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lNVl‘Sl‘IGATION OF THE MECHANISM OF ACI‘ION OF
CURRENTOVTHECELLSOFTHELTYPEOFTHERETINA‘

a variation in the potential at resistance R,. This variation is summated
on of the cell to light. Depending on the direction of the current
ge of the resistance, increase or reduction in the response will

cause
i gith the initial reacti

snd the sign of chan,
be obtained.
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with change in the resistance cell membrane < Fio. 1. Diagram deplctmg in simplified form how current passed through retina from sclera to vitreous -
of the - H er, the lnformatlon on humour must flow into a horizontal cell, For simplicity we show only one process of the horizontal cell,
Continuous - arrows show direction of current. Right—equivalent electric ‘circuit: J—microelectrode;

cells of fhe L type, which sources of the S potential and are apparently horizontal

cells 1], suggests that their electrical reaction is not accompanicd by change in the | 2-horizontal cell; 3—reccptor; Ry~ resistance of eell membrase ib somatic part of horizontal cell; -
membrane resistance. In fish, it bes been shown that in these cells a correlation between  § Ry~ longitudinal resistance of process of horizontal ool R ovnet oo of prooee
the resting potential and the degree of the reaction is absent [2]; in addition, shift in oforiontal sl nd pre-synapic membrane o el ofeeepor s L 8 el oy
the mowbrane potential by current passed through an intracellular electrode- -does o swptor; Ry esistunce of mambenc® e vl roduces by axternl current i
ot Tead 10 change in fhe valne of the reaction of tm cells [3-5], Bel B membrane e.l.m.); R, resistance of extracellular medium; E—voltage produced by external current’in
oW are given corresponding layers of retina. To simplify the diagram we do not show the currents crossing the mem-
new findings confirming the absénce of an effect of an ijmmon in the membtane brane of the processes of the horizontal cell and the process of the receptor, outside the synaptic re-
potential on the value of the reaction of cells of the L $fpe of the tortoise (séction 1 J 807 The capacitance of cell membrancs fs ot shown since In this instance tis 3 duestion, of e
. “in the “reszits™). However, &eseﬁndmgssnllwnnotbetakenasevxdeneethatthes T;' cmrem” ) | | »
m:mofﬂxsexﬂsdmnotehange during the reaction., e
MMofﬁmodlsmybesuchthatﬁwchangesmtheres]staneemtemote'
mdﬁszﬁﬁﬂmlﬂﬂceﬁmmmmr&s&m of the cell which
wmcbypassng current through 2 microelectrode ‘introduced into the cell
body 16} This, for example, may happen if the longitudinal resistance of the dendrites -
:;R snﬁaenﬁy Tigh (long and thin dendrites). At the same time, for certain ratios of .
W&@@za@mwaﬁuhrreﬁsm it may be that passage of current through |
the whole tisswe i) eficit changes in the resistanceé of the membrane in individual™ }
parts of the dendrites. We shall illustrate this by a scheme (Fig. 1). In a highly simpli-
| ﬁed%qunakm wm;m of the distribution of resistances it is shown that a current paésing .
: M os.gql the retina in the radial direction (between the sclera and vitreous humour)
mas fidw imo the hosizonta! cells, If the resistance R, changes d\mng the reaction
¢ to Yight this must lcad to change in the current passing w:thin the cell whmh in turn

!Nmnmve@ﬁ:snowknowntheelewmlrwponsemsmhuonlsassomated

¢

o In fact unhke the. current passed through the xntracellular electrode a current"
* passed | through the whole retma changes "the value of the reaction of cells of the L
type: a current coming from the vitreous humour to, the. sclera reduces the reactw_ni
while a -current: of - opposite dlrectlon ‘usually increases it [5]. Such changes may; mﬁ
principle, ‘occur’if the resistance-of the post-synaptic membrane increased. during the.r
® reaction to light (Rs-in the diagram). A -current acts outwardly. in similar- fashmn,

- for example, on the value of the evoked response of the cerebellum of the cat [7]. For A
the cerebellum it has been shown that. this effect is well explained by change in: thg s

tesistance of the tissues during the -evoked .tesponse. & . 1.0 T &

ThlSspaper "describes experiments ‘aimed at establishing whether it is’ possxb e tOg}‘
explain the change in the response of the cells of the L type under the influence of ™ £,
“Current by change in ‘the resistance of their membrane in the region of the synapses . ::,4

H 2N

With the- photoreceptors (sectlongZ in “Results”). 3 et : . tg@ *
From»the avaxlable eIectrophysmloglcal evidence; it may. be thought that the cur-* %
influéncing the: ,esgonse “of the-ce] cells of theL type acts on the receptors (probably .
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cumulate ribonucleic acid (RNA). The Tesults of the cytochemical experiments ,
presented in section 3 in “Results”. : ¢

METH oDs

The work was carried out on the eye of the pond tortoise (Emys orbicularis) Th
intracellular reactions of the cells of the L type were recorded. The recording. wae
made with liquid microelectrodes with a resistarice of 50-200 MQ. The recordm;

has been described in detail previously [8]. The microelectrode was inserted into the
retina close to the recording macroelectrode in corder as far as possible to reduce the
interference appearing on passage of current through the eye cup. Alternating cyr.
rents of different frequency and strength were passed with two electrodes one of which
was located on the sclera, the other on the surface of the retina. As source of alter.
nating current we used a audio frequency generator assembled by Engmeer K. v
Golubstov The frequency could be changed from 3 to 500 c/s.

- In the experiment with passage of direct current through the intracellular micro-
electrode we used sealed double microelectrodes with low resistance coupling (less
than 20 KQ). One of the electrodes was used for recording, the other for passage of
current. The current microelectrodes had a resistance of about 50 MQ. To stabilize
the current in these experiments a resistance of 1000 MQ was connected in series with
the current microelectrode. A second current electrode was located. on the sclera,

.
¥
7

,‘ ‘}

The arrangement of the source of direct current enabled us: to
change the st

_ anddn'ecuonofthecurrent. : e A gi*‘*r?gth
A . l'Ihe hrstt;chemrcal part of the work was carrled out by means of quantltatlve ultra-
G . violet cytophotometry. The techmque of this art. of the work h
; dmm b1 - P ;m ‘ as been prevx.)usly
i R ~ RESULTS AND Dlscuss:ow “ S J
s Expenmems with passage of direct current. through a'mzcroelectrode mserted
; into'a cell of the L type of the tortoise. This section describes the: experiments in which
? the response of cells of the L type was recorded for different levels .of the ‘membrane

. the microelectrode inserted into the cell.- R TR .y
was concluded that change in the membrane potential by 30-40 mV towards both
hyper- and depolarization.does not influence the reaction of the “cells of the L type.’
A defect of these experiments was that the same electrode was used both for passage

~ of current and for recording the reaction so complicating evaluation of the actual
- value of the shift in the membrane potential on passage of current. In this work these
experiments were reproduced with double microelectrodes. Two microelectrodes were
so sealed that their tips were at the same level separated by 3-4 H. One of the micro-

on therr presynaptic endmgs) [5). This assumptron may be checked by the method

indicator cytochemistry: if the photoreceptors are excited by current they must 5o, « to the comparatively large distance between the tips of the microelectrodes the imped-

- - ance coupling in Ringer solution did not exceed 20 KQ. On insertion of the double

macroelectrode was placed on the surface of the retina. The technique of recordmg '

potential. The membrane potential was shifted by passmg direct current through;—

-« Similar experiments were carried out in the previous Work [s] and from them lt.

’ ‘%..,. S R awm&cumnt«onﬂ £type-cells’ of “Peting w74 "‘"'*'“’"""“’"7’4341*

dgctrodes was used for recording the reaction, the other for passage of current. Thanks

microelectrode into the retina the impedance coupling rose in some layers of the ret-
ina to 100 KQ. as a result of the fact that the specific resrstance of the layers of the

retina is hlgher than Ringer solution [10].

FIG. 2. Response of horizontal cell of retina of tortoise for different levels of membrane poten- -
- tial. Two connected. microelectrodes are inserted into the cell, one being used to pass current )
" ... producing shift in the membrane potential, the other for recording the reaction. 4—Response
" with no current; B—response with current hyperpolarizing cell membrane by ~30 mV; Cc—-

e response for current depolanzmg cell membrane by ~30 mV. Strength of current in both cases’
B LT T 3x1078A Input resistance of cell ~1MQ.

"f T 7 o
+ The criterion that both mxcroelectrodes had been intraduced into the same cell |

was the sharprise in the resistance couphng—-through the resistance of the cell membrane.l .
Through the current mrcroelectrode which could be connected to the input of the i

- cathode follotvverA.We recorded approxxmately the same response as through the re-
cordmg onesys ame i R St nj
-+ The shift in the potentxal produced by current was mcasured drrectly on the scree
ofan oscrlloscope. Knowmg the strength of-current in the circuit-and the shift in poten- - J“
tial it was poss1ble to ‘¢alculate which part of the resistance was determined by the cell ;

membrane The Tesistance' of the cell membrane thus measured (to be more ‘exact, the -
mput resistance of the cell) was 0 8-2- MQfie. roughly ten times less than the figures N \x
in the previpus study [5] TWo reasons for sucha difference in- values may be assumed. -
Firstly, the double electrode must damage the cell membrane-more than a single one., 2
Secondly;- it is’ natural to assume that a double electrode could by. mtroduced“only
-into comparatively.large cells with a low mput resistance. Experiments with passage ‘v -
of current’ through the current microelectrode when both microelectrodes were within f3
the cell confirmed that the change in the membrane potential by a value of about 30 mV W% ¥
tOWards hyper- and depolarization does not influence the reaction of cells of t.heLtype -, ‘ 552

~(Fig. 2) If the reactlon of these cells were accompamed by change in the mput resrst-
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ance greater than 3-4 per cent, we would already notice the effect of the shift in mem.

brane potential on the reaction. The accuracy of the measurement was limited by the

instability of recording in work with double microelectrodes.

2. Effect of alternating current passed through the eye cup. The microelectrode
was inserted into a cell of the L type as could be judged from the appearance of a reac.
tion of up to 10 mV and greater on stimulation with light. Then through the eye cup
we passed alternating currents of different frequency and strength. In so doing we
tecorded a fluctuation in potential by passage of current both through the extracel-
lular medium and through the cell (see diagram Fig. 1). If on stimulation with light
‘the résistance of the cell membrane in the post-synaptic region changes (Rs changes
in the diagram) the amplitude of variations in ‘potential on passage of alternating cur.
rent must change in the h?ght as cox_npared' with the dark. - :

- 2 ..
LR .
— T "
~ e ki A W
- .
H 4
S % -
. & P -
. . e =y
- R ¥ R
S # . T
* LT s
. : .
N A M e . *

. g e IS

4 g
v

& inserted into a b

Fic. 3. Recording of variations in potential by microelectro a horizontal cell ~
. of the tortoise retina on passing through eye cup of alternating current of low frequency in
"~ the dark andlight. 4 and B—two different cells; 4 —frequency of alternating current c/s, peak
strength of current about 50 uA; B—frequency of 16 c/s, strength of current about 100 gA..:
i WU TN SR o T S S §E s s

_ - ‘However, with such an experimental arfangement measurements of. the resistances
““are complicated by the fact that the current produces in cells of the L type a response
‘which differs in the light and in the dark [5]. The response of thecells to a current
superimposed on sinusoidal variations in potential may be a changé of their amplitude.
Therefore, it is difficult to judge how far the changes in amplitude of variations in
potential are due to change in resistance. . - . Thamoenw
Figure 3 presents two records made at frequencies of 8 and 16-¢/s and Fig- 3B
shows that alternating current produces a response of the cell since we observed altern2-
tion of the amplitude of variations in potential which cannot be attributed merely t0
change in the passive-electrical properties of the cell on stimulation with light. In
Fig. 34, the upward deviation was produced by a current. which,. being switched

on constantly, usually increases the response of the cells of the L'type to light. The:

e
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Action of current’on ‘L type cells of reti i%ss T
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| ‘E{‘}nward deflection was produced by current reducing response of the cell. Cor-
ondingly, the upper margin of the record describes a somewhat increased re-
pse of the cell to light and the lower a somewhat reduced one. Simply speaking,
frequencies of alternating current (8 c/s and lower) the effect of direct current
on the reaction of the cells of the L type to light is reproduced.

Thus, in order to establish whetler the membrane resistance of cells of the L type
;hanges on stimulation with light it was necessary to select the parameters of alter-

pating current such that it would not produce a response of these cells. In principle, it

st low

| the lowest current at which the measurements could still be made gave a reaction of
g ihe cells. Another method is to choose a sufficiently high frequency of alternating
current at which it would not produce a reaction thanks to its inertia [S]. Of course,
(e higher the frequency the moté will the current be shunted by the capacitance of
the cell membranes; however, this effect may be compensated if with increase in fre-
| quency the strength of current is also increased. If we assume that the specific capaci-

wance of the membrane of horizontal cells is roughly the same as in the motor neu-
ron, then it may be considered that the shunting of current through the capacitance
of the cell membrane will be compensated if the strength of current is increased
proportionately to the increase in frequency. .

One such experiment is presented in Fig. 4. In order_to facilitate the measurements
of the amplitude of the sunusoidal variations on passage of alternating current the
¥ record was made through an intermediate capacitor. In Fig. 44 and B, the same
| reaction is recorded with the intermediate capacitor (Fig. 4B) and without it (Fig.
44). Thanks to the capacitor the reaction to light was recorded in the form of two

g peaks: to switching on ‘the light, lower.and to- switching off, -upper. At a frequency of
- B kL 2 - : -s'*{l 4 L YA Y !~— . - St . . Lt . R

A

L Lt e et . R B
| © ' F1674. Recording of variations in potential from horizontal cell of tortoise retina on passiog ¥
. alternating current of different frequencies through eye cup. 4—response of cell to light (no = 3-3,‘»“’,
B ~ current); B—same response recorded through intermediate capacitor; C, D and E, passage ag" #
) % *through eye cup of alternating current of different frequencies and strength. Recording made S
‘- thro y intermediate capacitor. C—frequency 8cfs, strength 20 uA; D—frequency 16 cfs, ﬂ_:gy -

hrotigh

_ strength 20 uA; E—frequericy 88.c/s, strength 390 pA: . o ¢ v
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is possible to use subthreshold currents. However, a special check showed that even
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CItis interesting to compare these findings with the results of psychophysical ex
ments showing that the electrical sensitivity of the human eye increases in light as com
. pared with dark [13]. - A

SUMMARY

(1) The response to light of the cells of the L type (probably horizontal cells
not change on shift on the membrane potential by 30 mV, by current passed throygy
an intracellular electrode, both towards hyperpolarization and depolarization, Beanng
in mind the accuracy of measurement it may be concluded that the input resistance of
these cells if it changes, does 50 by not more than 3-4 per cent.

(2) No changes in the resistance of the membrane of these cells in response to ligh
could be detected in the experiments with passage through the entire retina of alter.
nating currents of quite high frequency. Intracellularly, the recorded sinusoidal variations
in potential in this case were the same in the dark and light. Therefore, the changey
"in the re ponse of the horizontal cells observed on passage through the whole retina of
direct current cannot be ascribed to changes in the remstance of post-synapnc mem-
branes of these cells in response to light. -

(3) Experiments on the frogshowed that prolon ged electrical stimulation of the retina
- produces roughly the same accumulation of RNA in the horizontal cells and in the
photoreceptors. This suggests that the current acts on the receptor cells probably on
their presynaptic endings. In condmons of constant illumination accumulation of RNA
in the horizontal and receptor cells in response to electrical sti mulation was appreclably
greater than in the dark. This correla es with well-known hlgh electrtcal sensmvxty
of the human eye to light as compared with dark; -

+ The authors wish to thank A. L. Byzov for constant assistance in the work and prep-
arauon of the manuscrxpt and V. V. Maksimov for valuable dlSC'ﬂSSlOD of the results,
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of 20 yuA (for alternating current the peak value is quoted, ie. in this case the in
neots values of the strengih of current change from 420 gA 1o —20 pA). \n;.n

in the whele band downwards on switching on the light and upwards on SWitching

ofthehndmmmdunchangedmthehghﬁandmmedark.

wot chasge. If in the first case the changes in amplitude of the variations were deter-

ke-ought to be cbserved also at high frequencies since the strength of cur-

the

not possible to perecive changs i the resistance in any part of the membrane of cells

,,Egv .

tion in the cells of the L type (i.e. apparently in the horizontal cells) it may be expected

will depend on whether they are excited by current.

passed current with a frequency greater than 80 c/s through the
of tie sinusoidal variation in potential to light did no1 change zecomm:il:% ]
dark even if the strength of current was several times greater than in the firy o ]
. InFadErsngmatewrdvmhanematmgmemMaﬁequmcyogggmk
 and srength of 390 uA. Since the band occupied by the simusoidal variations was > ]
widie, 1ts upper and lower margins were photographed separately and then br(mmQ 7
togeiher in onc Figure.. Thermtmtobghtwasrwordedmtheformofahnefsi: | B

| 5 rcaCth

oﬂmehgmmmmdeofﬂ:emmdalvamtxonsdﬂemnedfmmthemm

" Thos, at low frequencies of alternating current (8 ¢fs and lower) the amplitude
‘ ofvammmsmpmmmlreeordedonpassagofakematmgcmem changes inre. §
sponse-to siimmlation with Jight but at higher frequencies (80 ¢/s and higher) it doc §

m@byﬂtdmgemthcmtanoeoftbeceﬂmembmnes,thenmmﬂarchangn

mmmmmemanthefrequency Since this did not occur, it may be cop- |
, mmwmmamphmdeofvmumarenotdetemmedbychangem

' ’l‘m mﬂaeespcrmtswrthpamge of current throughthev#hole retma ity §

of the L type. This confirms the previous conclusion [5] that change in the reaction ]

ofﬂzaewﬂsunderﬂnmﬂwmofwrrentcammbe explamed bychangem the re-'
| in the dark), two with application of current in the dark; two with application of current :

- 3. Changes in the cartcemratﬂon of RNA in the cega of Ihe reting under the mﬂuence 1
of currens. Since current passed through the retina influences the responsc of cells !
ofﬂrthypertuclmﬂbmnmtaeteulmmthesecells themselves of ‘on the link |
preceding them, ie. on the receptor cells. Previous electrophysrologrcal findings sug- |
- gest that the current acts rather on the receptor cells (0 more precise their pre-synap
-+ tic parts |SP. The vahdny of tlm coneluswns may also be checked i the histochemica {

' of CuSO0,), the intensity of light on'the cornea was, about 100 Ix.

| in“conditions-of constant ﬂlununatlon Consequently, current undoubtedly excites th
E receptors. In the horizontal cells accumulanon of RNA was roughly the same as. in the

- On p:olonged rhythmre stmulauon with hght RNA accumulates botlrm the photo-
resepiors and in the horizontal cells {11, 12] Since the pulses of current produce a reac

that en prolonged shytmic stimulation by current RNA will accumulate in the horizos- § -
! cells. Whether RNA will accumulate in the phioto receptors in these conditions §

Expetiments were carried out on intact frogs rendered motronless by diplacis. §
B::fure the experiment all the frogs including the conttols were kept in the dark m'.

; ;ﬁ,‘”' "““““’“} L Aetionvoﬁcurremmmbaypc eens Ol-rotng-r > e g el o

cal conditions for 20 hr. Durmg the experiment for one hour we passed through
glgye pulses of current of 0-1 sec duration at a frequency of 5 per sec, strength of
ent 400-500 pA. The cathode was on the cornea, the anode on the skin in the
“ediade proximity of the eye, i.e. the direction of current was such that it produced
n of the horizontal cells. Then, by the technique described determined the
@centratlon of RNA in the nuclei of the horizontal cells and photoreceptors.

il IIL R
@ b ] a b ¢ : T

rrrrr Fxo 5. Accumulatxon of RNA in honzontal and receptor cells of frog retina on prolonged |
'sumulatxon of eye with short current pulses. 7~ rods; 2—cones; 3~ horizontal cells. Height of =
#" columns—mean ‘concentration of RNA in nuclei of cells, dots—results of measurements in '
~ “individual cells; a—concentration of RNA in control frogs; b--concentration of RNA after -
wi 'eleetncal stxmulatron of eye,.in the dark for 1 hr; ¢—same conditions of constant illumination "’

SR of eye (about 100 Ix on cornea).

DRy

—
N
ol

" In'the eXpenment We used six frogs tWO controls (without treatment wuh current ;

with constant light. The light was passed | thrdugh a thermal filter (cuvette w;th solutron

. The results are presented mthe graph in Fig. 5 ‘which shows that both in the rods
and .cones the:current .produced. consxderable accumulatron of RNA, in partxcular

photoreceptors Therefore, the reactlon of the horizontal® c":ell to’ cufrent can naturally
be explamed asa gonsequence of excxtatron of the photoreceptors Z : :
».+ It should be noted that both in ‘the photoreceptors and the horizontal cells accumula- 2
tlon of RNA in response to pulses of current ‘was consrderblyrgreater in constant light -
than in the dark. Constant light as such does not produce. accumulatron of RNA'in the
horlzontal cells'[1 l] and” consequently, it mcreases the eﬁ‘ectlveness ‘of the actron “of ;zm :
pulses of current on the accumulatron ‘of RNA ‘in the horizontal “cells Apparently,,
this is connected with the fact that in some cells of the L type light increases the response -
Tto current [5] and in the frog this cell vanant is encountered more often than are cells )
“in ‘Which hght reduces the response to curren . o e T '




