
AMRL-TR-65-24 

INFORMATION PROCESSING IN THE FROG'S RETINA 

LEO E. LIPETZ, PhD 

THE OHIO STATE UNIVERSITY RESEARCH FOUNDATION 

HARDCOPY ^ 
MICROFICHE *. A 

FEBRUARY 1965 

BIOPHYSICS LABORATORY 

AEROSPACE MEDICAL RESEARCH LABORATORIES 
AEROSPACE MEDICAL DIVISION 
AIR FORCE SYSTEMS COMMAND 

WRIGHT-PATTERSON AIR FORCE BASE, OHIO 



NOTICES 

When US Government drawings, specifications, or other data are used for anv 

G overn m e nt Yh * h 8.deanltely related Government procurement operation, the 
fndT.?.cy 0CUf8 n° reSp0nslbUlty nor any obligation whatsoever, 
wav ÍuoÍUH^kÍ í*,?lVeTent may haVe formulated' furnished, or In any 
reoarri.rl hv wn „d dr#Wi"9*' sPeolÜcatlons, or other data, is not to be 

®,a d d by buPffoatlon or otherwise, as In any manner licensing the holder 

manufaetn« P.#r.SOn “ c°iporatlon' «• conveying any rights or permission to 
manufactpre, use, or sell any patented Invention that may In any way be 
related thereto • 

mayeobtaln “P**8 from the Defense Documentation 
wCamar?ni_Statlon' Alexandria, Virginia 22314. Orders will 

e expedited If placed through the librarian or other person designated to 
request documents from DDC (formerly ASTIA). aesignated to 

Stock quantities available, for sale to the public, from: 

Chief, Input Section 

«UmÄJ* f0r red“al Scianuac and ^•cfrofcal Information, CFSTI 

5285 Port Royal Road 
Springfield, Virginia 22151 

Change of Address 

Do not return this copy. Retain or destroy. 

I# T herein were conducted according to the " Princioles 

Re search,t0ry e8tabU#hed by ^ National Society for Medical 

I 

i 

800 - April 1965 - 448-M-774 



BLANK PAGE 



INFORMATION PROCESSINO IN THE FROG'S RETINA 

LEO E, LIPETZ, PhD 



FOREWORD 

This study was sponsored by the Biophysics Laboratory, 

Aerospace Medical Research Laboratories, Aerospace Medical Division 

Air Force Systems Command, Wright-Patterson Air Force Base, Ohio. 

The research was conducted by the Institute for Research in Vision 

°,í Snate University> Columbus, Ohio, under Contract No. 
AF 33(657)7578 of The Ohio State University Research Foundation, 

Dr. Leo E, Lipetz, Associate Professor of the Institute for Research 

in Vision, was project supervisor. Lt Colonel Jack E. Steele served 
as contract monitor for the Aerospace Medical Research Laboratories. 

1964. 
The work was performed between 1 September 1957 and 29 February 

The electron micrography was done by Mr. Thomas M. Richardson, 
and was interpreted by Dr. Lipetz and Mr. Richardson. 

This technical report has been reviewed and is approved. 

J. W. HEIM, PhD 
Technical Director 
Biophysics Laboratory 

ii 



abstract 

tigate the mutual interaction **** to lnv»s- 
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I. STUDY OF RECEPTIVE FIELDS OF BIPOLAR raT.T.g 

portf°" of the work »»s a« attempt to investigate the mutual inter- 
tion of excitatory and inhibitory connections to bipolar cells by studyln« 

1½ averaged electroretinogram (ERG) response of the frog*s eye to stimula¬ 
tion with various patterns of light. 

A. Accuracy required 

As a startj the simplifying assumptions were made that: (a) Those 

dir®?tly syTiaPse with a bipolar cell provide excita- 
i . ^ A surrounding annulus of receptors connect to the bipolar 

¿"iennediate cells and provide inhibition to it, (c) The amplitude of 

the ERG generated at the receptor-bipolar junction is a linear function of 

tiw excess of excitation over inhibition at that bipolar. The effects on 

of the ERG of distributing the illuminated area of retina L 
differently spaced hexagonal patterns of different size spots was then cal¬ 

culated. It was found that seme arrays would stimulate more of the excita¬ 

tory receptors than inhibitory receptors for each bipolar cell. Other arrays 

would stimulate less excitatory and more inhibitory receptors. On the basis 

of the above assumptions, it was calculated that the maximum difference in 

amplitude of the ERG for those two extremes would be only about 

., s me an t that a use fu! quantitative study could be conducted only if 

the variations in ERG from all other causes were held to less 1/2¾ 

«ceP^r-bipoltt excitatory ud inhibitory connections Cere 
not errenged in the simple pattern asnaed above, then even greater relia- 

biiity of eeaeureeent would be needed. Therefore, attention was concentrated 

on technique to find out if sufficient reliability could be obtained. 

B. Contact lens electrode 

To lead the ERG potentials from the frog>s eye, a special contact lens 

electrode was developed. This required, first, that casts be made of the 

frog s eye. A special procedure was developed for this. See the Appendix 

for details. The casts were sent to s commercial manufacturer of contact 

lenses and an experimental contact lens electrode fabricated. Upon trying 

the electrode it was found that the eyes of the bullfrogs used varied 

varied greatly in size, and the contact lens electrode fitted well to only 

a very small percent of the frogs. When well fitted, the lens would stay 
in place for periods up to 1-1/2 hours. 

C. Stimulus patterns 

,,, 8tudy the fr°8,a «y» was required to view a array of 
illuminated disks against a dark background. This was provided by transí 

illuminating with an electronic flmahlemp a photographic transparency which 



eXCept for the Pattern of transpaxent disks. At first such trans¬ 
parencies were prepared by photographing ink patterns drawn by a draftsman. 
r* flTd.ïha! the hum&n Visual systeffi could easily detect small irregu- 

Ir t?e^dfaw^i_Patterr1* Since the response of the frog's eye might 
also be affected by the irregularities, this technique was modified. Sheets 
,J' 11,61,6 stained from a machine shop, each sheet containing an exact 
hexagonal array of circular holes of a given, constant size. These metal 
sheets were transilluminated and photographed to prepare the transparencies. 

D. Recording of the ERG 

The potential difference between the contact lens electrode on the 
irog s eye and a remote electrode on the frog's head was amplified and re¬ 
corded with a pen-writing oscillograph. As had been expected, the ERG 
produced on flash illumination of the smaller patterns was often so small 
as to be below the noise level. This difficulty was overcome by adding on 
a computer of average transients (CAT) the ERGs produced by a series of 
lash iUumin at ions. The noise, being random with respect to the flash 

lTTc^\nnt; the,^B sunmed* Preliminary experiments showed that as many 
000 ERGs would have to be summed to produce a reliably me asure able ERG 

under sore of the stimulus conditions. It was also found that the frog's 
eye showed cumulative light adaptation unless a period of about one second 
was allowed between flashes. 

This meant that some stimulus conditions would require 1000 seconds for 
a single measurement. 

E, Results 

Tests with a constant stimulus flash showed that whenever the contact 
lens electrode shifted on the eye, or came off and was replaced, or when- 

rlcord® líTt(Í eleCtf°de Sift®d’ there was a chari«e in the amplitude of the 
°f 5** Clear1^» this change was as large as the 

d differences being sought in the responses to the different stimuli. 
Therefore, any ERG measurements which were to be compared would have to be 
made during a period in which the electrodes remained fixed. Since these 

Ä “f*1™ of 1”1/P hours lon&, only six of the stimulus condi¬ 
tions which required 1000 seconds of measurement could be compared, A 
maximum of about 20 to 30 of the more luminous stimulus conditions could be 
compared in such a period. Thus, it still seemed just barely feasible to 
maKe the needed measurements. 

fv™ ^ bloclc was the necessity of having the total light 
from a number of different stimulus patterns equated with 1/2%. This re¬ 
quires working at the very limits of the photometric art. 

The results of all these sources of inaccuracy in measurement was that 
no measurements were obtained which were reliable enough to permit a test 
of the hypothesized assumptions regarding the arrangements and relative 



cells*to°a “d ^ inhibltOIy '°"»«tions of visual receptor 

J1. Conclusion 

to be "^accompMshedSwithout Ïhe° ^Z^nTlt^^TZ yZrTT^l 
on improving those techniques. several more man-years of work 

II. ANATCKECAL STUDY OF RETINAL NETWORKS 

ne y.^e of this study was to increase our knowledge of the tvn*« 
1 'i11011 with their interconnections form the various iî^rma 

_ networks of the frog*s retina. The ultimate aim is to 

net works o^the^eÏS!1"1 ^ ^ ÍS °f the ^^ional 

A. _-fie.Iation between mi£roscoj^ic^a££earance 
and true structure 

features írír U lef h’1“ a.hiaf thick, so to distinguish any 

arrangements vithiñUtheUthick^ss°0f°tte retiM t0 'fT1“ ^ ceUu1“- 
through that thickness andlífd“ut Z S^opT^ioT^ 

freezinff^h ea^?r, * stiffened. This coííd ^*done T 
freezing the retina. More coranonly it is done by impregnating the retina 

iquid which then hardens. This process is called "embedding". 

For a century the customary embedding medium has been a fnr«, ,vp 
The water is dissolved out of the tissues with alcohol^the alcX)l r^wd ' 

then ^le?e ’ ^ lhen hot li(luid is substituted. The paraffin is 
en slowly cooled to hardness. Sections as thin as 5 microns can be cut. 

A more recent embedding technique is to use. instead of oar affin mn 
alcohol solution of the monomer of ¡¡n epoxy resii to iZ.f aîTîÎI cilS 

A catalyst is added beforehand and causes the epoxy toTolymerise and 

a three-dimensional lattice that gives rigidity to all ÎSîTnfîhT?/ 
Sections as thin as 0.02 micron can be cut. Y ^ P 1 ^ U>®ue* 

th* hí^ieXa?Ínatí’°í f 4 retinal section with the light microscope onlv 
the heavily pigmented (i.e., light-absorbing) structures can hm n*fü ¿u 

of th« p1«»«* ÄSTcSi. s.^nuis:s 
of the rods, and the oil droplets of the cones Th* ?a*Bfnts 

th.t reacts with chemical, present in the tissue to produce a colorad subîtance 
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CTbéd!£dC»'LÏ* cal^ed 8taini,ig. Before the stain can be added to paraffin 

are reeved Ä^iZeTtufpr^cesr1^ S°“ 

constltue"^ differ from cell to ceU and from one part to 

that^mVeKt^h^’ ““"fT’ U 15 USUalIy Pos5ible b° fi-’d a stain 
of J.Ti lth th “PPropriate chemicals so as to color onlor one tro- 
°f =^11 °r onlï °"a substructure of a cell. Since the chemiïaï «aïÏÏon^ 
science *" d"1“0™' ataining technique is an art rather thl a 

consm^fAf^ír^n«58?!-^“ ‘í6" re,”0Ved iram “ orßanism the chemical 
making up the cells Tn Wlth eaCh °ther ^ destr°y the structurai 
toa Âcaí fa 1 Î ÍE the tiSSUe is exP°sed as so°n as possible 
the tis^“ to form ^Í.M ; a h/!“tS the che^dal constituents of 
This process is led « ^ UCÍ.that ^^088 velT further changes. 
Picrif^id ind ^ i02- The uaual fixatives have been f.OTaldehyde 

glutaraldehyd^have^bee^used.P°taSSi“ “d 

this means is that the chemical structures of the tissue are 
, « cd^n8ed by fixation, then by dehydration in the embedding process 

and further changed during the removal of narnffi n i 4.1, . ’ 
embedding Certain of th« nííLÍ i 01 par ai Un, if that was used for iwcuuing. certain oi the chemical constituents then present are renct^ 
nf c^emical to Pro<iuce a colored product. It is the distribution 

this colored product that is vievred with the light microscope Obviouslv 

the structures seen are not the structures present in “e UvïS'ceÏÏ ?hef 

structure? ^ ¡^t* °f Cerîaln featUreS °f the ori6ihal 
frequently overlooked h? .TT^^^to^íÍs^ten 
make incorrect interpretations of the functioning of a U « on Ïhe b«ïs 

Hgurf SUCh * ftslnterPretation is illustrated by 
3# 1 a light micrograph of a frog's retina which was fixed 

the se^^Ld^^rf^a^f^Ud^^toe^rp^fL^d^11^ 

^ned 

Bote,that at the cent«r of the retina there appears a thick laver 

cells?P.macr?ne 

by metallic stair... Nevertheless, it vas thou^^^™ 
that space simply contained intercellular fluid. 8 P 1 

More recently, ex«.in.tions with the electron microscope have shown 

U 



îh?ienîîr! fPaCe t0 b€ filled by the ^1161, ceils ex«Pt for a gap between 
cells that has been variously estimated as 60Â to 200Â wide. What should 
be emphasized is that there is nothing inherently different about the 

itTTrr mcrosfpe that makes the Müller cells appear to occupy more space. 
e difference is that the electron microscopic studies were all done with 

methacryiate. or epoxy-embedded tissues, while paraffin-embedded tissues were 
sod for light microscopy. If the same embedding procedure is used on 

tissues examined with the light microscope, the Müller cells can be seen to 
fill completely the spaces between neurons. This is clearly shown by Fig. l 
a light micrograph of epoxy-embedded retina. 

The conclusion is that the paraffin-embedding process greatly alters 
the size and shape of cells, particularly of glial cells. This source of 
distortion can be avoided by using epoxy-embedding instead, for light as 
well as electron microscopy. 6 

Thf interpretations of retinal structure presented in the following 
sections (except for Section II C) are based on light and electron micro¬ 
scope examinations of epoxy-embedded retinas. 

B. Retinal layers and cel 1-¾ 

Figure 1 is the composite photomicrograph of a transverse section of a 
frog s retina (Rana ^iens). The animal was caught in early spring, had 
een kept in constant temperature and light cycle, and had been fed meal 

worms three tunes per week for a few weeks prior to use. It appeared to 
be m excellent health. The retinas from this animal were exposed to the 
iixing solution after hemisection with a razor blade of the globe anterior 
to the jra serrata. The fixative consisted of a 1% solution of osmium 
tetroxide made isotonic with sucrose and buffered to a pH of 7.4 with sodium 
veronal acetate. The mixture was cooled to 4°C and the global hemispheres 
containing the retinas were immersed in the cold fixative for 1 hoiu^at 
that temperature. The tissue was then rinsed in cold 70# alcohol for 15 
minutes (two changes). During this rinse period, while slowly coming to 
room temperature, the retinas were carefully separated from the scleral 
tissue and cut into thin strips 1 mm x 4 mm. Dehydration was completed in 
ascending concentrations of ethyl alcohol; 15 minutes In 93% and 30 minutes 
m absolute (two changes). 

An epoxy resin (Maraglas) was used as the embedding medium. The 
Maraglas mixture consists of 68$ Maraglas, 20$ Cardolite NC-513, 10$ dibutyl 

T?-2* “i"6- T»« Impregnation procedura requires 
immersion of tissue in propylene oxide for 30 minutes. (Propylene oxide 
repiaces absolute alcohol, which Is not miscible with the Maraglas mixture ) 
The tissue is then placed in a 50/50 mixture of propylene oxide and Maraglas 
for 1 hour and then into a full strength Maraglas mixture from 15 to l8 
hours (or overnight) at 4¾. A freshly-made^tu^ o^S.s^üsed for 
\linal emb®d^i^‘ The tissue is Brought to room temperature, and with an 

applicator stick the strips of retina are placed beneath the surface of the 
mixture in freshly-filled embedding capsules. A few moments Wd to 
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Fig. 1, Composite light micrograph of a transverse section 

of the retina of leopard frog (Rana pipiens ) 
About X900 - - 
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elapse, while the tissue sinks and the bubbles rise, before the capsules 

are placed into a pre-heated oven at 6o°C for a 72-hour period. 

The Maragías materials and the procedure outlined above yield better 

gross and ultrastructural preservation than any technique yet tried in our 
laboratory. 

A Porter-Blum ultramicrotome and a Venezuelan diamond knife were used 

to obtain the thick (ip) sections used for light microscopy. The thick 

sections were taken^from the knife,s edge and floated onto a drop of dis¬ 

tilled water on a 1" x 3" glass microscope slide. The slide was dried on 

a hot plate set for low heat. The sections were stained with a 1% mixture 
of borax-methylene blue and azure II, by flooding the sections with the 

staining solution. The slide was then placed on the hot plate for 10 to 
It seconds. After cooling and rinsing gently with a stream of distilled 

water from a plastic squeeze bottle, the slide was placed back onto the 

hut plate to dry. (This is necessary to prevent the sections from curling). 

The slide cari be used at this stage, the sections being still embedded 

in the Mar agías mixture. However, to obtain a more permanent preparation 

and to insure more protection for the tissue we routinely dip the slide in 

xylene and cover with a thin coverglass mounted on Permount or Histoclad 
mounting medium. 

The micrographs were made with an AO Spencer Trinocular Microstar 
microscope and camera using Kodak Plus-X Pan, with a red filter (Wratten 

No, 29) in the light beam. A 97¾ oil immersion objective was used. The 

particular retina photographed is referred to as Trial G-58. Electron 

micrographs of the same retina are shown in a later section of this report. 

C« Selective staining for 

cellular activity 

The discussion of Section II A makes clear that a stain is produced in 

a tissue section by the reaction of an appropriate chemical with certain 

chemical constituents of the tissue. Since the chemical constituents of a 

cell change with its state of activity (e.g., conduction of nerve impulses), 

in theory it should be possible to find a particular treatment that would 

stain only those chemical constituents associated with recent activity of 

the cell. Such a technique would be very useful in identifying the neural 

paths of the retina which are activated by different types of visual stimuli. 

It would even show up any parallel paths used in transmission of a given 

type of visual informationj something that cannot be done conveniently by 

electrophysi©logical techniques. Therefore, this work has included an 

exploratory study of selective staining of the retina. 

A number of procedures and treatments were tried unsuccessfully. 
Selective staining was achieved by the following procedure. A group of 
leopard frogs (Rana plpiens) were held under controlled conditions of 
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temperature, lighting cycle, and feeding for a month or longer until they 
appeared to be in a standardized, healthy condition. Next, each frog was 

™ health ÎÏ/ ttt 70ÜF t0 76ÜF- Then- ln -PletAaL- H as held with its right eye in the eye guide of the stimulation apparatus 
ag amed in Fig. 2. The left eye was covered with a piece of black velvet 

The stimulation tight was turned on for hû to 1+5 seconds, causing an image ’ 

If thw < Í °Pai ßlaS5 t0 fal1 °n the rieht retiRa‘ the ^d 
r Lrri + needle WaS PUShed thrÜU«h the nasal CorR^ Of the right eye into the vitreous humor and withdrawn. Then the syringe 

fastened .° the apparatus was advanced by a rack and pinion to a preadjusted 
corn«: ,T^ShCaused its hypodermic needle to penetrate ths right temporal 
corneal l^bus, pass under the side of the lens into the vitreous humor, 
and stop just in front of the central retina. The plunger of the syringe 
was then slowly depressed to flood the retina with about 0.5 cc of a " 

10* nfUÜrftl fornialin (PH 6.8). The nasal hole in the eye 
provided an outlet for aqueous and vitreous humor so that the hydraulic 
pressure within the eye did not rise to levels damaging to the re Una. The 
injection was finished just at the end of the stimulation period. 

loft Next, under a dim red light, a first hole was made in one side of the 
left eye by inserting a needle through the black velvet cover over the eye. 

the othe^side^f ?hr hyP°denfC syringe wa* inserted through the velvet into 
the other side of the eye, and neutral formalin injected over the retinal 

the fre'f H ? ß rSeehen ^ Pithed’ The ey« were then removed, the front halves cut off and the lenses taken out, and the eyes then placed 

was to fïï the cenT fonnalin- ^ of this procedure was to fix the cellular constituents in the state corresponding to the 
response, or lack oí response, of the cell to the light stimulus. 

+ ^ ^ er,S Were then (in the of excess tissue, marked for 
r í1Ca ÍOVÍth Turnbull,s blue fye* and washed repeatedly with fresh 

70% ethanol. They were then put in a solution of two volumes dioxane to one 
volume of water for 1 hour, transferred to 10¾ dioxane for 1-3/1+ hours, 
translerred for 1/ 2 hour to a solution of half dioxane and half paraffin 
and then kept overnight in molten 100% paraffin. 

The paraffin was solidified and the tissue block trimmed and then 15u 
thick sections cut off and mounted with egg albumin on glass slide®. The 

hï iŒKrsion twice for 15 «dnute» in water-free 
xylene, 15 minutes in absolute ethanol, and a 1-minute wash with distilled 
wBXcsr • 

The sections were stained by Immersion for 5 minutes in a 0.1% aqueous 
solution of histologic-quality methylene blue (Loeffler's alkaline Mn^thy le ne 
blue Paragon). They were washed in distilled water for l/2 minute, and then 
dehydrated by 3 minutes inmersión in 95% ethanol, 3 minutes in absolute 
ethanol, and 5 nünutes in water-free xylene. The sections were then im¬ 
pregnated with Canada balsam and sealed with cover slips. In all these pro- 

M S0M^0nE>fie gently ‘,haken by “‘»“ti”« tu. container of .olu- 
at 2 lble “1B tllted to 20° fr« the horiaontal end revolved 

9 



A - Synchronous motor, Bodine 1800 rpm 

B - Variable speed drive, reduction to 200 rpm 

C - Rotating shutter, of design shown at lower left 

D - Light tight box (with lid off in drawing) 0 - Opalglass 

E - Lamp, T12 projection type, 15O watts 

F - Neutral density filter 

G - Filter holder box 

H - Transparent shield for positioning the frog’s right eye 

I - Frog 

J - Black velvet cover over left eye 

K - Hypodermic needle 

L - Syringe filled with fixative 

M - Control of rack and pinion movement which advances needle 
into eye 

N - Heat absorbing filter 

10 



dark »d«!+fi4SlÍinUlatÍOLCOndÍtÍOnS Were used* The first> continuation of the 
h^h d Pt i1 ’ Wa! the condition for the leit eye of each frog tested and 

fn ueyes °í a iew irogs* The second was the exposure of a right eye for 40 
to 4i? seconds to a luminance of 1/4 x 26,000 footlamberts (the opal glass 

cínri^VÍeWed through a 0-60 neutral density filter). The third stimulation 

non ?" °f a right eye for 40 t0 45 seconds to a luminance of 

nu r/00íw^ertf the °Pal giaSS Wind0W vievred throu«h a 0*00 density 
fiittr) with the shutter rotating at 3-3 rev, sec and allowing light passage 
during 1/4 of each revolution. In the final experiment, of^he fectione^ 

were ir^the thlÎÎT Stimulation condition» ^ were in the second, and 6 

/, ^shows the aPPearance of a section from an eye in the first 
(dark-adapted) condition. This was typical of what had been found in each 

of many preliminary experiments. This, and all photomicrographs of the 

experiment, was made with an A0 Spencer Microstar microscope, a 4¾ oblective 

Kodak Pius-X Pan fita, and transill^nation with red Ughf^tSn fc! ^ ’ 
filter; to increase the contrast of the stain. 

rd5 0f section5 from two ayes in the second stimulation 
£°ndf4io" light). Figures 6 and 7 are of section from two eyes in 
the third stimulation condition (flickering light). 

Microscopic examination of sections of all the eyes studied showed 

marked differences in staining in the inner plexiform layer (lEL). Examina- 

:J°n SerJa4 sections of all the eyes showed that for all three conditions 
the horizontal levels of synapses in the IPL were stained in fine, long, 

parallel, horizontal lines only in certain portions of the retina. These 

alTf alWayS central 1111(1 corresponded roughly to a 4o° to 80° 
retinal field. A few retinas were found to show this staining pattern in a 

small part of the peripheral retina as well. It may be that these regions 

corresponded to the retinal portion illuminated by the opal glass window 

a"qïare 36° of Visual ^ on a side* that does not’ex- 
plam why the dark-adapted retinas also showed such limited regions. An- 

PvSfib*! ex*lanation is that the fixation happened to be more rapid and 
thorough in those regions — the hypodermic needle may have injected the 
fixative just at the retinal region. 

Whatever the explanation, those retinal regions were easily recognized 

an showed a consistency of staining pattern which was not found in other 

portions of the retina. These regions were photographed in two or mor« 

?ha£ 8 nhT °f £he 77 T a t0tal °f 47 PhotograPhs- It was noticed 
a ail 8 photographs of dark-adapted retinas showed a light, rather uni¬ 

form staining of all horizontal synaptic levels in the IPL. Figure 3 is 
typical of this appearance. d 

°f the 4 retinas given steady illumination, all the photograohs (i e 

An°fJ r^ttina lo°kelin th® F1 like the dark-adapted retina«® stainin¿. 
All the photographs (i.e., 13) of the other 3 retinas showed either a heivy 

staining of the middle synaptic level (see Fig. 4), or a heavy staininTof^ 

(see nearly aS heaVy a stainin« of nearly the entire IPL above it 
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Fig. 3 Light micrograph (about X^OO) of dark-adapted retina of 

leopard frog, fixed in the dark. Methylene blue stain 
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,Igs‘ M * Light micrographs 
I about X400) oí frogs' retit is 
which had :.,een subjected to high 
intensity, steady illuminâtion 
ior about 45 seconds before fix¬ 
ing. hee the text for details. 
Methylene blue stain. 

Hg. 4 



Figs, 6 & 7. Light micrographs (about 

X400) of frogs' retinas which has been 

subjected to the same total light flux 

as in the retinas of Figs. 4 & 5, but 
with the light flickered at 3,3 flashes/ 
sec. See text for details. Methylene 
blue stain 

Fig. 6 
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retina md Af th? ? ? ? ? Y Pumnatlon. b°th Photographs of one 
Ida?t?rt^ít ? photographs of a second retina resembled the dark- 
adapted retinas in staining of the XPL. The remaining 2 photographs of the 

.,, d ^tlUfi and all (i.e., 18) photographs of the other four retinas showed 
(seJVifl6^ 3 ain*ne of a single synaptic level near the top of the IPL 

UPticg'lev¿l0(seelig?^.8^1^ °f ^ that ieVeI the middle 

c+.- f1!26 differences in staining of the IPL correlate well with the 

IlH : rrrr-, Tlle/ phot°graPhs that did not match these criteria 
fact be Í dark-adapted rather than illuminated retinas, ard might in 
lact be portions of retinas that had not been illuminated by the rather re 

strieted light stimulus (which fell on only l/25 of the retïnaï area)! 

. , test ^hether «lese criteria were sufficiently objective to be used 

elr^ttermiT T the stairiing appearance which stimulus condition had been 

sSt accordinr?rP 0tügraPhS Shuffled ^ given “ experimenter to 
' ac^ording to appearance. In the first sorting 10 of the té photoeraoh- 

were categorized differently than had been done above. In the second 9 

out of J46 and in the third, 9 out of h6. In each ca¡e 2 to 4 photSgiaphs 

limited SUmUlUE f0ndftÍOn were incorrectly categorized. Therefore^i/this 
retin«? ?iPerment, + I'he Crito^ia chosen gaVB repeatable identification of the 
retinal staining pattern in 80^ of the cases. 

This experiment cannot be regarded as being conclusive or final It 

does show that identifiable, repeatable differences în ÜtILL ™tt¿rn 

d^LÍTAA ffferent Simulation conditions. Howe ver, *11 would be 
desirable to find whether the patterns could be made identifiable in 100¾ 

^ A “en fA 0i^ CaSeS> by W ^-^‘ting a much^large^portion of 
the retina, (b) applying the fixative more rapidly and uniformly to the 

et^n,a: Jlso> lt sh°uld be tested whether these staining patterns are re¬ 
peatable from one batch of frogs to another batch. 

Keeping these limitations of this selective staining study in mind it 

wili be shown below, as a demonstration of the utility of this^echnique 

°W the results oi> this study can be used to analyze retinal function? 

Figure 8 summarizes the results of many year's study of the froa's 
rcoina by Ramon y Cajal. The drawings indicate the appearance of the 

cellular structures which were stained by Golgi's technique (osmium fixa- 

riinni mr ?? stains)* He found that the IPL was occupied by teleden- 
drons of the bipolar cells, dendrites of the ganglion cells, processes from 

HlTCriT T1?3’ ^ processes of,the Muller cells. The ^ller cell 
processes (not shown in the drawings) occupy the spaces between the other 

processes, and could not be the fine, parallel, horizontal fliers stained 
opnht PhtiShnï Studyi neither could the telodendrons of the small bipolar 
ceils, which have too short a horizontal extension. The teledendrons of 

the large bipolar cell, the ganglion cell dendrites and the amacrine cell 
processes could correspond to the stained fibers. 
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Plate II. Cells of the Retina of the Frog; Stained with Silver Chromate 
According to the Procedure of "Double Impregnation.” 

Fig. 1. a Bipolar cells whose descending processes form three over¬ 
lapping ramifications; b dislocated (deplacirte) bipolar cell; c bipolar 
cell with a lower branching which spreads out in the fifth sublayer (g)- 
¿ bipolar cells with large upper tufts; e brush shaped horizontal cells; 
a bipolar cell which forms downward directed ramifications in the first and 
second sublayers. 

Fig. 2. a Cone nucleus; _b nucleus of the common rod; c nucleus of an 
oblique rod; c¿> nucleus of an oblique rod whose descending fiber ends in a 
point shape without a terminal swelling; d very long fibers originating from 
an oblique rod; f dislocated bipolar cell; ¿¡ Landolt club; h large or outer 
brpoiar cell; bipolar cell with three lower ramifications“ j large bipolar 
cell; r diffuse ramified spongioblasts; s_ neural spongioblasts of Dogiel. 

Fig. 3. a Nucleus of a very thick cone; b rod nucleus; c nucleus of a 
club-shaped rod; d twin cones; £ small, horizontal cell; f fiber which has 
the appearance of an axis cylinder; g large horizontal cell with finger- 
shaped branches; h,i ascending fibrils, which ramify in the outer plexiform 
layer; ¿ thick or outer bipolar cell; A amacrine cell, which spreads out 
its branches in the first sublayer; B neural spongioblast; C and E asterisk- 
shaped amacrine cells going to the second sublayer; D amacrine cell with 

í^tUOUS tUft Ín the second sublayer; F and H amacrine cell going to the 
third sublayer; L and N amacrine cell ioing to the fourth sublayer; M 
amacrine cell going to the fifth sublayer; 0 and J diffuse amacrine Fells; 
d amacrine cell which branches in two layer“ (double-stratified). 

Fig. k. a Quadrupaliy-stratified branched ganglion cell; b and f 
ganglion cells which branch in the second sublayer; d ganglion “ell going 
to the first sublayer; c ganglion cell with granulóse tufts in the fourth 
sublayer; e ganglion cell with diffuse, delicate branches; g radiating 
fibrils spreading out in two layers, possibly arising from a ganglion cell; 
— d®scentFingj fibrilar, radiating splintering of a protoplasmic stem, which 
probably arises from an asterisk-shaped amacrine cell. 

Fig. 5. a Inner segment of a common rod; b outer segment with dark 
cross striations; d club-shaped rod with threadTshaped base; e club-shaped 

conic&l, thick foot whose nucleus (b) lies beneath the external 
limiting membrane; JL cone nucleus. 

fig. 6. Ganglion cells: a giant cell which ramifies in the second 
sublayer; lj ganglion cell with diffuse, ramifying tuft; c giant ganglion 
cell which spreads out in two layers (second and fourth "sublayers); d triple- 
stratified, ramifying ganglion cell; f and £ medium-size and small double- 
stratified, ramified ganglion cells; ê ganglion cell with granulóse tuft in 
the fourth sublayer; h and k nerve fibers which appear to infiltrate the 
inner plexiform layer. 
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Ramon y Cajal noted five principal horizontal synaptic levels in the 

1FL, and numbered then 1 th.xugh 5, starting at the top. In the present 

study, although the levels are not always easy to identify, it appears that 

steady illumination resulted in heavy staining of level 4 (our Fig. 4) or 

levels 4, 3, 2 and perhaps 1 (our Fig. 5). Flickering illumination resulted 

in heavy staining of level 2 (our Fig. 7) or levels 2 and 4 (our Fig. 6). 
From Ramon y Cajal*s work it appears that the cells whose processes occupy 

level 4 and no other level are certain amacrine cells (his Fig. 3N. l) and 
a small ganglion cell (his Fig. 4c and Fig. 6e). Levels 4, 3, and 2 are 
occupied by the dendrites of a ganglion cell (his Fig. 4a). Level 2 alone 

is occupied by processes of certain amacrine ceils (his Fig. 3E, D), the 
telodendron of the large bipolar cell (his Fig. 3» j), and the dendrites of 

certain ganglion cells (his Fig. 4, b, f). Levels 2 and 4 are jointly 
occupied by dendrites of certain bipolar cells (his Fig. 6f, g, and c). 

Functionally, the ganglion cells of the frog*s retina have been divided 

into five classes by Lettvin et aL2»3 These classes are tabulated below. 

Table I. Functional Classes of Ganglion Cells in the Frog*s Retina 

Class Class Phenomenon Hartline * s Abun- Conduction 

No. Häme it Detects_Class dance Rate of Axons Size of Field 

1 Sustained Edge 

edge 

2 Convex Bug 

edge 

3 Changing Event 

contrast 

4 Dimming Adaptation 

5 Darkness Darkness 

ON Many 

-- Many 

ON/OFF Less 

OFF Few 

? Few 

Slow 

Slow 

Fast 

Fast 

? 

1° - 3° 

2° - 5° 

7° - 12° 

10° - 15° 

Large 

The second and third stimulation conditions used in the present 

selective staining study both presented the same total amount of light to 

the same size area on the retina. The difference was that in one condition 

the illumination was steady, in the other it flickered at 3.3 cps. The 

flickering illumination would be expected to excite the ganglion cells of 

class 3, which respond to any change of light distribution in the region of 
retina to which each is connected (its receptive field), and class 4, which 
respond to any dimming of light on the receptive field. Both these classes 

of ganglion cells have axons that conduct nerve impulses at a fast rate. 

Therefore, the axons are probably large in diameter, and, from the relations 

observed in other neurons, the ganglion cell bodies are probably large, also. 
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From the ^ fact that both these classes of ganglion cells have large receptive 
It ^ Can be exPected that will have large horizontal spread of 
their dendrites. The only ganglion cells in Ramon y Cajal*s drawing which 
show both large cell bodies and large dendrite spreads are those of his 
it,. > d and his Fig. 6a, c, g. Of these cells, all except that of 

■ 4»d their dendrites in exactly those synaptic levels which stained 
Jgavily in the 1licker-Illuminated retinas.From this it seems likely that 
the selective staining procedure of this study stained most heavily the 
££ri;.rites or dendrites synapses of those ganglion cells being most actively 

This conclusion can be tested by seeing whether it also holds true for 
those retinas which were steadily illuminated. There are no ganglion cells 
that respond to the presence of steady, uniform illumination, " However, 
classes 1 and 2 ganglion cells respond continually to the presence of con¬ 
tours Uight gradients) in their receptive fields. Such contours were 
present in the stimulus in the form of the image of the coiled lamp filament 
seen through the opal glass and the edges of the opal glass. These two 
classes of ganglion cells can be expected from the size of their receptive 
fib Ids and the conduction rate of their axons to have small dendritic 
spreads and. small cell bodies. The only ganglion cells in Ramon y Cajal’s 
drawings which have those characteristics are those of his Fig. 4, a c e 
and his Fig. 6, e. Of these, all but the one of his Fig. 4, e have den- 
drites inexactly those synaptic levels which were stained most heavily in 
the steadily illuminated, retina. The conclusion is confirmed. 

^16 retinas kept dark-adapted did not show any heavy staining of the 
•’ ^Vt;n though the class 5 ganglion cells (darkness detectors) would be 

expected to be active. But this may be because those ganglion cells are 
lew or because their dendrites are diffusely located in the IPL (such as 
Cajal*s Fig. 4,g and Fig. 6b). 

Another piece of knowledge that can. be extracted frcm this selective 
staining study is the type of information carried by the large bipolaxs. 
According to Ramon y Cajal (his Fig. 3, j) most of these bipolar cells have 
a large dendritic spread at the outer plexiform layer and a large teledendronal 
spread m the upper levels of the IPL. It is an upper level (level 2) which 
contains the dendritic endings of both the event and the adaptation detectors, 
bmce any change in adaptation distribution would also qualify as an "event" 
the event detectors can be expected to connect to cells conveying information 
as to the adaptation state of the visual receptors in the various parts of 
the receptive field. Therefore, it can be expected that the synaptic level 
common to the event and the adaptation detectors (level 2) is the location 
of the teledendrons of the cells carrying adaptation information. The larce 
.JH2lar because of their large spread of teledendrons in just that 
level, are the cells which best meet this criterion, and therefor® are most 
likely the carriers of adaptation information. - 

It should be noted that according to Ramon y Cajal a «m«»i i percent of 
large bipolar cells differ from the ones discussed above in having smaller 
dendritic and teledendronal spreads and in having their teledendrons terminate 
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at leveis other than level 2 (e.g., his Fig. 2, h, j). The function of 

these large bipolars cannot be determined at present. 

Some further information can be extracted regarding the other classes 

of detectors. Only the class 1 and 2 ganglion cells were expected to be 

active during steady illumination. As mentioned above only two types of 

ganglion cells described by Ramon y Cajal (his Fig. la, c) correspond to the 

selective staining and functional characteristics of these two classes. 

Since class 1, the edge detector, is known functionally to have the smaller 

receptive field, it probably is the ganglion cexl with the smaller dendritic 

spread, (his Fig. 4c). Ramon y Cajal found this type of ganglion cell was 

extremely common, and the edge detector is found functionally to be very 

common. This leaves his Fig. 4a as probably the bug detector. 

The edge detector has its dendrites in level 4 of the 1PL, therefore, 

this level contains the terminations of the cells carrying information as 

to light intensity gradients or edges at the receptors. The amacrine ceils1 

terminations there are too widespread to provide the small receptive field 

of the edge detector. This leaves only the small bipolar cells (his Fig. l) 

as the carriers of edge information. 

The bug detectors, also, synapse at level 4 and get edge information. 

This is reasonable, since they report the presence of a particular kind of 

edge (that of a convex dark region) in their receptive field. The other 

synapses of the bug detector ganglion cell in levels 2 and 3 must provide 

the additional information needed to distinguish this particular edge. 

Level 2 has already been shown to carry information as to the state of 

adaptation of the region, and thus could signal the presence of a darker 

region within an edge. What information is carried by level 3 is not known.. 

There is a certain type of amacrine cell which according to Ramon y 

Cajal sends a radiating pattern of very long processes, some longer than, a 

millimeter, within level 4 of the IFL (his Fig. 3, N). Since that is the 

level of edge information, and that type cell would integrate such informa¬ 

tion over a large area, it may be that such a cell, type is concerned with 

recognition of the granularity (edgedness) of a light pattern. Where such 

information would be transmitted by an amacrine cell, which lacks an axon, 

is not known, so this suggestion cannot be readily tested. 

Other sections of the retinas tested were stained with acridine orange. 

This did not show any readily recognizable differences in staining between 

the steady and flicker illumination conditions, but both of these showed 

more intense staining of the nuclei and cell bodies than did the dark-adapted 
condition. 

In summary, even this exploratory study of selective staining has shown 

the great value of such techniques for unraveling the relations between cell 

connectivities and information processing function. Grateful acknowledgment 

is made of the Inspiration provided by Dr. Jerome Lettvin, who in one paper4 

and his unpublished studies anticipated a number of these findings. 

20 



D. T'jpoiug/ -jf ^ajiglion cells 

A sample study was made of the exact spatial arrangement of a ganglion 

cell^and its processes. A light adapted retina of han a eatesbiana (bull- 

fr°g) was stained by the Golgi technique and sectioned serially. Two par¬ 

ticular ganglion cells which had staind heavily were traced microscopically 

through the sections. The locations of all points of branching or inflec¬ 

tion were measured in three dimensions and from these measurements the top, 

front, and side views of the cells were drawn to scale (Figs, 9 and lO). 

The work is extremely tedious and lengthy — these two figures represent 
six man-weeks of effort. 

At first it was attempted to vitally stain the living, isolated retina 

with methylene blue dye and examine the retina immediately with the light 

microscope. It was hoped that this procedure would minimize the distortion 

produced by mechanical processes such as embedding, sectioning, mounting, 

and shrinkage during fixation. This technique was abandoned because the 

neural cell processes did not stain heavily enough to be traced for their 
entire lengths. 

Serial sections of the retina stained with methylene blue gave better 

visualization, but were still not adequate. By far the best results to 

date were obtained with the following modified Golgi technique. 

A Rana eatesbiana was light adapted for 20 minutes in a white enameled 

paii from a 100 watt light bulb. Both eyes and the brain were removed, 

hemisected and placed in a 50 cc 1^ cobalt nitrate-6 cc formalin (pH 3.1) 
fixing agent for 24 hours at room temperature. The tissue was removed and 

washed in distilled water for 20 minutes, then placed in a 1% solution of 
AgN03 at 37°C for 24 hours. Then the tissue was washed In distilled water 

and placed in hydroqui no ne reducer (Cajal*s) for 16 hours. The tissue was 

removed and placed in 2$ celloidin and methyl benzoate for 48 hours at room 
temperature. It was then placed in benzene for four hours at room tempera¬ 

ture, transferred to fresh benzene for four hours at room temperature, then 

placed in 50%/50% benzene-paraffin for 15 minutes. After one hour in paraf¬ 

fin, it was imbedded by paraffin/celloidln (2%) at 540-56°C. It was then 

serial sectioned, in 15 micron thicknesses. 

The serial sections were examined with the light microscope and one of 

the selectively stained ganglion cells and its processes were traced through 

a group of adjacent sections. An American Optical Microstar microscope was 

used, and observation progressed (using a 15x eyepiece) through lOx, 2Qx, 

43x objectives and a 97x oil immersion objective. After all structures of 

the ganglion cell were identified, separate sketches of the portions of 

this cell in each section were made using the 97x oil immersion objective 
and a lOx eyepiece with a reticule. Each unit on the reticule grid corre¬ 

sponded to a 10|i distance at the plane of focus (as determined with a stage 

micrometer). The drawings were made on graph paper to correspond with this 

grid and depth measurements were made in microns by means of a calibrated 

depth of focus adjustment. Using points of reference in the sections to 
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determine orientation and alignment of the individual drawings, composite 
drawings were made of a side view of the cell; that is, a view of a plane 
perpendicular to the inner surface of the eye. From this composite drawing 
and the depth readings a top view are derived, (that is, a view of a plane 
parallel to the inner surface). These drawings of one such ganglion cells 
are shown in the attached figures. 

Figure 9 is of a ganglion cell which has almost all its dendrites in 
level 2 of the UPL. It resembles the cell of Ramon y Cajal*s Fig. 6,a 
(Fig. 8), and is probably an adaptation detector (see Section C previous). 
The top view shows that its dendritic field is only roughly circular. 

Figure 10 is of a ganglion cell which has most of its dendrites in 
levels 2 and 4 of the IFL. It resembles the cell of Ramon y Cajal*s Fig. 
6»g (Fig. 8), and is probably an event detector. It can be seen that its 
dendrites are not symmetrically arranged. Thus, the top view shows that the 
dendrites at the top of the view go only to synaptic level 4 (edge informa¬ 
tion), while the dendrites at the bottom of the view go primarily to synaptic 
level 2 (adaptation information). This should make the ganglion cell re¬ 
sponsive to adaptation changes on one (top) side of its receptive field and 
to edge changes on the other (bottom) side. Presumably, such a ganglion cell 
would respond to dimming, but not light redistribution in the top half of the 
field, and vice versa for the "bottom" half. Such a detector would respond 
especially well if the dark image of an animal*s body fell on the "top" half 
of the field and the moving legs were imaged on the "bottom" half. 

E. Ultrastructure of the frog>s retina 

1. Techniques of electron microscopy 

The retinas whose electron micrographs appear in this report were 
prepared by osmium tetroxide or potassium permanganate fixation and by 
embedding in either Epon or Mar agías epoxy resins. The osmium fixation has 
been described in Section II B. The potassium permanganate fixation proce¬ 
dure is the same except for the fixative used. The fixative is made up from 
stock solution #1, which consists of 8.35 ml of 0.1 N HC1 in 1000 ml of 
doubly distilled water, and stock solution #2, which consists of 19.02 gm of 
0.14 M sodium acetate and 28.86 gm of 0.l4 M sodium veronal brought to 1000 
ml with doubly distilled water. Equal parts of stock solutions #l and #2 
are added and adjusted to pH 7.4 with Tris buffer to make the veronal acetate 
solution. The osmium fixative is prepared by adding equal parts of the 
veronal acetate solution and a 2f> aqueous solution of osmium tetroxide and 
then chilling. The potassium permanganate fixative differs only in that a 
2% aqueous solution of potassium permanganate is used instead of the osmium 
tetroxide. 

The Mar agías embedding procedure was described in Section II B. 
The Epon embedding procedure was the same through the dehydration. The 
tissue is immersed in propylene oxide for 15 minutes. It Is then placed for 
15 minutes in propylene oxide containing about 10jt by volume of Epon embedding 
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fun IL rs thorou«hli stirred in. The tissue is then Iinmersed in the 
full strength Epon mixture for 2 to 3 hours. Capsules are filled with the 

tissue strips laid on the surface of the mixture. AfteÏ the 

ofÎ^erhe ^ ^ 

^ The Epon embedding mixture is formed from stock solutions A and B 
Stock solution A is 62 ml of Epon Ö12 in 100 ml of dodecenyl succinic 
anhydride (DDSA). Stock solution B is 100 ml of Epon 812 mixed with 89 ml 
ol *thyl „Mi= anhydride (MNA). The solutiona arfhept r"”ger^dln«l 
Just before use, when they are warmed to room temperature, or at lelst 

benlvldiLfhT’ miXe? together thoroughly, and then 2¾ by volume of 
benzyidimethyl amine is added. 

ch . The bloclis of embedded tissue were trimmed to a square pyramidal 

dirnrL??e h °n «'I ultramicrotome w.Uh a nS^ont 
diamond knife having a U50 cutting angle. The sections floated onto a water 
urface, were picked up on carbon-coated copper grids and air dried The 

gIldI Tle t)len ijnmersed in a saturated solution of uranyl acetate in 70¾ 
Snfof f? kl “inutes; Each «rid grasped at"L e¿ Íitt the 
thP LrCepS’ lifted out* rinsed first with clean 70¾ alcohol and 
frL W1L L y dlstilled water squirted gently onto it at a 45° angle 

a P as tic squeeze bottle. The grids were then immersed for 30 minutes 
in a small covered container holding a lead citrate solution. The solution 
is made by combining in a 50 ml volumetric flask I.33 g® lead nitrate 1 7f> 

u“rat!’ Na3 and 30 ml of dlaUUafihe 
repeated to stuv¡ tor ™ minutes, ais is 
LS t0 V*™11 con,Plete conversion of the lead nitrate to 
lead citrate. Then 8 ml of 1.ÛN sodium hydroxide is added and the mixturo 
is diluted to 50 ml with distilled water, then mixed by inverting the flask 
several times. The lead citrate dissolves, and the stlinïsÎe^o Se 

a04. , staining» t*16 grids are washed again as described above 
After air drying the grids are ready for placing in the electron microscope. 

^ 4. RCk’^ electron microscope with a double condenser lens was 
used at jO or 100 kV with Ilford No. 4o glass photographic plates 2" x 10" 

<If th26? thrfefULaCknOWledi!ment 18 to I)rs• jD- ^arpelli and M. Greider of the Pathology Department of this University for allowing the use of the 

techÍique^Cr0SC0Pe ^ ^ some of thL 

The retinas were all from leopard frogs (Rana pipiens) 
e retinas. This has all been treated the same prior to fixing the 

described in Section II B. 

which had 
been 

Regina G3Ö was fixed with osmium tetroxlde atuI 4« u., 
Hetma 060 was fixed in potaasim permanganate and embedded In Itaraglaa.** ** 

2. IUu.tr.tive electron micrograph, of the frog', retina 

l*e legend for each appear, oppo.it. the nicrogr»ph. 
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Fig. 11. Electron micrograph (G58) is a portion of two cuboidal 

pigment epithelial cells. Numerous lameliated structures (L.S.) k to 5 
microns long are shown in the basal halves of these cells whereas smaller 

similar structures are found in the apical halves. The typically round 

nucleus (N), a large complement of mitochondria (M), and a large lipid 

droplet (L.O.), bound by a dense peripheral region, are commonly found in 

this type of cell. Pigment granules (P.G.) which have a wide range of 

sizes and shapes, occasionally appear to be surrounded by a dense protein¬ 

like ground substance (arrow at center). Other pigment granules appear to 

float freely in the cytoplasm, while still others are located in the pig¬ 

ment epithelial cell processes (arrow at bottom), which extend as far as 

the inner segments of the receptors. A large number of vesicles (V), 

some of which appear in close apposition to lameliated bodies (arrow at 

left), make up the smooth endoplasmic reticular system and are generally 

believed to contain metabolic substances (enzymes?) transported by the 

ceU.- These vacuoles are so numerous that they appear to take up a 

greater volume of space than the ground substance of the cytoplasm.6 

Such a vast system of endoplasmic reticulum indicates a highly active 

cell. Some of the vacuoles may be attributed to fixation artifact. 
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Iig‘ l2’ Electron Aerograph (G58) is a dense osmiophilic lamallated 
struct^« four.d in a pigment epithelial ceU. This myelin íi^re is apíroXÍ 
ately in diameter and has a membrane periodicity of 80Â - 1Q0Â The 

TiZiïlllZ?*1* SVTlyt m0n than the of - ^ tne total distance covered by two membranes and one interspace is approxi- 

ïhTïh100^0 200Ä' Therefore’ the membranes in this structure must approach 
the thinnest membranes resolved with osmium-fixed material.6 P 

mnv KSeVe+raÍ c^efts formed by apparent separation of the lamellae This 

aSe^cT haG CaUSed by polyi,ierizatlori dresses. This myelin-like figure 
suS^neÍ r surrounded by a unit membrane which also encloses some grSLd 

wUh ííarr0W)*. At the l0Wejr 5ißht Side of the figure is a Golgi comp Lx 
thoseLf IT aSS<??lafed vesicles (compare the size of these membranes with 
those of the myelin figure). Dense granules of glycogen-like particles are 
also seen in the matrix of the cytoplasm (g). particles are 
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pro + hFi?*i13\iEieCir0n micr°eraPh shows a junction of three pigment 
epithelial cells. Numerous vacuoles (V) ranging from less than O.iu tT 
l.C*i across are shown in the matrices of these cells. (The contents of 
the vacuoles are probably metabolites or synthetic materials produced by 
the cell.) Some of the vacuoles (smooth E.K.) are almost empty while 
others appear to be completely filled with an amorphous material (arrow), 
lhe pigment epithelium plays an important role apart from the phenomenon 
oí pigment migration in that those metabolic substances, which are essential 
:° „TÍ*1 Perc^Phion, pass through the pigment epithelial cells.2 Numerous 
onofilaments (f) in single strands and in aggregates (arrows) appear in 

e peripheral region of the cell. These filaments are commonly found in 
most types of epithelial cells and are presumed to add support to the soft 
cell. Glycogen-like particles (g) and mitochondria (m) are also present 
in these cells. In the lower right corner of the micrograph is a folded 
membrane system resembling a Golgi complex in which the membranes surround 
vacuoles at the edges of the folds. 
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Fig. lU. Electron micrograph (G5Ö) is an atypical outer segment of 

a retinal rod which extends to the pigment epithelium. Along one side 

of the outer segment (O.S.) is a lame Hated system of membranes (m) 

which lie perpendicular to the rod discs. This membrane system extends 

for more than 25u along the outer segment, and ends with its tip near the 

mid-line. From the pigment epithelium cells (P.E.) processes (p) which 

contain pigment granules are seen extending into the interstitial space 

outside of the outer segments. These processes have been observed to 

extend as fax as the visual cell inner segments and the villous processes 

of the Muller cells. The pigment granules are often seen in close con¬ 

tact with the outer segments.7 Upon illumination of the retina free 

radicals axe generated in these granules.8 It may be that these free 

radicals of the granules react with the outer segments, either chemically 

or electrically, in the response of the rods to light. Also, since it is 

believed that the pigment epithelium supplies metabolites for the outer 

and inner segments, as well as the general retinal metabolism,5 the pig¬ 

ment processes (which also contain E.R.) could serve as convenient 

vehicles for the transport of metabolites in addition to the migrating 

pigment granules. 





Fig. 15. Electron micrograph (G5Ö) is a more detailed picture of the 
lame Hated membranes of the peculiar retinal rod. 

The perpendicular membrane system appears to be a folded system of 
about eighteen triple layered membranes (arrow). These membranes have the 
same membrane width and interspace as do the rod discs (see Fig. l6 for disc 
membrane dimensions). Note how the plasma membrane (arrow at right) con¬ 
tinues around the folded membrane system. The large vacuoles (V) located 
between the two sets of lamellae suggest that the outer segment is under¬ 
going further development of its lamellar organization. Fissures (F) which 
separate stacks of rod discs are clear*ly shown where the disc membranes 
form loops (lower arrow). Other fissure-like structures, which either are 
the beginning of fissure development or are the result of a linear Irregularity 
of the membranes, are also seen (fl). 

In the top part of the electron micrograph are pigment processes (PJ1.). 
Two to three pigment granules (P,G. ) are located within the plasma membrane. 
In addition, each granule is surrounded by another unit membrane which in¬ 
dicates its lack of contact with the cytoplasmic ground substance of the pig¬ 
ment cell. Glycogen-like particles are also found in the processes. 
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Fig. 16. Electron micrograph (G58), is another rod outer segment 

shown in detail to illustrate the regularity of the outer segment discs. 
"T? oi' fatened discs are formed by two dense membranes, each of 
which is about 70Â thick, enclosing a less dense space which is about 
I5OA thick at the middle of the disc and about 250A thick at the 
peripheral loop making up the edge of the disc. Numerous single mem¬ 

brane structures are located in the peripheral border of the rod. 

Many appear to be flattened, others are round. These organelles are 

believed to be developing forms of the discs that make up the outer 
segment. 
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Fiß* 1/. Electron microgrtph (G^8) is an accessory cone cell. The 

lamellar organization of the outer segment of the cell appears to be under¬ 

going further development. Notice how the vesicles are arranged in a linear 

formation. There appears to be a row of vesicles for each triple-layered 

membrane adjacent to them. This could mean either the development of the 

membrane system or its breaking down, but is probably the development, since 

this preparation came from a young, apparently well-nourished frog. The 

connecting cilium (CC) with its filaments and basal plate are clearly visible 

in the micrograph. Fragments of a ciliary rootlet (arrows) are also visible. 

The calyx (C) of the cone cell extends along the left side of the outer seg¬ 

ment for approximately 2p. A number of mitochondria (m) and glycogen-like 

particles (p) are fourd in the inner segment. Two pigment granules, (PG) 

bound by a membrane which sometimes can be seen to be continuous with the 

endoplasmic reticulum, are enclosed within the plasma membrane of the pig¬ 
ment process. 
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«nt M T“ mcr°eraPh (056) is s portion of a rod inner seg- 

idêrtlfiiîV H) a “ COne lrlner Segment on the rieht- «üs arf 
¿ithiftheir • characteristic types of mitochondria that are found 

1" ;nner «Bnent. The cone has very we U-defined cristae in the 

poorly°defined?rrOW ^116 ^ °f tte rod (^™) 

r?rt ÍTr FeSment has a larße accumulation of giveoc-en-like 
?SER)C>fS h*PÍ’ .nOSt 0f WhlCh are arraft6ed in rosettes. Smooth vesicles 
(SER) of endoplasmic reticulum are also found among the glycogen routes 

retic^lCOn?h!en,haS1IS,,l00th and rOU€h (REE) varieties of endoplasmic 
a^e ass^iat^ewithSth Ü abUf8/106 of K-N*P- granules, most of which 
are associated with the rough endoplasmic reticulum. Neurofibrils are seen 
along the right border of the cone cell (lower arrow). 

Although the cells are contiguous, they are separated by an interspace 
of approximately 100 - l^OA. All the cells of the frog»s retina 
separated by a similar interspace when fixed in osmium tetroxide (OsO*).9»^ 
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Fig. 20. Electron micrograph (0^6) is a cross section of three 

visual cells. Two of the cells are sectioned through the nucleated 

region and show thin fins (F) of cytoplasm extending radially from the 

cell body. Where the fins or cell body come in contact with another 

cell, at the level of the outer limiting membrane, there is a dense 

condensation of substance on the cytoplasmic sides of the membranes 

which forms a terminal bar (arrows). There the interspace between 

plasma membranes of adjacent cells is considerably less than normal. 

These terminal bars provide mechanical stability and probably prevent 

movement of substances from the aqueous space above the limiting mem¬ 

brane into the gaps between the visual cells. The fins increase the 

amount of visual cell surface exposed to the aqueous space. 

Located in the aqueous space between the two visual cells and among 

the villous processes (VP) of the Millier cells are ciliated endings, 

called Landolt clubs (L.C.), of the small bipolar cells. Within the 

plasma membrane is a cilium which has nine groups of filaments arranged 

^ ® ^formation. Each group of filaments appear to form a triad 
of fibrils. The central group has not been resolved. 

A cone cell in the upper right corner is identified by its char¬ 
acteristic mitochondria. 
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Fig. 21. Electron micrograph (G56) is an enlargement of a region 
like that shown in Fig. 20. The cilium extension (C.E.) from a Landolt 
club is seen in cross section at the upper right. At this level it 
shows 9 groups of peripheral filaments, but seems to be losing its cen¬ 
tral groups. 
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Fig. 22. Electron micrograph (G58) is a region of the near the 

outer limiting membrane. Portions of two visual cell myoids (My) are yisibie 

on each side of the micrograph. At the top center, a Landolt club ending 

appears in two portions. The isolated tip extends up among the villous 

processes (VP) of the MCller cells (MC) and contains a cilium cut at an 

oblique angle. The main process of the Landolt club (L.C.) contains the 

other centriole (Ce) and has numerous vacuoles (v) and mitochondria W 

within. The Muller cells, which lie in close proximity to the Landolt club 

and visual cells, but can be distinguished from neurons by the absence of 

neurofilaments, have a large deposition of glycogen-like particles Jp; as 

well as mitochondria (m on lefw. Note how the Mtlller cells o 

vertical strips of cytoplasm (f). 

The outer limiting membrane consists of dense condensations of osmio- 

philic material on the cytoplasmic sides of the plasma membranes, called 

terminal bars. The terminal bars are believed to serve as adhesion plates 

which maintain rigid ceU-to-cell spatial relationships. Note that the 

terminal bars (T) are formed only from a Mtiller cell to a visual ce^> * 

Muller cell to a handelt club; or a Muller cell to a Müller cell. Terminal 

bars are also found between visual cells, as in Fig. 20. They have never 

been found between Landolt club and visual cell, those two cells always 

being separated by Muller cells right up to the outer limiting membrane. 
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Fig. 23. Electron micrograph (G58) is a topographic view of the visual 
cell nuclear region showing many of the structures already mentioned. The 
section is oriented with the sclerad direction toward the top left. Several 
visual cell nuclei (n), myoids (m) , and synapses (s) are shown. Landolt 
clubs (L.C.) with their ciliated endings, and Muller cells with their 
cytoplasmic folds (F) and villous processes (VP) are also clearly shown. 
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Fig. 24. Electron micrograph (G58) shows portions of two Landolt 
clubs (L.C.) located between two visual cells (V.C.). Each club is 
separated by Müller cells (M.C.) from other cell types. Only a thin 
strip of Muller cell separates the right-hand club and visual cell. 
This Landolt club has been traced for more than l6|i. Its widest portion 
measures about 2p across and is located near the synaptic region of the 
visual cells. Its outer ending is visible in this micrograph. It is 
dart-shaped and tapers off into the ciliated portion (C), which con¬ 
tains the fibrils of the cilium surrounded by a scant rim of cytoplasm. 
At the bottom, the Landolt club appears to branch (ß) toward the right 
through a gap (ga) in the Muller cells and possibly contact the visual 
cell below the nucleus (n). Numerous neurofibrils (nf) are seen within 
the Landolt clubs as well as the visual cells. The lefthand Landolt 
club contains the type of mitochondria (m) which are characteristic 
for this kind of neuron. A high concentration of glycogen-like par¬ 
ticles (g) appear in the Miller cells, visual cells and the Landolt clubs 
in this region of the retina with this particular embedding and staining 
procedure. The fin (f) of a visual cell is seen top right among the 
villi (v) of the Muller cells. 
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Fig. 25. Electron micrograph (G5Ö) shows the unique structure of the 
Muller cells (M.C.) in the region of the visual cell nuclei (V.C.N.). 
Much of the cytoplasm of the Muller cells are bound in thin sheets which 
are folded many times. This is especially true between the visual cells 
and between Landolt clubs and visual cells. The folds of cytoplasm con¬ 
tain an. abundance of dense granules which resemble in size and shape the 
glycogen particles commonly observed in amphibia with this type of prepa¬ 
ration (lead complexing stains). 

Numerous vacuoles are scattered throughout the folds, Some of these 
vacuoles have been traced directly to the aqueous space between the visual 
cells, among the villous processes. Since the vacuoles are restricted 
entirely to the Muller cells, it is probable that there was a difference in 
tonicity between the Muller cells and neuronal elements. 

The mitochondria (m) are an unusual variety. Rarely do they have well 
developed cristae, but they nevertheless seem to resemble mitochondria in 
every other respect. They sometimes adhere to the plasma membrane of the 
Muller cell and are thus in direct proximity to the visual cell. ## It has 
been suggested that metabolites are transferred there from the Muller cell 
mitochondrium to the visual cell.u 
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Fig. 26. Electron micrograph (G58) is a visual cell — bipolar cell 

synapse. This micrograph includes most of the common characteristics of 

this specialized synapse. 

Extending into the synaptic region from the upper right is the pre- 

synaptic endfoot of a visual cell. Notice the large complement of synaptic 

vesicles (v), which range from 400Â to 200Ä in diameter. Three rather long 

synaptic ribbons (SN) about 250Â in width, which sometimes appear as double 

bands (arrow) show the characteristic alignment of synaptic vesicles in rows 

along each side. Just beyond the lefthand tip of each ribbon is a thickening 

and increased density of the cell membrane which comprises the synaptic inter¬ 

face. Where there iß a change in thickness, staining properties, or separa¬ 

tion of the plasma membranes, or where one finds a special structure adjoining 

the plasma membrane, it seems probable that in that region specialized celi- 

to-cell transfer occurs. This transfer might be of chemical or mechanical 

or electrical energy.12 Those surface contacts, which are capable of the 

rapid intercellular transfer of activity, are called Msynapses.*'13 At the 

left center is a bipolar cell process (bcp) with its swollen ending making 

direct synaptic contact with the visual cell. There seems to be a lack of 

synaptic vesicles in that process, which is the post-synaptic element of the 

synapse. 

Each synaptic membrane appears to be about 70Ä to 100Â thick and they 

are separated by a space of approximately 1Í?0Ã to 300A. Below, another 

neural process (NP) shows neurofilaments (nf), glycogen-like particles (p) 

and other inclusions. 
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Fig. 27. Electron micrograph (G56) shows a region of the outer plexi¬ 
form layer which includes a synaptic complex (SC), and a horizontal cell 
with many neural processes. 

The horizontal cell, whose nucleus (N) is in the lower part of the micro¬ 

graph, has processes (P) which have been traced for a distance of approxi¬ 

mately 56u. This particular type of horizontal cell (neuronal) is charac¬ 

terized by its numerous mitochondria (m) both in the soma and the distal 

processes. Other types of horizontal cell processes have fewer mitochondria 
but have a larger number of neuronfibrils (nf). 

60 



i. 



Fig. 28. Electron micrograph (G6q) shows two bipolar cells (BPC) 
separated by Muller cells (M.C.). A group of horizontal cell processes 
are visible at the top right corner. This micrograph was of a preparation 
intended to demonstrate unit membranes. The "plasma membrane" in potassium 
permanganate (KMn04) fixed material, such as this, generally appears in 
cross-section as a pair of dense lines about 20Ä thick separated by a light 
interzone about 25Â to 35Â across.9 The membranes in this preparation 
appear to have these membrane dimensions in only a few places (arrows) but 
the matrices of the cells are conspicuously devoid of cytoplasmic detail. 
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Fig. 29. Electron micrograph (G60) is of an amacrine cell (AC) bounded 
on three sides by Muller cells (MG) and on the fourth side by another 

amacrine cell. Unlike the bipolar cells, whose nuclei take up almost the 

entire soma, the amacrine cells have rather abundant cytoplasm. The nuclei 

(N) are quite frequently pushed over to one side and are occasionally 
lobate (arrow). In the cytoplasm one can see many vesicles of smooth 

endoplasmic reticulum (E.R.) and mitochondria (m). Globules of amorphous 

material of various densities are common in these cells; which suggests the 
production there of a neurosecretory material. 

Notice the desmosomes or adhesion plates (D). One is located at an 

amacrine cell to Muller cell junction, and the other at an amacrine cell to 

amacrine cell junction. In the lower right corner of the micrograph is a 

dense radial fiber (rf) of Muller cell cytoplasm. This type of radial 

fiber extends vitrad through the inner plexiform layer to end with its 
footpiece at the inner limiting membrane. 
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Fig. 30. Electron micrograph (g58) is of the innermost region of 
the retina. Ganglion cells (G.C.), Millier cells (M.C.) anc bundles of 
optic fibers (o.f.) make up the major portion of this region. The inner 
plexiform layer (IFL) is visible in the upper left corner. Vitrad to 
the internal limiting membrane (iLM) is a capillary. The lumen (l) of 
the capillary is surrounded by an endothelial cell which has a dense 
nucleus (n) located to the right. 

It is commonly known that nutrients which supply the retina are 
absorbed through the capillary walls into the retina proper. Note in 
the capillary wall, as well as within Muller cells, at the vitrad border 
of the retina, the accumulation of particles which may be glycogen or 
some other polysaccharide. 
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III. ADAPTATION AND THE LANDOLT CLUB 

A. Evidence for an adaptation signal 

It is known that the threshold intensity of a light flash required for 

seeing the flash is raised by the presence of a background illumination. 

In a recent review15 the evidence was summarized that the background light 

is not acting directly on the rods and cones. Further, that even indirectly 

it is not acting to raise the rods* thresholds for signal output in response 

to absorption of photons; at least, not in the processes prior to the one 

which is saturated by a bright light. Liste ad, a signal is spread in some 

way from the receptors that have absorbed photons (from the background light) 

and causes the signal outputs of the neighboring receptors (in response to 

photons from the test flash) to have less effect at the pool where the out¬ 

puts are summed and the sum sent on further towards the brain as a signal 

of the brightness of the flash. The output-reducing signal will be called 

the "local adaptation signal" (LAS). 

It is also known that following exposure to a bright light the thres¬ 

hold for visibility of a test flash is raised, and this threshold drops 

subsequently in the dark. At any instant during this dark adaptation the 

retina acts as though there were an equivalent background illumination 

present. If the threshold is measured against a bright background during 

dark adaptation, it is found that the real and equivalent backgrounds sum 

linearly. This and other evidence indicate that the LAS is the level of a 

neighborhood pool into which each photo-activated molecule of visual pigment 

adds an increment (usually the same for all molecules), while the level of 

the pool is steadily depleted as a function of regeneration of the visual 

pigment. The actual relation is 

LAS + Z = Z 10^ 

where Z is the equivalent LAS present in complete dark adaptation, a is a 

constant, and n is the total number of photo-activated and as yet unregen¬ 

erated visual pigment molecules present in the neighborhood which contributes 

to the LAS pool. Such molecules will hereafter be called the "ï" molecules. 

It has been shown by Dowling14 that the same adaptation effect as by 

exposure to light can be produced by reducing the retinene content of the 

retina by Vitamin A deficiency. From this it would seem that the "free" 

opsin molecules left uncombined with 11-cis-retinene in the rods are the "Y" 

molecules. 

Thus, there are two signals present at the level of the receptors: 

(l) A signal representing the number of visual pigment molecules just then 

activated by the absorption of photons, the "PAS.1 This corresponds to the 

"brightness" signal (or that aspect of the signals) reaching the brain. The 
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ratio between number of molecules photo-activated and the strength of the 

PAS is in turn controlled by the second signal, (2) the LAS. 

There is evidence that the LAS, also, or a signal proportional to it. 

is sent on to the brain. The first is the finding of Alpern and Campbell^ 

that during dark adaptation the slow phase of the pupil*s dilatation, which 

follows a curve very similar to that of rod dark-adaptation, is controlled 

by signals originating from the retina containing the previously illuminated 

rods. They concluded that signals related to the amount of unregenerated 

rhodopsin reach the central nervous system even in total darkness. 

The second evidence (reported by J. Lettvin) was the as yet unpublished 

finding that the OFF-type optic fibers of the frog*s retina, the type also 

called dimming detectors or adaptation detectors, fire during dark adaptation 

at a rate that decreases with the same time constant as the regeneration of 

the bleached visual pigment. He believes that this agreement is not coin¬ 

cidental, but is a signal originated by the bleached pigment present (the 
Y molecules). 

The third kind of evidence is summarized by Barlow and Sparrock.17 An 

afterimage is visible following exposure to a bright light. At each moment 

during dark-adaptation the afterimage is matched in appearance by the 

retinaliy stabilized background light which raises the threshold for a test 

flash the same amount as the previous exposure to the bright light has raised 

it in the region of the afterimage. In other words, the positive afterimage 

is the sensation corresponding to the IAS, 

It is thus rather certain that a signal corresponding to the LAS passes 

from the level of the receptors to tie brain. Section EL C of this report 

shows that in the frog*s retina this signal is probably carried by the large 

bipolars having large dendritic spreads. (Ramon y C&jal reported that it 

was extremely likely that those bipolars connect to the cones). 

It is not known whether any given receptor carries both the LAS and PAS 

at the same time, but it does appear from the evidence cited that each 

receptor must be capable of carrying either signal. It would seem from the 

high concentration of synaptic vesicles in the receptor synapses (see Fig. 

26) that one signal is carried out of the receptor and across the synapse by 
the chemicals contained in those vesicles. 

Then how is the other signal transmitted from the receptor? It has 

been suggested by J. Lettvin that there is produced a reduction of electrical 

resistance in the membrane of the outer segment of the receptor; that this 

allows an increase in the current passed through the receptor by an external 

source; that the current increase is the other signal. He suggested that 

the only structure in the retina which could carry this current outside the 

receptor is the Landolt club of the small bipolar cell. The anatomical 

study of Section II E supports this suggestion, and the evidence will be 

reviewed in the next section. 
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B, Anatomical evidence for a Landolt 

club-receptor current flow 

A club-shaped structure extending from the outer plexiform layer almost 

to the outer limiting membrane was first noted by Landolt.16 Ramon y Cajal 

and others identified it as an extension of a small bipolar cell. They re¬ 

ported its presence in the retinas of amphibia, birds, reptiles, but not 
fish. Dogiel reported it in mammals, but Ramon y Cajal could not find it 

there. Polyak1 found in rhesus, chimpanzee, and human, occasional sma.l l 

bipolars ("mop" type) one of whose dendrites extended into the outer 
nuclear layer. 

Our findings with electron microscopy of the frog*s retina confirm 

that the Landolt club is an extension of a small bipolar ceil. The Landolt 

club is separated from the visual cells by at least one pair, and often 

many pairs of Muller cell membranes from the synaptic region to the outer 

limiting membrane (Figs. 22, 23j 24). The visual receptors, also, are sur¬ 

rounded in that region by Muller cell membranes (Fig. 25). These membranes 

are of relatively high electrical resistance and act to insulate the re¬ 

ceptors and Landolt clubs from each other. 

The Landolt club extends past the outer limiting membrane into the 

aqueous space; the extension is a cilium. Both these findings axe new. 

All types of cilia previously studied have been shown to be energy trans¬ 

ducers (e.g., chemical to mechanical to electrical). The cilia which pro¬ 

duce mechanical movement have the central pair of filaments present the 

length of the cilium. In the Landolt club the central pair appear incomplete 

(Fig. 2l). Therefore, it is unlikely that the function of this cilium is 

movement. 

Below the ,£ilium the Landolt club has one or more swellings containing 

large mitochondria. It is suggested that these furnish the energy to main¬ 

tain an electric current through permeable membranes of the cilium. Such a 

current would flow down the Landolt club, through its dendrites into its 

synapses with the neighboring visual receptors, up the receptor and out the 

fins of the inner segment, across the aqueous space, and into the cilium 
(Fig. 20). 

C. Speculation concerning the PAS 

and LAS mechanisms 

It may be that photo-activation of visual pigment, which forms part 

of the membrane of the outer segment, reduces the resistance of that mem¬ 

brane well below that of the fins, so that there is a marked increase 

in current flow. If It is assumed that this increased current increases the 

permeability to sodium of the dendrites, this would cause a current flow out 

the teledendron of the small bipolar, activating it, and this would provide 

a mechanism for transmission of the PAS. 
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The LAS might depend on the Y molecules, which were left by the photo¬ 
activation, acting to increase the permeability to sodium ions of the outer 
segment*s membrane. This would cause a current flow down through the receptor 
and out its synapses, and cause chemical transmitter to be released at the 
synapse. This would excite the dendrites of the large bipolars, thus trans¬ 
mitting the LAS. 

If it is assumed that the dendrites of the small bipolar are made more 
permeable to potassium ions by the chemical transmitter of their synapses, 
then this would act as a shunt to the sodium current from those dendrites to 
the teledendron. Since the sodium current is the PAS and the potassium 
current depends on the IAS, the effect is roughly to divide the PAS by the 
LAS, 

The LAS could originate as well from neighboring receptors having Y 
molecules. They would chemically excite the neuronal horizontal cells, 
which in turn release chemical transmitter at their synapses with the small 
bipolar's dendrites and depolarize them to potassium. (Only glial type 
horizontal cells have been observed electrophysiologicai.iy; although the 
neuronal-appearing type have been observed anatomically by Ramon y Cajal, 
and in the present electron microscopic study. See Fig. 27). 

That this mechanism is not very unreasonable can be argued from the 
recent finding of Cone and Plattt:>° that the b-wave of the rat*s electro- 
retinogram has a latency that is little affected by adaptation conditions, 
though the amplitude is strongly affected. The b-wave has the same polarity 
across the retina as the voltage drop across the receptor caused by the 
hypothesized PAS current. It would be expected from the above mechanism 
that the latency of the PAS current would not be affected by the LAS, al¬ 
though its amplitude would be. 

All these, not unreasonable, assumptions provide a mechanism that 
correlates with the findings of this and other studies. It provides a means 
of getting the LAS and the PAS to the brain. It makes the LAS dependent on 
the freed opsin. It makes the PAS dependent on the immediate photo-activation 
of visual pigment, and greatly reduced by the IAS from the same or neigh¬ 
boring receptors. 

However, it should be pointed out that the actual retinal mechanism 
must be more complex. The finding of Section II C was that the small bi¬ 
polars carried information as to the presence of edges in the light image 
at the receptors. The above suggested mechanism has them carrying Informa¬ 
tion as to the brightness of the light. Therefore, further refinements will 
certainly be needed, and the mechanism discussed above should be regarded only 
as an attempt to point out some reasonable possibilities for relating the new 
anatomical findings to known retinal functions. 
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APPENDIX 

Working Procedure for Making Casts of Fruf^s Eyes 

By John H. Patterson 

As is true when taking impressions of any type, one of the first things 

to consider is how to carry the impression material to the subject. Since 

this was, to my knowledge, the first time this kind of work had been attempted 

with frogs, there were no impression trays, or molding shells as they are 

called by opticians, available. 

I experimented with and used satisfactorily, red thermal impression 

compound for making trays. The trays were made by shaping them around a 

6mm steel sphere, giving a cup-like shape. A handle was then fashioned from 

a straight piece of the same material and fastened to the outside bottom of 

the cup. 

Due to the fact that a frog*s eye is snaped quite differently from most 

other animals, I found that I could not place the tray under the eye lids as 

is done when taking impressions of human eyes. Only the cornea is seen on a 
frog with the lids in place, and the lids are too small and tight to make it 

feasible to slip anything as thick as the rim of the cup-like impression tray 

under them. After much experimenting it was decided that in order to obtain 

an impression of a suitable amount of the eye surface to enable us to fashion 
contact lenses from the castings, the frogs would have to be sacrificed and 

the lids removed. 

Frogs were selected that had been in the tank a long time and whose 
muscles had grown weak. They were considered unsuitable for other experi¬ 
ments. Since the goal was to obtain a cross section of sizes so that 
several stock-size lenses could be made, frogs of different sizes were 
chosen. They were pithed by passing a needle up and down the vertebral 
column, the lids removed with dissecting scissors, and the blood washed a- 
way. By keeping the frog moist, the eyes remained suitably firm for im¬ 
pression taking approximately half a day. 

Since the frog is one of the animals that has the ability to retract 
its eye, something must be done to prevent this. One method is to place a 
ball of cotton inside the mouth directly behind the eye. Another, and prob¬ 
ably better method is to hold the frog in such a manner as to pull the jaws 
ventrally and toward each other, thereby forcing the eye to extrude as far 
as possible. This may be done by grasping uhe frog*s head along the right 
and left jaws between the thumb and forefinger of one hand. By applying 
pressure to the jaw on the same side as the eye with which you are working, 
that eye will be forced to extrude from the eye socket as much as possible. 
In this way a suitable amount of eye surface will be accessible leaving the 
other hand free to take the impression. The free hand can thus hold the 
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filled impression tray over the eye with a very slight pressure until the 
material has set. 

Several impressions were taken of each eye, using an alginate impres¬ 
sion material known as Jeltrate, on four different sized frogs. Castings 
were then made of Castite or Hydrocal and duplicates made by pushing the 
castings into modeling clay, lifting them straight out, then pouring plaster 
into the impression thus made. The castings were numbered from 0 through 
4 according to size with 0 the smallest and 4 the largest. 
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