques used throughout the experimenté were identical,
the source of the problem should be with the frogs.: Since the frogs
were immobilized and in some experimgnts the lower jaw was pinned
underneath the antmal, normal breathing movements were impossible.
The only oxygen'availéble to the frog was that absorbed through the
skin. It‘bas decided to determine whether or not hypoxia could
account for the seasonal variation. This hypéfhesis was tested.in
the following mﬁnner, The frogs were surgically prepared in the
usual manner. They were pinneé'to Q corkboard~dhich\had holes cut
1nlit in the-aré;icovered by the frog. Ihe coFk~wés placed in a -
metal boxf which gad a pla’at;c tube running along’the‘b-otton! center

: of the box. -Another tube, &ontinuqys with the first, ran at right

°

‘Qngles to the one running lengthwise. This system had small holes

7

bored into.it. The tube was connected to a nipple on the back of

~
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,'. ) . - B ‘ . (I,.
" the box. Thia tubing system provided a means of providing an

oxygen mixture to the frog. The mixﬁnre used was 95% oxygen - 3%
-CO, (carbogen). After the usual dark adaptation period, a few
)

reCording; were made in the usual manner.“ The carhogen was turned
on for S minutes. Identical recordings were made and compared; :
It was found that the responses observed during the application of
the. carbogen were simjilar to those made during the winter. The
administration of an enriched atmosphere to the frog was supported
—.\by the work of Fromm and Johnson'Ql955)., They found that the

oxygen requiremgpts of Rana pipiens in the spring and summer was -

r.needs. These workers suggeeted that the
dan enriched atmosphere alleviated the _problem of

1 was administered throughout all of the experiments

Are reported here._;‘ “

 frog was covered with a damp aurgical sponiﬁ to prevent
drying.i’ _ﬁrog and box were placed on a special table for recotding;.r
The tab} Jo could be rotated 360°, and a scale was marked on the ?
table t;x _termine the amount of rotetion. lhe top'could'be‘raieed

\‘ or lowered hydraulically. Lastly, he table top could be tiltedfup

or down 30’. An adjustable point above the center of the top re- . T
' mained‘fixed as the top was tilted This point was adjusted to the
heiéht of the frog 8 es%)above the ‘table top.‘ This feature made the
’~lecating of a RF less difficult. It also made the presentation of -

.a RF easier.

the stimuluszd
ictating membrane of the left eye was carefully removed.

A ayringd; ‘“d tube . preeented the eye with a drop of water ev?fzsz“
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> -
minute. This prevented the:drying of'the cornea. If the cornea
_began to dry, it became cloudy and the frog‘hedlto be discarded.

¢

The surgical procedure for the retinal controls and the

'twe experimental series differed siightly fren that fellowed for
the tectal recordings. In theee:experinents the four‘nerves were
cut as previousi& described. A piece of skin;pver the ieft eye was
removed. Next, a small hole was cut in the sclera, carefully
. avoiding the puncturing of the choroid or retina. This alloged
the‘introdnction of the electrode into the eye without either
damaging the electrode tip or producing such a large aperture that
the eyeball defleted. :In the two experimental series an additio;al
procedure was performed: The optic chiasma was expoeed by carefully
removing most of the perasphenoid bone and part of'the~cartilaginons
eranium with a dental‘drili; The chiasma‘yas covered with parafin
oil.: This opening allowed the introduction/of either the cryOprobe
orla heating wire to the optic ehiasma. . .> |

| The- frog box'wae also-modified for this erperimental eeries.
Since the cryoprobe was to be introduced onﬁb the optic chiasma from
below, the box had’ legs 12. 5 cm long mounted onto it. Accees to the
ventral eurfAce of the skull was obtained by pinning. the frog to the
box 'in such a manner thet‘the upper jaw overextended the side of the
bex. Theflower jaw was" held under the frog s bodyz In order to
;hold the heed eecurely, a plastic holdeng shaped like the outline of :
"the upper jaw, was glued to the edge of the box A dab of moldable
'dental silicon impression compound was: placed Qﬁéfhe—epexi This

permitted the pinning of the jaw to the holder.\ In order to observerl
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- the optic chiasma and to place thebcryoprobe or heater wire in
position,.a mirror was placed underneath the box at an angle of
120°. The 1image of the plastic jaw outline and the ventral surface
of the skull were then visible in the mirrot. The nentral surface
of the jaw was 1lluminated with a fiber optice light sburce and
guide: The 1imagé of the optic chiasma was magnified using a
Zeiss Operation Microscope The probe or wire could then be placed -
in postition by indireét observation of the chiasma and probe or
wire images (Fi ureﬂl): ' . | .
I1, Experimepfal Procedure
A. Recording pyocedures

A

All the recordings were extracellular. Thebmieroeleetrodes >
used had tip dinmeters of 2 tO'% T After pulling the electrodes,
they were filled with Wood's nmetal and the tip electroplated with a
thin layer of gold (Dowhben.et al., 1953); The electrode tips were

J.tnen électroplated-wﬁth{e thin layer of platinun black (Gestland
et al., l956) and inspected. The tip was measured.ﬁith an eyepiece
micrometergand the quality of the platinum coat whs determined,
‘If}the tip'had a bali.shaped end it was digzerded. This type of
tip eaai;; broke off and rendered the electrode unusable. A sheath
coating which conformed to the ehape of the tip was found to work
beet,d‘.
_#,_,;/”;’/”f The eleetrodes were introduced- into the optic tectum w%th
B the aid of the operation microacope. The electrode was lower;d to - . ,‘

" Just above t;g tectum with a~m1cromanipulator and plaeed in the

oL, . L ‘ . o -
. R L )
' . C s, TR 1‘
B - - .y - el - N



Figure 1.

«
. Frog box and cryopro

be used in cold biock_experiments.

v
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tectum using a hvdraulic microdi&ve. All blood vessels and pigment
spots on the brain were avoided. The blood vessels were avoided to
prevent a hemorrhage and the pigment spots were avolded as they
wefe tough and would break the electrode tip If pegetydtiog were
attempted. ‘
After the microelectrode had been placed in contact with
the Lectum, the search for an On-0Off cell began. The search con-

sisted of flashing the light source onto the half ping pong ball

screen. “The light source used throughout all the experiments con-

sisted of a 12 v automobile lamp in a lamp housing. An electronic

@

‘shutter was mounyfed on thg front of the housing. The shutter. had

S, .
-

an iris phfagm built 1h? thereby allowing the diameter of the
beam to be-adjustable. A holder was mounted on the front of the
shutter. Neutral density f%}ters were placed in the holder as .
required. TheSe ‘i;ters _gat.ld'the‘ light source were calibrated by
Technical Serv?ces. A beam~splitter was also placed.in thersystem.
This allowed gart of the beam to be directea to the phqtotranéitor
light detector which was_usedaio‘determine the onset and offset of
the stimulus. Finally, a half ping poﬂg‘ball~acfed as an evenly
1l1luminated screen behind which the frog was placed fFiguré 2). As
the electrode was lowered ;hrdugh thellaygrg of the tectum, the

output of any cells near the electrode tip were visﬁally monitored

on a cathode ray oscilloscope.. An audio amplifier allowed auditory

. . .
monitering. Ihe'0u;put of the cell as the light was flashed on and

off was noted. In a 3HMight adaptéd frog ~the ouiput'df a Clags III

f
¢

cell is distinctive. The diécharge pattern of the nerve. pulses
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Figure 2. Schematic of light s.vst.em for stimulus.

O MmO O @ >

"

to scope

!

*

12v. Automobile Lamp
Electronic Shutter
Neutral Density Filter

Beam Splitter

One-Half Ping Pong Ball
Frog's Eye
Phototransistor
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consists of a few high frequency sbikes at both the onset and again
at the offset of the stimulus. While the latency of the On response
is longer than the Off | the duration of the firing for both is
approximately equal (Pickefing and Varju, 1969). After a Class III
cell had been fqu;d, thé carbogen was turned on and the flow adjusfed
to 3 1iters/min. The lights were extiﬁguished and the frog remained
in almost total darkﬁess for 1 hour to dark adapt and completely
recover from the anaesthetic. The only light in the room consisted
of the pilot lamps on some‘of the equipment. These had been painted
over to dim them. When recordings were made and recorded on a four-
channel ¥M tape recorder, black paper was placed over the clear
plastic shield over the reels: This eliminated light leaks. A 1.6
neutral density filter was placed over the counter to dim the light
.
from this source. The small Tount of light permitted through was
used to read the stop watch used to time flashes longer than the
10 sec pefmitted bv the shutter control bex. It .was also used to

time the intervals between flashes. A shield was placed around the

watch to reduce thegtight leaks. The oscilloscope screen, when in
A

the ‘store mode, proaﬁced a considerable amount of light. Two filters ,

were mounted over the screen to reduce this source of light.

For those experiments in whicﬁ recordings were made from
the retina, a t%chnique similar to that useé in the tectal recordings
was followed. Tﬁg electrode was placed within the eye using the
operation microscé?e égd micromanipulator. The final placement was

done by observing fbe electrode tip with an indirect ophthalmoscope

\ ' -

rand the use of the ﬁicrodrive. Contact with the retiné was observed .

\
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by an increase in the background noise. The same basic search
pattern previously described was then followed. After the électrode
was lowered to contact with the retina, flaghes were given. The
electrode was lowered with the microdrive. The flashes were »
repeatéd until a cell was located. If no cell was found, the
electrode was raised and moved slightly. The procedure was
repeated until & suitable cell was found. The frog was then
g

allowed to dark adapt for 1 hour. One slight addition in the
procedure occurred in the two series of experimental animals. The
cryoprobe or heater wi;e was placed in position first and then the
cell search began.

The cryoprobe was the standard Frigitronics Cryosurgery.
System with three modifications.. The probe used nitrous oxide
(N20) and was cooled by the Joule-Thompson effect, Since the
instrument was designed to obtain temperatures of down to -89°C
for cataract surgery dnd the experiments required'temperatures in
the range of -4 to 4+2°C, one adjustment was the reduction of the

. r ,

maximum pressure of the gas flowing to the probe. This was done at
the factory by modifying the output of the regulaior. The second
modification was the placing of a small heating coil of 40-gauge
teflon insulated :onstantan wire around the probe shaft pnd
approximately 2 mm back from the tip. The coil used a No. 715
7.§ v dry cell for a power supply. With the tempergture regulation
available from tﬁe control panel and the variable amount of heat

‘which could be produced by the coil, via altering'the resistance

Q?%in the circuit, suitable temperatures were readily attained. The

o
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probe also had a thermocouple mounted on it, at the f§ctory, which
gave accurate readings of the temperature of the probe tip. The
probe shaft was insulated by tight-fitting plastic tubing. This
prevented variations in the temperature of the probe caused by ai;
currents or an occasional drop of water falling off the frog.

The heating coil consisted of a short piece of nichrome
heater wire bent in the shape of a long U. A 12 v wet cell was
used as phe power source. A ZQ; 50 watt rheostat was placed in the
circuit to limit the current and prevent thg melting of the wi}e,

Both the probe and heater wire were placed just in cgntact
with the obtic chiasma. Care was taken to avoid applying pressure
on the optic nerve which might alter conduction through {it,

After 1 hour had elapsed, the experiments were begun.

The appropriafe neutral density filter was placed in the holder
Sgnd a test flash was given to determine 1f the cell was still
present, Minor adjustments to thé el?ct;ode position were made 1if
required. In both the tectal and retin@l controls, the filters
were used in random order?’ The filter used had optical densities
of 5.0, 4.3, 3.6, 3.2 and 2.6. According to the calibration of thd
light source and filtgis and the work of Fisher et al. (1970) the
light stimull covered the range from scotopic to the lower end of
the photopic levels. The flash lengths used in the control series
were randomly selected. Thfoughout all of the control experiments,
alllmin rest period was allowed betweén flashes. This enabled the
frog to readapt. .It was shown by Gordon and Graham (1973) that a

20 sec rest period was sufficient. 5

S s Yool o ~
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B. Flashes

The recording procedure during both series of control
experiments was as follows. A flash was presented to the eye.
The response was monitored on the oscilloscope. The response,
phstotransitor output, and a voice identification of the flash
weére siﬁultaneoﬁslv recorded on the FM tape recorder. The flash
lengths used were 50 msec, 0.5 sec, 2 sec, 5 sec, 15 sec, 30 sec,
60 sec, 90 sec, ;nd 120 sec. The sequence in which they were .
presented varied from day to day. The order the flashes were
presented was as follows. The order either Starteé with the
shortest or longest flash and worked in order through the sequence.
The next series of flashes was presented in the opposite order éo

“the first series.

C. Block recordingé‘
Before the reversible cold,bloék experimenfs were per-
formed,  two préiimipary experiments were done. The temperature
for a reversible cold block ﬁad to be determinéd. Several workers
(Boyd and Ets, 1934; Byck et al., 1972; Douglas and Malcolm, 1955;
Franz and‘Iggo, 1968; Gasser, 1931; Hodék;n, 1937, 194§; Paintal,
1965a, b} have studied reversible=cold.blocks on nerve of many species
includigg the frog (Boya and Ets, 1934; Gasger, 1931). Thefe was
some variability in the vﬁiues reported; in fact, énewﬁbrker (Boyd
‘hnd‘Ets; 1934) noted tgat the most effective blocking temberature,

depended upon the temperature>to which the frog had been acclimatized,

Thus, a determ%nation for the frogs used was performed, In the



first series of experiments, the sciatic nerve in situ was.blocked
with the cold probe. An electrical stimulus, just above threshold,
was giveh above the level of thé block and twitches in the gastroc-
nemius muscle were observed. The cold probe did block the nerve \
reversibly and the temperature fange was similar to the fidﬁingg/éé
Boyd, i.e., -1° to +2°C. It wasvnoted‘that.the responses were
better and could be repeated for a longer period of time i{f the
nerve was allowéd adequate time to recover from the cold.‘ A second
series of experiments was performed to provide an added check on the
required temperature range. In this series the optic chiasma was
reversibly cold blockgd, as it would be in the later experimental
series, but the recordings were made in the tectum. It.was found
that the nerve could be reversibly cold blocked in the temperature
range of -4° to +2°C. This was the range of temperatures used in

.

the cold block'experiments. The variation was probably due to

variability in the positioning of the probe relative to the chiasma.

The reversible cold block experiment procedure varied
slightly ffom the controls, First, a few experiments were per-
formed using the full range of filters and flash 1engtﬁs. /;;ese
were done.for compérison‘with the controls. However, most of the
experiments were perforﬁed aﬁ'one intensi:y,and duratibn of flash.
These parameters had been determined during tbe control series.
The actual récording procedure was as follows. A co;t:ol flash of
the fixed intensity and duration'wa;spresénied and the ngspoﬁse

. ° .

recorded. After 1 min the cold probe was activated. The cold probe

was applied for 45 sec prior to the §resentation of the stimulus and
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remained on for the duration of the stfﬁulus.. The block was then
released. The defrost cycle of the probe is 3 min. Two minutes 1in
addition to the three fof defrost were allowed for recovery. Another
controi flash was then obtained.‘ One minute elapsed, gnd the same
cycle of three recordings was repeated.

The procedure using the nichrome wire was similar. A
series of a half dozen controls was recorded. The wire was heated.
A recovery period of 10 min elapsed. Recordings were then made in
the usual fashion. |

At the end of all the experiments, controls, cold block,
and nerve cutting, the frog was light adapted for a minimum of 15
min. A control flash of 2 sec dur;tion was preseﬁted to the screen
and the response recorded. This provided a check to ensure that a
Class III cell had been used during the experiments. The cornea and
retina were examined Ophthalmically.L Only data from frogs whose
cornea was clear and had a brisk bloid flow through the retina were
used., Additional examinations were made on the cold blocked frogs
and those whose chiasma had been severed. The optic chiasma was
examined for the cold Blocked frogs. Brisk blood flow through the
small vessels arouﬁd‘the chiasma was required if the data were to be
used. In the other experimental series, the chiasma or optic'nerve
to the 1ef; eyé had to be completely severed with no hemorrhage in
order for the reéuits to be accepted.

Another set of contfois was performed%to ensure_}hat the
results obtained were valid. -First,'it ﬁéd to be determined that the

cold probe was cooling the nerves and not either the blood flow to

38
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the retina or the eye itself. It had been demonstrated (Branston
and Fleming, 1968; Ecker, 1889) that in tHe frog no significant

arterjal blood suﬁply is conveyed to the retina along or within
) .

" the optic nerxe.xThus, cooling of the blood was considered neq}l—‘
- . 0
gible and had no effect on the retina. While the cooling capacity

of thwprobe 1s not great (Stumpf, 1972), a check was required to

. . » .
determine if the eye was being cooled.. A thermocpuple was placed
S . . . ’

under the skin as close to the exit point of the optic nerve from

>

the eye as possible, Routine recdgi;:gs were made, The thermo-

couple indicated no cooling of the ee. Témperatures‘of -20°C

were also tffed but no cooling effect op the eye was observed.

‘III. Data Analysis - . ' " .
. B é\ ) ’ .
©  After a reel of tape had been filled with data, it was

a

replayed through a dpal beam'oscillogscope and photographgd with an ST

. - b Lo ’ . BRI 3 -
oscilloscope camera. The analysis &f the film records consisted g§...
' - : RV

. . . , . -
nation of the latency of the respanse to the onset and

v

. theﬂdete;@i
offaet of the stimﬁlqg; the duration of each response, and the pre- '
. "¢ . C o Om t . -

" sence or absence of avrhHythmic bureting firing pattern. The analysié

also included the measuring of the burst durqpiqps and silent periods,

-

in ‘those records that displayed-rhytﬁhic activiéy..‘Tbg ih}erspike R

.. .
at ~ -

-y ‘ . o ; ,
- intervals were recorded from the films as well. The¢"measurements

» , . .-t '
N ; ' A\ , : .
were all performed by hand using a ruler. All intervals were mea-

o ‘ : : ,
sured to the nearest 0.5 mm.' These values were then converted to

seconds using the time mérkgr on the film. .
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RESULTS

I. Tectal Rgcordings o

The-rFSults of the first series of control experiments
‘are based on 428 recordings from 18 frogs. The recordings were
made‘from the terminal arbors of the oﬁ%?b axons in the third
layer of the right statpgdgzgaﬁsuperficiale'of the optic tectum
(Magdrana et al., 1960).

The purposé of fhis serieg was to determine if chapges

-

- c . v
occurred in the lagency of the OFF response, duration of the res-

-

4

ponse, or the fifihg pattern when the regina was gubjected.to
stimuli of vériops intensities and durations. - The results obtained
followed the trend toward increasing latencigs and longer duratiodns
-of firing as .observed by Pick;ring and Varju (}969). FigureAB
illustrates that the latency for short flashes 1sksomewhat greater
"than for lonéer flashes., The fiéurg aléo shows that there 1s
little difference in the latency of the response for flashes of

5 sec and longer at the different stimulus intensities. Figure &4
indic;;eé a similar trend for the durgtions of firing. Griater
duraqéfébggfe séen for mdsF of the short flashes. The 1urations !9
then leveled "33 as the fiash length was incrgased.

Another ihtérestiﬁg observation was made, Wité}n a narrow
. i :
}aﬁgé of‘étimulus 1ntensities and flash lengths when stimuli are
presénted zo'a,previously dark .adapted retina, a rhythmic bursting.
»

firing pattern appeared. “The pattern was occasionally observed for

the 30, 60 or 90 sec flashes using the 4.3 N.b. filter, The response
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Figure 3. The latency of the Class III cell OFF response plotted
against the log of the flash length. Recorded from the optic tectum,
The 'standard errors of the means were deleted -for clarity. The key
is as follows: 5.0 N.D, filter --&-—, 4,3 N.D. filter — — —,

- 3.6 N.D, filter ———, 3,2 N.DJ filter —'—'—'=", 2,6 N.D, filter

o e -
—
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L
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, Duration (sec)

' ‘ AL e, - T
Figure 4, * Duration of the OFF response plotted against fhe\lég length
of flash: Recorded from the optic tectum. See R}gure 3 for key.
. ' N W

» \’. a



13

& B ‘ {
‘

was clearly seen in the 15, 30,'60 and 90 gec flashes using the 3,6

<

. N.D. filter. It was occasionally seen for the longer flashes u%ing

the 3.2 N.D. filter. The pattern was rarely seen in ‘the regsponses
to the flashes using the 2.6 N.D. filtek The pattern was never
observed forhthe very short flashes. In summary, this ftring pattern

wag;gever observed for intensities above the 2.6 N.D. filter flashes

. _ ;
¢ nor below the 4.3 N.D. filter flashes no matter*what flash length

was used.

-

The cadlibration of the 1light, source and filters indfcated

'resented%EENthe'eye when usfﬁg the 3.6 N.D.
.~ filter was approximately G,023 lux. This value falls into the

‘-mesopic' range. Pickering and Varju (1969) iiund a change in the
B

/—‘firﬁfg' pattern which occurred at 0.07 lux. Yrukow (1940) deter~ .

_——"’ \ -
— TN behaviourly that the mesopic 1ave1 was 0.04 lux. . Thede

&

_valuesaare‘ﬁery close when cémparéd to the total dverall hdaptation
o ' ' /
range of the refina. Thus, it seemed that a distinct firing pattern
was generated by Class JIII cells when subjected to-‘&; offset of
-

a background il1lumination that fell into the mesopic

v

°

L~ N
. ‘¢

R Retinal Recordings

. L ? : ’ g
In order to confirm that the findings from the tectum g&re
the true activity of the retinal ganglion cells and not solely a

tectal phenomenon, extracellular tecordings we;e ‘made from Class 11T

: -ganglion cells in the retina. (The work of Maturana et aZ (1960) .'*

also demonstrated that the tectal activity was identical to activity

;;1

in the ganglion cells ) The/recordings were m&de extracallularly from
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CE )

¢ ’ v

'

. , "
‘%lass 11T ganglion cells in thke retina. There are approximately
500,000 closely-packed ganglion cells in each frog retina (Maturana
‘ '
et al., 1960; Maturana, 1958b). Thus, there 1s a large overlap of

extracellular fields. This fact, in addition to the size of the

’

electrode tips maée it very'dtfficult to completelyﬁ}solate the
response of one cell from thoaé surrounding 1t.

The resulFs of the retinél controls were based on 258
recordings from 11 frdgs{ The responses were similar to those
obtained from the tectum. lA Students t test was used to compare
similar results from the tectum with those from\the retina, In

: I
. no case was a statistically significant’ difference noted. Thus, 1t -

s

was concluded that the responses recorded were the output of the

.Class 1II cells.

The same trend in the decrease in latencies for brighter
flashes, seen in the tectum, was seen in the retina (Figure 5). The

trend in the durations of the responses (Figure 6) was not as clear;
LY

, ho&ever, as mentioned earlier, there was no statistically significant

difference between similar durations of %the response recorded from

L]

o

" the tectum ag? the retina,
Théjdgté_collected from the tectum and retina are summarized

in Table 1. This is the first time that a study of the-qhahges.in

/

the lategky and duraclg:\of Class IIT cell responses has been made

. from séotopic to pﬁofopic levels. It can be seen that.the Table shows

-

little difference in either the latencies or‘'durations oflthe

responses. The rﬁythmit'bureting«ﬁh;eérn in the retina appeared

”

at the same stimulus levels as in the teétal recordings. Sinee both

o
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Figure 5. Latepcv of the OFF response elicited against the log length
of flash, Recorded from the retina. Key: 5.0 N.D. filter ----- s

4,3 N.D, filter — — —, 3.6 N.D, filter —————, 3.2 N.D. filter
—'—"—'—*, 2.6 N.D. filter ='"=""
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i
Figure‘6. Duration of the .OFF response plotted against the log length

of flash. Becorded from the retina.
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TABLE 1

-

’\'

Controls (;i standard error)

Tect. Latency Duration
.35 .58+.12
.35 .68
.34+.01 .53+.13
37 .50
.33 .52
.48 .22
.264+.01 .30+.03
.16+.03 .74+.16
.29+.04 .53+.03
.26+.01 .63+.06
.22+.02 .81+.12
.264+.02 .67+.05

' ,264+.02 .73+.05
200 .65
444,01 1.4+.12
.25+.02 1.3+.09
.18+.01 -1.3+.09
.24+.02 .72+.09
.20+.02 .79+.02
.19+.02 («".90+.09 -
.20+.02 .91%.12 .
.20+.06 .89+.47
.16 1.11
.43+.04 ‘1.4+.09
.27+.01 1.5+.14
.22+.02 2,1+.13
.30+.03 1.0+.23
.17%.02 .88+.14
.18+.01 1.1+.11
.18+.01 .83+.12
.16+.02 .94+.20
.13 .69+.20

Latencies and Durations of OFF Response

Retina Lat.

.42
.35+.04

.26+.01
.18

.40+.03
.21#.02
.19+.01

.17
.25+.02

.39+.01
.23%.02
.18%.01

.16+.01
.18+.01
.15
.13

" continued on next page
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Duration

.70+.06
.50%.15

.84+.11
2.0

.27+.05
.67+.08
.74%.04

.86+.10
1.50+.16

- .83+.04

1.1#.12
1.0+.06

Q= O
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Table 1, continued

Filter Flash (sec) Tect. Latency Duration Retina Lat. Duration

3.2 .03 544,02 1.5+.12 .37+.01 1.04+.05
.50 .99+.13 2.7+.28 .20+.02 1.5+.06
2 .45+.06 1.2+.04 .16+.01 1.4+.12
5 .23+.05 .84+.14 - .
15 .21+.02 .85+.21 .15 1.4
30 15+.01 - .92+.12 .17+.01 1.3+.04
60 .19+.02 .92+.11 13 1.1
90 .15+.02 .98+.10 .15 1.6
120 .13 1.1+.02
2.6 .05 .32 27 .37+.01 .96+.05
.50 .18+.10 - .57+.13 .18+.01 1.4%.04
2 .12+.01 .38+.03 .23+.05 1.5+.10
5 .28+.06 1.0+.11 - -
15 .214.06 1.1%.24 .15 1.3
30 17+.01 1.0+.13  .16+.01 1.2+.05
60 .19+.02 1.8+.30 15 1.2
90 .15+.01 1.8+.32
120 .11+.02 1.3+.60
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the retinal and tectal responses indicated that the mesoptic
stimulus flash consistently caused the longest auration rhythmic
response, it was decided to investigate this bursting phenomenon
in more dggail. This mesopic stimulus level was used in the
expefimental series investigating the poséible efferent regulation
of ganglion cell firing patterns. The other filter values were
used in a restricted set of experiments in the scotopic and
photopic reglons for comparisons.

Figure 7 contains a sample of raw data recorded at three
different stimulus intensities. All flashes used were 30 sec long.
Trace A was recorded with a photopic flash. The next two traces, B
and C, were recorded usigg‘anwsopic flash, Traces A, B and D
were recorded from R. piptens while trace C was recorded from F.
temporaria. The rhythmic bursting firing pattern or periodic
activity (Laufer and Verzeano, 1967) is readily observéd. The last
trace, D, was obtqined using a scotopic flash.- The difference in

the firing patterns is readily seen.

II1. Rhythmic Activity,

Several,érOperties of the periodic activity were examined.
The analysis was divided into two parts: (1) single unit activity
from one identifiable cell, éé) super imposed spike activity origin-

ating from groups of several cells.

A. Analysis of single units

Igterval histograms of the interspike intervals from res-

49
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[50mv 200 msec

IS
Figure 7. Sample recordings of the OFF response to three stimulus’
intensity levels. All flashes 30 sec long~ Records A, B and D -
R. piptiens; Record C - R. temporaria. ’

‘ A. Flash from photopie-level
B and C. Flash from mesoptic level
D. Flash from scotopic level '
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ponses recorded at three stimulus intensity levels are shown 1in
Figure 8.Thgse4éistograms display the interspike intervals observed
at photopic, mesopic and scotopic stimulus intensity levels, It
should be noted‘that the three histograhs do not all represent the
same number of recordings. The photopic histogram is based upon 25
reéordings. The mesopic histogram is based upon 78 recordings,
while the scotopic histogr;m i{s based upon 54 recordings. The
figure shows thaf under photopic conditions, the response to the
offset of the stimulus initiates spikes with short interspike
intervals only. The mesopic stimulus also causes spikes with
short interspike intervals; however, it also c;uses spike geheration
at markedly longer intervals. A close examination of the histogram
{ndicates a clustering of the interspike 1nter§als around certain
values. The scotopic stimulus also causes splkes with short inter-
spike ihtervals and to stimulate a few spikes with longer intervals;
however, no clustering was qugrved. |

Figure 9 illustrates this mesopic clustering phenomenon in
more detail; For clarity, the interspilke intervals of less than 0.02
sec are not‘plotted. The histogram indicates that some clustering of
interspike 1qt§rvals occurs around 0.048 sec, 0.096 sec, 0.144 sec
and' 0.192 sec. A regular pattern of firing seems to occur. The
q;ustering around values which are muitipleg of the value 0.048 sec.
" 1t was observed, in the raw data, that cells gometimes fired in each
and Zvery burst of activity while sometimes they ''skipped" or failed\\

to fire in each oﬁew _Man; records were observed where cells skipped:

one burst, thus, firing in alternate bursts. Others skipped two, -
: ; . A

et

»

51



300 [
mesoptic '
200
g
g
>
5
o ‘009
-4
002 006 OO 014 |
Interspike interval (sec)
Figure 8.

different stimulus conditions.

00 024

52
w
g"{‘
360 photopic
b3 .
2 002 004
. Inferspie intervat (sec )
120
[ scotopic
g
Eso
°
2 PR
oL Or—— N .o o ’ /
002 00 020 =

I (sec)

Interval histograms of interspike intervals at three



(N
£ 50 |

E

2

S 30|

=

2

002 0.06 . O 149 0.18
1~(sec)

lz i//ﬂﬁl\ru]ﬂh nn = ﬁnr_-l ,Lﬁn o

Figure 9. Interval histogram of interspike intervals excluding
the very short values

53



1

'

three or four bursts. This accounts for the clustering of interspike
intervals around multiples of 0.048 sec #nterval.

1t was des le to détermine {f the tendeney for a cell
to skip was a function of éhe length of the response, i;e., was 1t //
more likely to skip at beginning, middle, or end of the rfsponse. '
The peak around the 6.048 sec interval was called peak 1. The péak
around the 0.096 sec interval was called peak 2, and so forth. fThe
time of the occurrence of each observation in each peak was'determiped.
The mean peak time was determined for each peak and plotted against
the peak number.  The result’is Figure 10. This'fiéLre shows that
the Eendency for a cell to skip increased toward the end of the
response.

Figure 11 examides in detail the interspike intervals of
less than 0.02 sec. The time scale has been expanded in order to
make the obsgrving of the evgnts easier. The histogram indicates
that the cells are capable of firing with intervals as short as

0.002 sec, The most commonly observed intervals were those between
0.004 and 0.008 séc.””
B. Analysis of multicellular splke activity

In many of the records, the electrode recorded activity

from a number of cells in which  the rhythmic activity then appeared

‘as bursts of different amplitude spikes. The duration of each burst

%

Y

. was examined: A burst was defined as the clustered responses of

several cells (Laufer and Verzeano, 1967).. In other wordéQ the burst

, duration started with the first recognizable spike activity and

[ ™
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endedPwhen no spike activity could be distinguished from the back-

ground poise.

Figure 12 is an interval histogram of burs; durations.
It can be seen that a buret ddration of 0.048 sec was most coﬁmonlv
observed. | N y |

Thelsilent periods were examined néx;. The.silent’périod
is defined as tﬁe period of inactivity bét@een bursts of activity
(Laufer and Verzeano, 1967). Figure:13 is an interval hisfogram of :
the silent periods.’ The ﬁode waé observed to be’0.628 sec.
Anqther biece of informgtion was obtained from Fhis data.

»

It was found that an average burst frequency of 12.8 + .3 bursts/sec .
[ T
N o

occurred. This was determined by counting the number of bursts
which occurred in 0.5 sec. The number was then doubled to give the

number of bursts in 1 sec. Thé mean and standard error were then
. ‘ . v M . ° :
calculated. This. average burst frequency cannot be caiculated

diregily from Figure 9. Figure 9 does not consider the lengths of
the;silent periods. The tiﬁe of occurrence within each burst that
a’paréicular cellAfiqgs is also not considered in Figure 9. »
Some expériments were performed at stimuliAslighEIQ
“b?ighter'than the stimulus used to 6btain the abo&efdata. - The
. mesopié stimulus was obtained using a 3.6 N.D. filter, Tﬁe fo11ow1ng
data were obtained using a 3.2 N. D filter, < Some differences were
_noted. The most commonly observed bufstcduration was. found to be
0.032 sec instead of 0. 048 sec.. The silent: period‘mode was also
found to be 0.032 sec as opposed to 0.028 sec for the above data.‘

0.

\\Figures 14 and 15 graphically illustrate these findings. An average

‘e
-
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bursting frequency was detérmined in the same manner as that for
the above d%scribed results. The averagé\bursting frequency was
found to 'be a value of 15¥% + .5 bursts/sec.
@( C. Comparison of data from differe#t- species
- A few experiments had been performed using Fana temporaria
T Instead of Rana pipiens. This data was analyzed in the same mannef
as that from R. pipiens. Figure 16 is an interval histogram of the
interspike intervals.v For comparison purposes, it was plotted on
the same time s;aig as Figure 11. While Figure 16 is based on fewer
records, the same trends are present as those in R. piptens, i.e.,
most of the 1n§etspike interygls range between0.004 and 0.008 sec.

N Figure 17 cotresponds to Figure 9. - This figure illustrafes,

.

whilé excluding the data in Figure 16, that ;he interspike intervalg
cluster around the ~values of 0.032 sec, 0.064 sec, 0.096 sec, 0.128 sec
and O.i6 sec, 1.e.; the events cluster around mutliples of 0.032 gec.
This indicates periodic activity. As in R. pipiehs, cells in R.
temporaria also displayed some tendency to skip or not fire in each
burst. The data were analyzed in the same manner as that used %o
ptepare Figure 10. The data from R. temporaria produced Fiéure 18;
The trend is the same 1in both Species.of frogs. The cells have an
increasing tendency to skiptin the later part of fhe response,

The burst durations and silent periods were also examined.
Figgre 19 shows that the mode of the burst durﬁtion& is abo%F 0.016

sec. Figure 20 shows that the mode, or most commonly observed,

silent period is also 0,016 sec. ~

Pa
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The average number of bursts/sec was found to be 31.2 + .4,
This is significantly larger than the 12,8 + .3 bursts/sec observed

L3

in K. piptens.

IV. Effects of Cooling the Optic Nerve

In order to test the hypothesis that efferent fibers to éhe
retina might play a role in regulating ganglion cell activity, 1t
was necessary to compare the output of the Class IIT cells with and
without the efferent fibers. The results desgribed above served as
contro%g,yith an intact efferent system. They can be used for com-

T

rison with results from frogs which had the efferent system blocked.
A cold block of the optic nerve at the chiasma could functionally
isolate the retina from the brain. If efferent fibers had/qn effect
on the output of the Class III celis, ;his may be altered. When the
nerve was blocked, changes in the response would be noted. Before
starting thelcﬁld block experiments, however, it wasg necessary to »
determine if a reversible cold block coulq'in fact be obtained withl
the experimental procéddre which was used. Figure 2] shows a
recording madg from the tectum with the cold probe in place at the
‘optic chiasma; A 4.3 N.D. filter and 20 sec flash were used. The -,
first respaonse, C, was a control similar to those perfo;med in the
first series of experimenta; Response B erresents the reaponseﬁfo
an identical stimuldh:éxcept that the cola probe was activated. The
temperature of the,prébe tip was +2°C. The 1;22 response, C, 18 a
normal control after the Slmin rest period. The test was performed

. 3 .o
20 times on 2 frogs.” Thus, a reversible cold block can be obtained‘

~

.
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Figure 21.° A reversible cold block of the optic nervg.’ Tectal
"recdrding.. Temperature of tip +2°C. A 30 sec.fladit&‘he
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®at will.
Wwhen the experiments using the reversible cold block on
Class III cells were performed, the following pattern was followed,
1.e., one control run, one experimental run, and a repeated control
run. The cold block results are based on 116 recordings from 11
frogs. At the same time, 179 responses without the cold block were
obtained., Figure 22.illustrates the typical responses. The C
responses are controls, fdentical to those done in the retina which
have been previously described. The B responses are those to
identical stimuli as used to obtain the C responses except tRat the
cold probe was aetivated. Response A was a light adapted centrol
performed to ensure that ‘a Class.III‘cell was used during the
experiments. As can be seen from the figure; the rhythmic firing
pattern disappeared and was replaced by a non-rhvthmic mass of
spikes similar to that observed for the scotopic flashes. Thia- EEEEEN
pattern was.found consistently. \
A comparison of the interspike intervals beﬁeeen the
‘eent;gls a;d the "cold blecked" animals is seen in Figure 23. The
v?“;;ﬂ%onerol é;aph 1s shown on eop of the experimentalJone. However,
75f-ﬁ$ histograms contain an unequal number of recordings. More control

i< | -
) data was available and was plotted. The ordinate scales have been.

made corfespondingly different to better illustrate the data, The
* °  differences hetween the control and experimental responses are '
clearly'seen as was shown in Figure 22, 'thhistogram clearly
illustrates the lack of bursting activity in the \cold blocked"

"animals. Most of the interapike intervals in the experimental



. ; %
ISO,m\.{’ 200msec & - B

Figure 22. OFF response showing the effgcte of .a reversible cold
block applied to the optic nerve. All flashes were 30 sec long with
3.6'N.D, filter. Probe tip +2°C. C.. Mesoptic Control. B, Cold
Block fmesoptic). A. .Light Adapted Control.
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recordings are less than 0.03 sec. Very few intervals are longer
than this value. There 18 no clustering of tﬁe‘interspike intervals
around a particular value or multiﬁle of a particular value.

The contrels recorded with the eXperimentgl studies were
compared with the retinal controls. The Students t test indicated
no statistically significant difference between the laggncies or
4durations of similf; flashes and filters.

\ Flgures 24 and 25 graphically compare the latenctes and
durations of the responses observed with the cold block with the
controls recoréed at -the same time. The Stddents t test ihdicated

no statistically significant difference between them, Thus, the

Bnly difference is the disappelrance of the rhythmic bursting firing

' pattern.

In order to be certaln that the nerve block was complete,

. ' ‘ -4
a second series of experiments was performed. In tlgs series a heater

wire was placed just in contact with either the optic nerve or '

chiasma. A Class ITI cell was locatdd and the frog.dark adapteﬂ.

After recording a few responses from the preparation, the wire was

heated and{severed théchﬂasm8507fnerve. After recovering from the¥
\ L T A .
s ot
severance, the same stimdﬁus pq;ametexsswere used. The results are.
. ) EY - - -
e Wt :

based on 47 fecordings from 4 frogs. Figyf% 26 illustrates the

-

1 .

observed fid‘ings. Response A is a ontrol. Responses B and C are
tvptcal responses from the frog after severance of the’optic nerve.

Response D.is‘a‘light adapteddtopggol. Thié'response served to,

" confirm that*a Clase III cell had been used. Tt also showed that

the frog wou'ld light adapf aﬁd appear to function normally after the
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hew - Flgure 26,  The OFF response from retina after severing the optic nerve.
All flashes 30:sec long with 3.6 NuD. filter. A. Meseptic control with
nerve intact. B and C. Response after severing. D.".Light Adapted.
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retina had been isolated from efferent affects, As can be seen,
the rhvthmic pattern disappears upon severing the nerve; however,
the Students t test 1nd1cated no difference with the latency or — >
duration of the cold block results.

Table‘xI summarizes the results obtained from the three
‘geries of‘control expériments as well as the cold block and cut
nerve series. As mentioned earlier, no statisticallv-91gnific§;t
differencé'WAs observed between the latencies and durations of
responses from similar flaéh lengthsqgnd intensities. The‘only-

’

blocked and severed nerves. L : ,

i

dif ference was the disappearance of the rhvthmic gctivity

Table 11 summarizes the data collected on the ON response

in the mesbptic;range. No significant change was noted in the ON

’

response. Table IV indicates that no large change occurred in the *
’ -~ ! .

light adapted responses e{ther. It was'notéd, however, that the : [4
latency ofAEpe light adapted ON response was slightly larger in
. Y
the "severed" preparation than in the control preparations. This
, h : v

was the onlv observed difference im the data 1lsted {n the Tables. o

V. Summatizing the Results . O o ) . " e

. . }
) . R K - LA
It has been shown that undet certain cbnYitions, a rhythmic - . ﬁgg

firing pattern appears in response to a certain réstiicted A

[\J
A

stimuli. This stimung is the offset 6f‘illumination in the meg®
_range. This:particular firing pattern has not been described previously \

- o ‘ = o A
in the frog. Further, it has been shown that efferent fibers play a

, M .
: ‘ 4 - :
role in tHe rhythmic activity. The removal of ;he'efferent.influence,
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TABLE TIT

Latency and Duxration of ON Response
Retina Controls vs Block
3.6 N.D. Filter
| w3 \
. Block
. Latery:y Durations Latency Dur&tion
.264.01 L 26+.02 .26+.01 .29+.03
’h
@ TABLE 1V
B La't‘e.ncy" and Duration of Light Adapted ON and OFF R.esponses
Retinal Controls vs Cut Nerve T
; ON / . * OFF
'+ - Latency Duration Latency Duration
Control .671».'005 \ .09+.01 L07+.007 11+.13
‘cut -, .10+.002 .08+ 006 14+.02

e

v



via the cold block or nerve severance, eliminated the rhythmic
activity. In the case of the cold blocked experiments, the
. rhythmic activityv returned after the nerve had returned to room

temperature.
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DISCUSSION

\

The tesults of the above described experiments can now

.

be compared with earlier work described in the literature. It can
also be discussed in regard to the possihle significance of the
rhvthmic activity and the function of the efferent fibers. One

possible model, descriping how the rhyvttmic responses may be gen-
/

erated, 1s also developed.
* v .0

Laufer and Verzeaqp (1967) described rhythmic activitv
in the visual svs(;m of the cat. They found that_the ganglion
cells fire in bursts separated by silent periods of inactivity.

<

They further found that there was little variation ih the size of

t . f
this silent pefiod, "interburst 1nterva1' The occurrence of the
L 4
. £ L)
bursts of multineuronal spikes were found to be highL%*;hythmia.
-— '.XQ

In the experiments studying the occurrence of the rhvthmic activity

when the stimulus.was extinguished, the bursts were found to ocqur
at frequencies of from 301A0/sep Iﬁpdhe preseant experiments on
v - / /'ué T
R. pipiens and F. tqmp ia;/ #dlar v
VTR N
: % R L
The ganglion cells were;Pound td’fire ﬁn bursts which were separated

F

thmic activity wag obqerved

R .

by silent periods. It was also observed that there was little
N & - ". . n

variation in these interburst 1ntervals.

7“ my .

Laufer and Verzeano (1967) suggested that the centrifugal{;

3

f

L~

fibers to the retina might influence the rhythmic activity, but were

not sure if they caused 1t. However, they did apeculate that the S,
. ’
rhythmic activity waa implicated in "the mechanisms which regulate

£

the level of responsiveness of the retina in relation to C?L eonditions
- / . . : .

Ao
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-

of light and darkness in the enviromment'. This conclusion supported

Granit (1941), who recorded discharges consisting of groups of sptkes

in the frog retina in response to the onset and tessation of light.
Granit also felet fhat this activity regulated retinal sensitivitv,

Tomita and Fumaishi (1952) and Brindlev (1956} studied the
] i
oscillatory potentials in the bullfrog and frog retina respegtivelv.

These workers found that the amplitude of the oscillations was
5 - -
£ - . ¥ ‘ ’
largest in the ared of the bipolar and amacrine cells. These

. 4 . , B
workers did not speculate whether theag cells themselves initiated-

the rhythm or,if an input to them ccould have caugsed the oscillations.
¢ Doty and.Kimura (1963) studied th@roscillétqry potentials

in the optic nerved of thé cat and monkev. Thése workers used both ’

gross and microelectrodes in their work. These workers specula:fd
' . + . :
that, on the basis of their resulté, efferent fibers, endimg ardund

the amacrine cells, were:probab]v theAséﬁrce of the rhythmic potentials.

ée;eral workers (Volkmer, 1956 /57; Granit, 1#33; : : .
Yonemura ¢t al., 1963;' Y’onempra $ Hatto; '1966) studied the effect |
of different light 1ntensi£ies on the fFequency of the rhythmic res-

ponse. It was found that the light {Ntensity did 23F affect the’
’ ’ ' e

-

~

frequency of  the oscillations. ‘In the present wogk, theﬁchangé from t
a 3.6 N.D. filter to a 3.2 N;D. filter cau;ed a shortening of”tﬁe

burst duration and a lengthening of the dilent period.‘ﬁklslightly )
longer frequency was also observédf‘ This ind{§aSZs tbég:jn;rhythﬂic

é&tivity is, in fact, affected by the lighi‘levél. A ‘slight elevation

'R

in the stimulus iﬂtensity increased the‘frequéhcy to a new value.
This is in contrast to the-sis&?tioﬂ observed by others.




%

.
e / - ' .

\ Ffferent fibers have been reported in the frog (Branston

.

and Fleming; 1968; Cafal, 1952;4Maturana,\1938b),and pigeon (Cowan
and Powell, 1963) Miles (1970, 1972a, b, c, d) and Rogers and
Miles (1972) studied the efferent fibers to the chick 1in detail.

Miles founp that the efferent fibers,seemed to haVe a disinhibitory
SR - )

Al

S Efunction to the surrounds of the RFs. Rogers and Miles (1972) also -

found thdt the efferent fibers also seemed.to play a role in the
adapting of the retina to different background 1llumination levels.
,Doty and Kimura (1963) and Laufer and Verzeano (1967) have

]

quggested that rhythmiq or pexiodic activity is due to some inhibitorv

A
. d

(LN

13

< input to the ganglion cell Algv!Te }nd Wachtmeiser (1972) also

\

attributed the rhythmic response to be the result of inhibitory

modulation of a cell's response. The ganglion cells hdve been shown,

*

in the preeent work,- to have been able to fire spikes with inter-
splke intervale‘as short as 0.002 sec. The most commonly :observed
intervals were found to be between 0.004 sec and 0,008 sec, Yet,

in tvals as long as 0.048 sec and nultiples of this value were
P , _

observed in the rhythmic response., The largest multiple of 0;068

sec observed was five times this value. Thus, it appéars that since
. i ; ’ N

the cells are capable of firing ‘at a much higher frequeney, there

must’be an inhibitory input which modulates the output of ‘the

\ . ™

A

83

ganglion cells. In the experiments i& which the retina was funetion— e

ally isolated from the brain, the rhynhmic response disappeared
Tﬁﬁs, if Doty and Kimura (1963) Laufer and Verzeano (1967) "and’

J
? Alg re and Wachtmeiser (1972) aré correct' chen thes? results
|

indicate that a ‘source of inhibition has been.removed,

v - : o ‘ . o - ]
' .



Thus, it can be seen that the observed rhvthmic actfivity
)

may be due to the modulation of the ganglion ceil output by effer-~
ent fibers. It has also been s%gges;ed by the previously cited
workers that this activity could be related to the regulation of
retinal gsensitivity. ’ |

It can be seen that the effgrent fibers and/or amacrine
cells have been implicated in initiating rhvthmic ;Ltiv}ty Severgl
mo§els as to the location of, the source of the rhvthmic actiVity are

\J

possible. “The following schematic diagram {1lustrates - the currentlv

5))
bgst known anatomical pathway. : B ’ I
. # ’
&ﬁ. -
—% (0T
(',4
. ! .
18 |ION
, B Bipolar cell g
A, Amacrin;,cell ' ,_)\,';
' " G. Ganglion cell ‘
[ \
[ b l
oT. Optic tectum : : ‘
. ION. Isthmo-Optic Nucleus .

\ - .
\ . L . . L v 4

As cited previously, Lazar (1969) has shown the existence of the

hecto—isthmo-optic pathway in thg frog. Larsell (1924) has demon-

. .
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. . .



strated, in the frog, that the efferent fihej7/from the TON join

the optic nerve at the chiasma and ggJVel to {tHhe retina. ﬁubinson

v o

/ -

(1971) confirmed the existence of the tecto- 1stlﬁ:oloptic pathway. v

The efferent’ fibers synapse with the amacrine cells (Cajal, 1952)2
Dowling (1968) found no evidence to supoort the paths labeled 1 or 2.

No svnapses between bipolar cells and efferent fibers, nor jetween

ganglion cells and efferent fibers were observed. However, extensive

il

) :
synapses were assoclated with amacrine cells. Serial svnapses ,

betweeh 2 and 5 amacrine processes were commonly observed. Some
. _ E

reciprocal synapses were found between two amacrine cell processes e

It is possible that the efferent fibers could be one of the pro- I
' P

cesses 1in the series.‘ Q_ﬁ

L
f ~1

N The source of the rhythmic activitv c0u1h be in eitherr’

. oneé of two places. The first could be-the retina. Some evideﬁce
I

exists to support this view . Barlow (1953) observed rhythmic oy

potentials, in’ tHe 1solated eyecup preparation of R. temporar7a, i o
’ / .

as the retina dark sdapted. The. ganglion cells were observed db

’

fire in groups of impulses ‘with a speed“ df 90/m1nﬁ, He also ob-

.served that if several cells were recorded from /éh

and "leTt the rhythmic discha;ge . Pickering,TI973-i

’» ' .
some rhythmic potentials in an isolated re ina, but fnfre

-

e [ P

. rThuq, one possible source of . the rhvthmié/responses cou d i"within /

the interconnections of the amacrene/éells '_\"; ,f: A

s

However, several problems/with the data exist/ﬁn Barlow s

/ -

work. No- successful attempt wa;/made to keep the preparation mo{st

*

* orx supplied with oxygen. He




LN
% 7 .

J'q j”; responses were not similar to normal light adapted responses, Also; e’
(

LY

7 N

. .
) * , ]

damaged preparations or ones which were dﬁying out. He also observed.

. ‘ .
_ that his preparations would becomé unresponsive after varying Jengths
. . . . 1

v . s

of time. Thusr the condition of his preparations is questionable.

" Also, the rhythm Bar Low observed had a frequencv of 90/min The

[N [
\ﬂhvthmic activities also recorded in the present ‘work Wad much highex
. A ¢ e »
frequencies. Further, 1t was observed 1in the present work that all

the cells reco¥ded from at one time were fining synchronously

Q
"

".Barlqw.fndicates that the ones.he fecorded from"hay not have been.

2
” The results obtained by Pickering were found in,only a

few c?ses Light adapted controlg were performed however the
1 " ) 'o;,"

¢ ’O » 4 - _‘/ Q- \ ~ ¢ ¢

‘a response was observed onlv for stimuli with durations ereatef

s

. : [ AN
‘then iSHmsec. ' _ e . : . - ‘ -
- : § . Y ® -
4 '-\ N ~ . .
L~ The eiperimental results, described in the previous
AN > ‘ '

chaﬁper,,tsed both an optic ne;ve old block and optic nerve sever-
v ) )

ance. The severance was performe

op a dark adapted’frog. The
¢ .

heating of the loop of heater wirk .to cut the optic nerve Yid not &

affect the electrode placement.e The prepararions were supplied with

an~enriched oxygen atmosphefa and - kept moist.. A Gotal of 163 re-

cordings were made. In no case was a rhythmic response observed

after isolation of the retina. ~ A redponse was obtainedffrom<&timdli.

)

of 0.5 se¢. Upon light adaptation, a normall response nas obtained

from the preparations whosk optic nerve had b completely severed.
"Thus, a serious doubt ekista‘whethe:.or not the ganglion cells in the
isolated retina are capable of firing with rhythmic activity.

\

A second: possible location for the source of this rhythmic

s

x ' bt . s,
_— . : { P
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activity could be either in the ION or some other region in the
central area. ,This suggests that the efferent fibers regulate the

amacrine cell respbnses.and effect the rhyttm. The efferent fibers

must either be excitatory or inhibitory to the amacrine cells,

depending upon wnether or not the amacrine cells are usually exci-

tatory gr inhibltory to the éanglion cells. lt'is.possible that

she amacrine cells_are only inhioitory; ﬁowever, it is-not likely
that a continuously inhibitory cell exists as the sole input to

the ganglion cells. The amacrine celle could be excitatory. They
could also be a comblnation of both. The response of one pértfcular
amacrine cell would ptobably\be determined by the sum of the inputs
to‘it from bipolar cells and other gmacrine cells. This makes' the
determining of the npature of the effesents difficulx“fréh the extra-
cellular recording techniques which heve been used. If the amacrine
cells are usually excitatory, the efferents could provide a. rhythmic

inhibitgg)éinput to the amacrine eells and effect the rhythm

Severance of the optic nerve would then release the: amacrine cells

-from an inhlbitory input and the non—rhythmic response could occur.

1

The time requi{ed for a responee initiated by a genglion
cell’ to go around the anatomical pethway cannot be calculated pre-
cieely. The conduction velocity of the Class III cells of R. pipiens

has been determined by Meturana et al. (1960). The time for the
I

response to appear in the ION and the conduction velocity of the

efferent fibers has heen determined in the pigeon (Holden, 1968b;
. -

Galiftetet et aZ., f§71) The reeponse time of the'amecrine cells

has been obeerved in the isolated eyecup of Necturus.(Werblin and

¢ ~

. A -
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.,

“should not‘bertotallyxdisregarded. Thue, on the basis of the present

“burat could be due to rhythmic inhibition of mnny of\ the amacrine

o ‘ ﬁ ”

. and Dowling, 1969); Circuit times of from 0.02 sec to 0.07 sec
- are possible. Thus,linfgrmation about‘the anatomical circuit time

constants doeejzet provide much useful infotmation for pinpointing

the source of the rhythmic activity

The cold block and nerve severance experiments demonstrate

that the‘rhythmic response disgppears when the retina is functionally

isolated from the brain. However, the rhythlmic response returned
after the nerve warmed up to room temperature. This could mean

that the eource of the rhythmic aetivity is in the brain and rhyth-

mically inhibits the amacrine cells, 7

However, the data of Barlow (1953) and Pickering (1973)

r

experiments,fit cannot be stated conclusively where the source of

.

the rhythmia activity is located. The present data appear to suggest

¢~

a central origin. All that can be concluded is that the efferent

fibers do affect the firing pattern of Class III ganglion.celle..
v . ; .
Another observation made was that of the cell's "skipping"

a given burst. This could be due to- the failure of a particular

L3

amacrine cell or a groug/gf/amacrine cells to reach the level of

\aepg}:rization requi eéd to stimulate the'ggggltqn cell to fire, Often,

p

howevet the adjacent ganglion cells (in the background) continued to

~ N
)

" fire. It was obeerved that the other ganglion cells, recorded in the

]

background by the extraeellular electrode, were nchronized and

. fired within the ‘same’ bursts. Thia synchronié%% f£1 1ng within each

cells by ‘the efferent fibers. T o

88



‘ - - . ° . .
The failure of one cell to fire in a burst does not inter’

rupt the chain of input to the optic(tectum and feedback to the
retina from the lON. Otiiet cells continue to fire. In no case was °
a comppletely ekipped burst observed, i.e., no activity at all when
a burst was expected. Howerer, even if this had been o%served, it
does not necessarily indicate a breakage-of the loop. ©ther gaoglion
cells in ereas bevord the oickup range of the electrode could be
continuing to fire, thus maintaining the inpur to the optic tectum
,and the feedback to ghe retine, No physiological evidence‘has been
obtained which clearly.demonstrates the nature of the interactions
between the bipolar dho amacrine/gella nor - among the_amacrine cells.
It rs speculated that the skipping could be due to a retinal process.
This could be obteined through the serial synapsesamong the se&eral
'amacrine cells. -The data obtainedlfrom rhehgonfiionally isolated
‘retina does_not provide conclusive gvidence for either Qiew. The
very short interspike 1ntervals~observed 1& the functionally isolated
\ retina were similar to those in the control experiments with only a
slight tendency ro%%onger valueg; ﬁowever, the responses were not
rhﬁrhmic “but appeared random, that is the dells did'not fire at - -
regular 1nterspike 1ntervals. This might suggest a retinal process
for controlling a ganglion cell 8 "skipping" response, but is not
conclusiwe proof | | -

In summary, 1t had been demOnstrated that the OFF response

within a smalI restricted range of\}timulus 1ntensities initiated a :

LI ~ .

rhythmic response. This occurred primarily at the offget of a mesopic

.-

stimulus.‘ when the effereﬁt fibets, yuniu :ne optic ‘

&
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 nérve; were blocked, this rhythmic activity was transformed intoté
non-rhythmic random pattern. It was concluded that the effereﬁ&““
fibersiin the optic nerve play a role in tlie regulation of the

-

retinal ganglion cell output. . ’.
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