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~ cause a, variation in the potential at resistanc~ R 1 • This ".aria~ion is su~.ated 
. h the initial reaction of the cell to light. Dependmg on the direction of the current 

~t · d' 'h ill and the sign of change of the resistance, increase or re uctton m t e respo~se W 

be obtained. 
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hT All. nave a:lk it is DO'tf l:no\\'n the electtical response to stimulation is associated Flo. i: Diagram depicting in simplified form how clirient passed through retina from sclera_to vitreous . 
-.,jfh ~ in the n:m.tanC1e of the· cell membrane. However, the infomiation on humour must tiow into a horizontal cell. For simp~city we s?ow only one_pr~ss_ ~r the ~~nzontal cell: 
a:Hs of the L type. whiclJ. soma:s of the S potential and are apparently J>_orizontal· Continuous arrows show direction of current. Right-equivalent ~lectnc c~cu1t. J-rm':oelectrode: ·"'._ .. 
er.& {l). mggcsts !hat tbl:ir- dedrical reaction is not accompanied by change in the .1-horizontal. cell; 1-receptor; R1-resistance of cell membrane m somatic part of h?nzontal cell, , 
mnbraDe rcs;jqaoa: In &.,1. it ms been shown that in these cells a correJa· ',.;o'' ,ft -~en,. · R2-Iongitudinal ~esistance of process of horizontal cell; .R3-resistance of post-synaptic . membrane 

.._ u: cu 11'-Lff'- or horizontal cell an<i pre-synaptic membrane or cell or receptor; R4 - longitu~al resistance or ~r~ 
the ~ potm:tiai and the degree of the reaction is absent [2]; in addit;io~ ,shift in of receptor; Rs -resistance of m~brane of inner member of receptor ;Rr resistance of external mntt~g , 
• u»Rlnoe po4ad;a1 by c::mre.nt passed through an intracellular electrode ··does membrane e.1.m.); R1-r- resistance of extracellular medium; £-voltage produced by extern_al current m 
.not kad t.o ~ in the valoe of the reaction of these cells [3-5). Below are given · corresponding layers of retina. ,To simplify the diagram we do not show the current~ crosslll$ the ~em-

,, I 

ia, lin_..ding:s ..onmming the absence_· of an effect of aii_;ther, ation iii th __ e. mem_·.-.. br_ ,ane .. brane •Of the processes, of the horizontal cell and the ~r~ss _of ~e _receptor; o~ts1de th~ synapt1~ re- . . . 
. poumial cm tm YaJue of the reaction of cells of the L dpe of the tortoJSe (section 1 __ _ gjon. The capacit~ce 9rcell membranes is not shown smce.11:1 this •~tance 1t is.~.~uest1on_or :~•,·/""ii,..,_· 
· ·in lhe .. "Jemlta;- HOW'e\'er, thel>e fuulings 5till cannot"be taken as evidence that the, :.:,:i~";::··' .. ~~ ~, ~:;: ~,: ~; ;r -s;;c cur~t •. ,, . · ~, ,,,. §,;~;.,:" ~;:-?~;~1 

,, ~ resistan= of these cells does not change during the reacti~.,. "-:. ~:-.~;· ,. ~-~ In ia~t" unlike;the.curient passed through the intracellular electrode, a curre1c1~·. ;": ..... 
. ·'.'!.The.~ of the cells may be mcb that the cbanges in the resistan~_in.remote · ~passedJ~~ugh the ;_,hole_ retiria~chatiges the value of the reaction of cells.o~;_th~ L~•'.t~:-.::; 
~ offl= cJr.odritn will~ littk effect on the input resistance of the cen·which. type: a current ·coming from the vitreous humour to ~he sclera reduces the react,1~~~~:,~,.i 
~, ~ by patlSing current through a microelectrode introduced jnto the cell ·.while'- a-current, of, opposite direction usua)ly increases it [5]. S~ch changes ~aY(~: . ~ -.;.,~ 
bodjr f6j:,llm., for e;u;mpk, may happ:n if the longitudinal resistance· of the dendrites - princlple~ occur: if. the resistance-of• the post-synaptic membrane _m~e!l~e~, dunng. th~;\,#1-'"· ~ 
• ~~ • {kmg and thin dendrites). A1 the same time, for_ certain ratios .of. reaction to light (R3 : in the diagram), A -current_ acts outwardly, m similar-fashio11; <;t:, .. 
the ~ ~~resistances it may be that passage of current through · for example, on the value of the evoked response of the cerebe~um of the cat [7~. ~or-,. . ~ , 
tm 1l"htie, ta$.=~ '}Vl.lSA fflcit cl:Jangn in the resistance- of the membrane in individuat_-;-. the ·cerebellum it has be.en· ·shown -that:this effectis well explained by. ~hange P1' th~--i\."'~"'- . 
~1 r.Aflbe dmh~. We mall illustrate this by a scheiµe (Fig. 1). In a highly simpli- resistance of the tissues during the ,evoked:response~J- · 'L • - ...,.. ·, :: ,.:1 ·. · "'--~'14i;J:~ 
fied~.qim ~ .c.ir~.im of the distribution of resistances it is shovtn that a current passing . Thi~ ;paper describes· experiments ·aimed at_ establishing whether it ~s ·. J!pssil:!_l~,et~ !-w ·';; 

· 
11 

_!Foug,1:iJ th: r~ in ~ radial direction (bem'eell the sclera and yitreous h!1JI1o_ur) explain the . change in the response of the cells . of the L type un~er the influence <>~., ~-~ 
i"""'Bf '"'.~~· 1aw tr~ !wriz.omal cells. H the resistance R3 changes durin~ the reaction · :airrent by_ change in ·the resistance of their m~mbrane in the region of the ~ynap~e~ , :.;;; ~ 
, tqi ligbt thl~ mu6t 1.ead to change in ~e current passing within the ~11 whicb in turn _1z., ~'.with the·pboforecept~rs {sectio1u) in "Res¥1~s");. "1. :' .. ,, ." •• •• · .,..,,">11 ' ;i;"'~:""t· ': 
( ~-~·. . • · _,, . . :· -~ , ·; ·>'f&; ~;:c. '!:'$~ From the.,.availabl~'elei,trophysiologica! evidehceiit may .be thought that the c~l~ .):t4 L • ~ofima II: ."lo. 4, 646-652, 1966. · • , •. , .. · .1.: -~ ~~- ..,..,.,,, 11;_;-,,,'lt-•··.lf.: j"'~Ii.~~•~ft,ieh£i~the t~~nons~~~f,the'cl;lls-of .theL !YP~,acts,,on :tb:~5ecept?rs (pr~ba~.!-- " .7i. 
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on their presynaptic endings) [5]. This assumption may be checked by the method oi . indicator cytochemistry: if the photoreceptors are excited by current they must ac­cumulate ribonucleic acid (RNA). The -results of the cytochemical experiments arc presented in section 3 in "Results". 

METHODS 

The work was carried out on the eye of the pond tortoise (Emys orbicu/aris). The intracellular reactions of the cells of the. L type were recorded. The recording was made with liquid microelectrodes with a resistance of 50-200 Mn. The recording macroelectrode was placed on the surface· of the retina. The technique of recording has been described in detail previously [8]. The microelectrode was inserted into the retina close to the recording macroelectrode in . order as far as possible to reduce the interference appearing on passage ot current through the eye cup. Alternating cur­rents of different frequency and strength were passed with two electrodes one of which \\'aS located on the sclera, the other on the surface of the retina. As source of alter­nating current we used a audio frequency generator assembled by Engineer 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 micro­electrode we used sealed double microelectrodes with low resistance coupling (less than 20 Kil). One of the electrodes was used for recording, the other for passage of current. The current microelectrodes had a resistance of about 50 MO. To stabilize the current_ in these .experiments a resistance of 1000 Mn was c9nnected in series with the current microelectrode. A second current electrode was located . on th~ sclera. The arrangement of the source of direct current enabled us to change the strength and direction of the_current. ~- -"':. .. "-t t • ""~ ~.. -.The histochemical part of the work was car;ied out by means of quantitative µltra­violet cytophotometry. The technique of this part of the work has been previ.:iusly . : described [9). . · f!.} . ·' ""' . ~ ""' ;,, J, ~ ;t\:, ',Mr' RESULTS AND 01scuss19.i,· ' 
f i·~. -~ ~ ~- ~~. :---~~ ·. J. Experiments with -pas__sage of direcfcurrent . through a · microelectrode inserted - 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 potential. The membrane potential was shifted by passing direct current through the microelectrode inserted into the cell. ... , ~·- ... 1 , 

• .;c Similar experiments were carried out in the previous work [5] and from them it was concluded that change in the membrane potential by 30-40 m V 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 µ. One of the micra. 

•·;· $_ ;, ••J 

~-...i. •~11. ,.a.,: .............. -~--;:/,.,:t',~·-.. ¼.., _.,...~;, 

. . . n-.• -• .. .,,•---·-,>.'1ji,,-•._..,_.,.A'> t·' 
.. --~------•:-~~l"~l:.1type"<leim- 01 naluca , eo-,~ •· j · •l't.;>,,:.,,,__, , 
~~ •c. :~ • .. • . • . 

• .. - < •• -: electrodes was used for recording the reaction, th~ other for p~ssage of current. ~hanks • • the comparatively large distance between the tips of the nucroelectrodes the rmped-,,. to ce coupling in Ringer solution did not exceed 20 Kll. On insertion of the double an·croelectrode into the retina the impedance coupling rose in some layers of the ret­:a to 100 Kn. as a result of the fact that the specific resistance of the layers of the retina is higher than Ringer solution [IO]. 

\ 

"7' - • 

•1" 

Flo. 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. A-Response with no current; B-response with current hyperpolarizing cell membrane by ~30 mV; c-... ' ' response for current depolarizing cell membrane. by ~ 30 m V. Strength of current in both cases · · ' • ~ .. 3 x 10-sA. Input resistance of cell ~ l Mil. · 

7 

r ~ :of'"' ': "'. ~ L ... "':(:" 
• -, _,; 

"' The· criteri'on that both microelectrodes had been introduced into the same eel~ was the ~harp rise in the resistance coupling-through the resistance of the ce~ membrane;\ I Through the current microelectrode which could be connected to the mput of the1 1 cath~de. follov.:~r--~ -~e~~ded a~prof mate,ly the. s_ame re~onse _ a~ th~ou~, the rl ~ ·· ~-;.' 
c_:r~= s~:::tt.'~o~;~ti~-~r~~ucea'~y curre~t was ~eas~;d dkectly on tile scr;ell .. -:; of an'oscill~sc~pe; Knowing the strength of-.curre_nt in the circuit-and the shift in poten- ~- , <. tial itwas possible to 'calculate .. which part of the resistance was.determined by the cell 1, . '. m~mbrane:. Tol·resistahce of. the· cell membrane thus measured (to be more exact, the ',f'- • ·. input resistance of the.cell)· was·o•S;;..2~~«21;¢: r9ughly ten times Jess than the figures ;i: -.._;;· in the previpus study [~].s'fW<> reasons for such ti diffe!ence in-values may be _assum~<:l, _ ., -xt' ;1 Firstly, the double electrode must damage the cell µiembtane•more than a. smgle ~J).e.,.y,,t ;~ Secondly, ·ii is· natural to· assume th~( a double electrode' could by. introduced~:?nlY,: .:~:...✓-· . into comparatively:large cells with a low~inpu_t resi~ce. ~perunents with p~~sa~;.;~1 .; \ of_gurrenf through the current mictoelectrode when both mtcroelectrodes were within ~ ;•!, '• the cell confirmed that the change in the membran~ potential by a value of about 30 m V f::~ .. .,,. ~ :towards hyper- anl depolarization does not influence. the reaction o~ cells. ~f the L ~e"'_::; .1J-: 

).:-

l .. r ·~ 
I 

tt 
i . 

. --.. (Fig. 2). If the reaction of the~e cells were .a~mp~rue~ ~y change 10 the mput,,re~~st~ , ~ft ·. '~ ~~~t~~t~_;~t,;;'.J:;,;;,ii ::. ~ 1.:.:-~W ~"' ~ 
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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 m V and greater on stimulation with light. ThenJhrough the eye cup 

we passed alternating currents of different frequency and strength. In so doing we 

recorded 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 resistance of the cell membrane in the post-synaptic region cl!anges (R3 changes 

in the diagram) the amplitude of variations in potential on passage of alternating cur­

rent must change in the li~ght as compared with the dark.·. 
. ., 

. ·-
>,}. 

~ 

·'·'· 
'#=---·'I-~•, 

A•:., .·t, -~•· 

-~''/$~ •. •· 
' . 7 

r. . . . · - . · ·, . · il ·· - -. · ·~ ;,.:· \_:~ = -:·:,, 

FIG. 3. ~ding ~f variatio°1'. .in potential by microelectroir inserted int~ a horizontal -~II . • 

.,,, of ~ tortoJSe retma on. passmg through eye cup of alternatmg ~urrent of low frequency in 

the dark and"lighL A and B-two different cells; A-frequency of aiternating current c/s, peak 

strength of current about 50 µA; B-frequency of 16 c/s, strength of current about 100 µAi.; 

---:~ :r T .. • - "\. , :! r ~~* j.- ; • ;,l Vj. ,_~·i.- ; t. . ,, ~ 

. · '· H~ev~r, With such an experimental arrangement measurements of the resistances 

.'are compJicated 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 resporise of the·cells to a current 

superimposed ·on. sinusoidal variations in'. potentiaJ may be a change· ofiheir amplitude . 

Therefore, it is difficult to judge how far the changes in amplitude of variations in 

potential are due to change in resistance: . · 

Figure 3 presents two records made at frequencies of 8 and 16 c/s and. Fig.· 3B 

shows that alternating current produces a response of the cell since we observed alterna· 

tion of the amplitude of variations in potential which cannot be attributed merely to 

change in the passive-electrical properties of the cell on stimulation. With light. In 

Fig. 3A, the upward deviation was produced by a current- which,. being switche4 "! 

on constantly, usually increases the response of the cells of the L type to ·ligtit. '.['he 

. ~~,;.'"'J~,,,... .... ..,.~.~--•. _.._....,,. ·:i:i~~·~~.,. ~~~:,:i~~~••~:<..,..~#~-'b,._'JIIS!,.-r.~....-~9'--~j ~~_.. - : • 

. Action of current: on L type cells of retina~~-~-. ·· --,i-; •• ·~ -,._,.;, •:, 7~~:;-:- ~-- · · 
~ .. _r J- . 

. ~ - ~- '>. 1t: . - ! -.· 
i ..,-i. f.,~~I( 

i~nward deflection was produced by current reducing response cf the cell. Cor- ·~,. ,· 

fCSPOndingly, the upper margin of the record describes a somewhat increased re-

gponse of the cell to light and the lower a somewhat reduced one. Simply speaking, 

at Jow 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 whet:.er the membrane resistance of cells of the L type 

i;hanges on stimulation with light it Was necessary to select the parameters of alter­

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

is possible to use subthreshold currents. However, a special check showed that even 

the lowest current at which the measurements could still be made gave a reaction o( 

the cells. Another method is to choose a sufficiently high fr~quency of alternating 

current at which it would not produce a reaction thanks to its inertia [5]. Of course, 

ihe higher the frequency the more will the cunent 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

tance 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 

i,roportionately to the increase in frequency. 

One such experiment is presented in Fig. 4. In order0 to facilitate the measurements 

of the amplitude of the sunusoidal variations on passage of alternating current the 

recQrd _was made through an intermediate·capacitor. In Fig. 4A and B, the same 

reaction is recorded with the intermediate capacitor (Fig. 4B) and without it (Fig. 

4A). Thanks to the capacitor the reaction to light was recorded in the foqn of two 

... 

peaks: to switching on ·the light, lower . .a.nd_ to--sJ!itching off, -upper. At a frequency of ,_. ~ -- ~ 
. ~-,.:;... -

,;: 

/ 
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, It is interesting to compare these findings With the results of psychophysical cxpc,q. 
ments s~owing that the electrical sensitivity of the human eye increases in light as C<,11). 

, pared with dark [13]. · 

SUMMARY 

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

(2) No changes in the resistance of the membrane of these cells in response to light 
could be detected in the experiments with passage through the entire retina of alter. 
nating currents of quite high frequency. Intracellulatly, the recorded sinusoidal variations 
in potential in this case were the same in the' dark and light. Therefore,' the changes 

· in the re ponse of the horizontal cells observed on passage through the whole retina or 
direct current cannot be ascribed to changes in the ~esistance. of post-synaptic mcm. 
branes of these cells in response to light. · . 

(3) Experiments on the frog showed that prolo!]ged electrical stiniulation 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 conditions of constant illumination accumulation of RNA 
in the horizontal and receptor cells in re'sponse to electrical stimulation was' app;eciably 
greater than in the dark. This correla es with well-known· high electrical sensitivity 
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
~ation of the manuscript and V. V. Maksimov for valuable discussion of the results. 
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Ac:tiOJl~ffcurrent:;-cm<b,,,type-QC.US o~,Jet~,,:'.'... . ,, .• ,.~, ... ,,.,-,4~ '·""~ ', 
'_- - >" '"" , - < •..::'~ ' -· • . ~cal conditions for 20 hr. During the experiment for one hour we passed through ,~· --~~ __ _ 

-,,,):ye pulses of current of 0· 1 sec duration at a frequency of 5 per sec, strength of 
_ d{fent 400-500 _µ~. The cathod~ was o~ the_ cornea, the anode on the ~kin in the 
,,unediade prox1m1ty of the eye, 1.e. the direction of current was such that 1t produced 
, reaction of the horizontal cells. Then, by the technique described determined the 
t'()l1centration of RNA in the nuclei of the horizontal cells and photoreceptors. 

.. 
~:::. 
·:!:· 

- ~1 

.{-/3:.~ -~ :;...~., ·_;Ji ::~ . 
FJo: S. Acc~mulation of RNA in horizontal and receptor cells of frog retina on prolonged . 

___ stimulation of eye with short current pulses. I-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 

electricid stimulation of eye, in the_!lark for 1 hr; c-same conditions of constant illumination 
- .. - -of eye (about 100 Ix on cornea). 

_f _ •• ,,.;, .... _ 

~-

.e·---.~ .:...,::'~---I \_, . 

' Ih ~the ekper'im~;t -;/ \is;d six fr°'ogs: two Controls (without treatrtlent. with curr~ni i ; 
in the dark), two with application of current in the dark; two witb: :application of current +:-
with constant light. The light was passed thrd'Ugh a thermal filter (cuveite with solution ,l 
of CuSO

4
);theintensity of light on·the_c~rn~a wascabout 100 lx. . . ,, , ,,,+ 

_-_-- The r~sults are presented in the graph in 'Fig: S \Vhi~h show~ that both in t,lte rods;,·•= 
~nd ·co~e:s theocurrent.pi::~duc~,t ~~nsJderaJ>le;iccwnul~ti~n of RNA,.:in ~3:r~cular,.~£ ._: -
in cond1t1ons of constant illumination.:Consequently, curr_e_nt undoubtedly excite$ the.{ ~'" 
receptors. In the horizontal cells accuinulatio'n <>f RNA.was roughly the sarne as in the / _ -. - - • --- .•-- - . - - ' ' - ·-: ' -. --. - - - .<,,,y " 
photoreceptors. Therefor~.· the reaction of the horizontaf'.ce_ll to: C1lr.rent _ can-naturally,t,'!'4," -_- _ · 
be_ explained as a consequehce -~f ,ex~iiation .. of the pb~torecepiors,.t " ,~' : ~ .= '/~ :--.. ~~ : . 

, a;·-_ It should be ,noted that,both,,in the pbotorecep~ors andJhe ho!'iz~~al cells_accuxnula.;.l t __ 
• tion of ~~A in res~?ns: to pulses of curr~nt ;was considerbl>r._greater in constant lighti\ r~ 

than in the datk. Constant ligl}t as such does not produce accwnulation of- RNKfo .the· ·~ "" 
.:hor~ont~l cellsJll f and -~ns~qtiently, t! i~cr~aser the effectivenes~ -of ~t~e, .acti,en' o!.11 ~ _ 
pulses of current on the accurnulatfon of RNA 'in the horizontal ·cells: Apparently i 
this is ~onnected with the fact that in some cells oftheL type light increases the response 

:' to current [5] and in the frog this cell variant is encountered more often than are cell~. -. ~ 
. "~y,hich light reduces the !espons~ to current~ •~· ::. '. · .'' X ,,•t .,.. _ · ~ · .- .1:~ .:,, 

- ·,~~.ii~.- ~- •·. , ~£,;.~<!~~;t.!~t ,;i;:t~:ir:i{}~:::'. .: -,;-:. \· ~. > c· i 
--!/19""-I;.. ~~;.~ ::J-::..i't:..~~-.~jf~,_"'~!J/f.!';:·, ~- .... , .... ,,,,,-., -., .•-- "' .. ~--~ .. -'~ ,:~ ~-./~ .,,.;; .,,:i,.~'.-A\:...... ---~~ ~rt,;:,, ~ 


