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Newt-photoreceptor- synaptic,terminals undergo s ignif icant 

morphological changes/ aver a 24 hr period (ED12.:12) .^When not. releasing 

neurotransmitter, duimcf -the day, photoreceptor dense^ored synaptic -

vesicles increase in'number, supporting ±he hypothesis -that these 

-vesicles become '"supercharged" ^ i t h transmitter substance set t h i s t i m e . 

During the night , when photoreceptors release neurotransmitter, 'the 

synaptic terminal morphology indicates tha t synaptic ves ic le release 
. * ** • *"-. ' 
i s occurring a t a'-tapifi r a t e , especially toward the end of. the dark 

i ' - « » • *• 

phase. These findings suggest tha t the "quanta" of transmitter xa 
%. > « ' '' *» 

photoreceptor synaptip terminals var ies over a natural day^-night cycle. 

Although acetylcholine"1- has been suggested to be. th.e photoreceptor '£ 

neurotransmitter, n icot inic and muscartnic acetylchdline binding s i t e s # 

could not be.unequivocally localized to photoreceptor postsynaptic 

membranes. Amin6"acid analyses of long,- term* l i g h t and dark- adapted... 

Retinas suggests tha t glutamate or cer ta in sulphur-containing.amino 

acids are l ike ly candidates for the photoreceptor transmitter:- fiowevef, 

autoradiographic studies show that glutama-te i s riot accumulated by 

photoreceptors. Autoradiographic studies have,,however, shown "that a f 
* * ' , "« 

, s l i g h t uptake of aspartate i s exhibited'by tfewt photoreceptors, 
. * v ' 

indicating tha t aspartate may ,be*the photoreceptor" t ransmit ter . But • • 
^because histochemical studies have localized unftsually Jiigh * "* , 

» * . ,' ' * 
concentrations o£ -SH groups in" -photoreceptor, synaptic ves ic les , the- , 

^ v .. * -* 
sulphur-containing amirib acids cysteate and cysteine, sijlphinate should 
be considered as l ike ly candidates as y e l l . * „ ' ' "\M 

Light and electron microscope autoradiographi<? localizatioft of the 
"cells which accumulate glycine, taurine 'and GABA indicate tha'fcithese 

inhibi tory amino acids^may be used as neurotransmitter substances by 
' - * * *~ * " . -4 

d i s t i n c t populations of. amacrine and ganglion ce l l s in the innejr lasers 
- »*• ' ' ' * • 

of .the newt retina. .. . • . ' " «* '* . 
• % f 

Furthermore, autoradiographic ĝ *di"e«v combined with HEP transport' 

studies, show that the taurine-accumula'ting cells in the'"gajidli«n cell 

"layar of the newt retina are, in fac*t, displaced amctcrise oells«. These 
* * " " » 

studies, are corroborated by optic nerve axorf versus ganglion cep^counts, 
showing that only 50-60%t of the cells in the ganglion cell layer of the 

» 
newt retina are .truly ganglion cells. 
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* ** * 
ABBREVIATIONS USED 

., ACh ....,..'. .'... Acetylcholine 

BTX .....:.. a-bungarotoxin 

• °C -. .' Degrees .Celsius *" 

Ci" *'.. Curie 

cm "Centimeter 

DAB Diaminobenzidine 

DAfM N-(7-dimethylaift ino- '4-ethyl 

coumarinyl) it |aleimide 

DTE . .*. D i t h i o e r y t h r o t o l 

g ; gram 
«" ' * v. 

GABA .. vj^t- »> • Y-aminobutyric acid 

-̂  hr JHL <•» • •... 1 V.1... Hour y *"* 

/ HRPS-; ..."v... A Horseraertsh~.peroxidase 
( ' '* \ ' ' . 

HHP-BTX .y... Horseradish peroxidase 
.4 *• ^> * * 

f * \ conjugated a-bungarotoxin 
) " # . 

m ;......... /. Meter * 

** mepps ..'..'........... Miniature end plate potentials 

trig . . , . . . . ' . . . ? Mi l l igram 

, K ^ , ' ' ' \ 
ml . . . " . . . . ./9?.t.. ?. Milliliter ' - * • 

• t , .' tv - * 

j , , miM *•";. M i l l i m e t e r * . -. 

*•• Ttatol . V .'. ' . B i l l i n o l e 

r y C i ^ . . , . , ? . . - . . Microcur ie -
V - > . . . " ft . 

ug .*...'..". Microgram 

, pi ....\;.' **...% Microliter 

*. 
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* 

ym Micrometer * 
r 

ymol V Micromole , '̂  

MO Mercu»y Orange • -v 

mOsM ...'...»'." Milliosmole 
" • •* ' - , 

NEM : N-ethyl""maleimide 

nm .'. Nanometer 

nmol /.. Nanomole ' , 

QB Quinuclidiny'l benzylate 

RPM ' '.. Revolutions per miniite * 

TAS **. Tris acetate saline « 

^Explanatory Note: Both the terms "synaptic lamellae" and 

"synaptic ribbon" have been us-ed in this thesis to refer 

,to. the specialized organelle found at synaptic sites in 

the tera*«"ais of photoreceptor and bipolar cells-(. Wherever 

possible, the term "synaptic lamellae" has be©n used. 
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INTRODUCTION 

Although most of the ceil types in the vertebrate 

neural retina have -been clearly identified, the method by 

which these cells interact in transmitting information from 
, t 

the„photoreceptors to the brain is still poorly understood.' 

'The comparative study of the-vertebrate retina by Ca3al 

(1893) was a study partly from which his "neuron doctrine", 

arose. In it he demonstrates that there are five major 

neuronal cell types, and one type of glial cell in the 

retina; photoreceptors,' bipolar cells, ganglion cells, 

" horizontal cells, amacrine' cells and Mfiller cells. It was 

not until recently, that another retinal neuron was 

discovered, the interpHexiform cell (Dowlmg et al., 1976). 

The Dhotoreceptors, bipolar cells and the ganglion cells are 
• * % . 

direct conducting neurons and are responsible for relaying 
i * * 

visual stimuli to the brain. The horizontal cells", 
\ 

interplexiform cells, and the amacrine cells comprise the 
lateral conducting systei^p^'neurons, and are responsible 

for the processing of visual information within the retina. 

/ 
The cell bodies of these ceils are organized into tjuree 

nuclear layers and their synaptic contacts with oiTCSanother 

are confined to two synaptic areas, the outer and inner t 

plexiform layers. Much of this information has come from 

light microscope studies of silver iitoregnated retinal 

tissues, which were begun in the late nineteenth century and 
/ * * are still( providing critical information today. More 
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recently/ electrophysiological and pharmacological studies 

have attempted to determine-the f ui\gfcion *pf these identified 

cells (Dowlihg/ 1970; Werblin, WHJJrC Because anatomical, 

and physiological data imply that transmission in most _ 

retinal connections is chemically, rather Ithan electrica .ly 

mediated, -histgchemical and pharmacological studies_ havef' 

complemented classical anatomical studies on the functional 

organization of the vertebrate retina. 

In addition to questions concerning the organization of 

the retina, there are many unsolved questions regarding the 

capability of the retina to adapt itself to changing light 

conditions in'order to optimize visual acuity." Many studies 

have equated changes in the sensitivity of the -visual system 

with the bleaching' and. regeneration of visual pigments (for 

a review, see Goldsmith,' 1973). However, it is possible 

that there are neural mechanisms involved in visual 
i 

adaptation as well. These mechanisms may range ..from* a k 

modification of synaptic contacts (ie. synam-ic plasticity; 

Eccles, 1979) in response to diurnal variations in lighting 

conditions, to permanent modificatibns^of the basic 

• . < y 
organization of the retina to suit a species1 particular 

visual needs.* * ' 
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The purpose of this thesis is to explore the 

morphological aspects of some of the adaptive changes in the 

newlWNotopjhthalmus viridescens*) retina, especially with 

respect to neurotransmission/between receptor cells and . 

tneir postsynaptic elements. "• , /-̂  v 

The retina of the newt is particularly useful for the 
j- •* 

study at neuronal interactions because of the large size of 
% ' < 

the retinal elements and the ease with which the animals may 

be light-or dark adapted. Furthermore, these animals are 

interesting because they possess a complex retina (Dubin, 

19*70) whioh is capable of a high degree of visual processing 

within the retina itself. As the basic anatomical 

organization of the newt retina has been thoroughly 

described at both the light and electron microscope levels 

(Dickson and Hollenberg, 1971r Keefe, 1971), this thesis' 

" V ' • « 
will further characterize the newt retina by localizing " 

specific neurotransmitter candidates bo neuronal 

populations. Studies of this kind are helping to elucidate 

the neural pathways involved' in retinal processing of visual 

information. 

«J» 

4 

* Notopthalmus was known as Triturus and Diemictylus prior 
to the 1962 decision of the .International Commission on 
Zoological Nomemclaturev . . 
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J. s'^"^ ; * v 
CYCLIC VARIATIONS AND MEMBRANE"RECYCL] 'M IN EBB. 

PHOTORECEPTOR SYNAPTIC TERMINALS fiE'TJE NEWT.RETINA 

f •> »• 

"* • * INTRODUCTION *' 

• In 1952^att and Katz revealted that a multimolecular 

. amount of acetylcholine produced miniature end plate 

potentials (mepps) of constant amplitude 'at the < 

neuromuscular junction. The packet of transmitter producing 

the mepps was defined as a 'quantum1. Three years later, ,. 

electron microscope studies revealed that small vesicles 
. * ' " 

w^re -aggregated ne4r the synaptic "site7, and "it was, sugĝ ste'd 

-that eacja vesicle contained a'multiraolecular packet of the 

synaptic transmitter, acetylcholine^^Del -Castillo and Katz, 

1954; De Rober\is and Bennet, 1955; Palay, 1956). ' The 

"vesicular hypothesis" further suggested that the contents 

of 'the vesicle were released into the synaptic^cleft by 

fusion of the vesicle .membrane.with the presynaptic membrane 

arid extrusion of the vesiclej s contents into t»e 

postsynaptic cleft (Del Castillo and Katz, 195T). The " , 

yesicle hypothesis continues to be a contentioiuB issue which 

has received considerable dis'cussion in the literature 

(Heuser, 1978;/Whittaker andrZimmerman, 1978; Marchbanks, 

1978; 1979; *Kelley e± al;„ 1979) Collier, 1979-; Israel £fc 
> < \ 

arL., 1979; Dunant and Israel, 1979), Nevertheless, a "number 
t 
i * • ' 

of studies have attempted to correlate the physiologic 
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activity,of a' neuron with its morphoidgical appearance in 
• * " . 
f light of .these initial obser.vations (for review see 

" * f * i-

Ceocarelli and HuxlbufT, J.980) . , « 
' ' ' ' ' . ' 

. . ** .Although a variejty -eff biological systems have-been used 
'. ' ,% \ ' ". « r ' * 
for the sttjdy of membrane recirculation, as it.relates'to 
r *, * 

neurotransmissionf retinal .photoreceptors "a-re an attractive 

* model system forAa number of reasons, the most important of 

.which are 'the"following. * ' * . 

(1) The cells are compact and highly polarized in both 
» $• ' * * 

' •> 
morphological and fqnctional.. aspects. One end of the: 
•\ - ,' • 

vertebrate photoreceptor; is concerned with light reception, 

the other with synaptije transmission (Holtzman and Mercurio, 

19'80) . . , 
* ' 

(2) The cell's Activity is temporally polarized to a 

high degree, receiving light'stimulation during the day and 
• releasing a, depolarizing neurotransmitter during the nig>ht 

fowling, 1974; Kaneko and Shimizaki, 1975) . 

* f 

In- 1956 De Robertis and Franchi first described 

alterations which occured in the synaptic terminals of 

photoreceptor"cells in response to changes "iVj lighting 

conditions. They-reported that when albino rats were kept 

in the dark for 24 hrs, synaptic vesicles accumulated near 

the membrane and after 9 flays in the dark, the vesicles 

decreased,in size. These results wer'e not exposed to ' 

stringent statistical testing and ,were later refuted by 
V- * . "' 

, Mountford (1963), who could find -no statistically' 



significant change in the diameter oi guinea pig 

photoreceptor synaptic vesicles following light or dark 
' - ' •* 

adaptation. She'also,observed that the packing of synaptic 

vesicles in photoreceptor terminals varied from terminal to 

terminal, but this'could not be correlated with the animals' 

adaptive state. Cragg (1969) ,also studied the retinal 

synapses of newborn rats, minutes 'after their first expo*sure 

to dayligftt, hoping to recJ&rd the .changes which occured in 

photoreceptor- terminals in this more drastic alteration in 

light experience. -He supported Mountford's (1963) findings 

and could find no changes in the synaptic vesicle diameter 

in light or dark conditions.- However, he did discover that 

there were more synaptic-vesicle profiles in light than in 

dafrk-adapted photoreceptor terminalsl In addition, Cragg 

noted that photoreceptor terminals appeared to,decrease in 

width as soon as 3 min after first exposure to daylight. 

Because of this finding, he suggested that the total number 

of synaptic vesicles in photoreceptor terminals does not 

vary, but instead remains constant during both, light and 

dark conditions; being dispersed in the larger terminals in 

the dark, and concentrated in the smaller terminals in the 

light. Alterations in the size of photoreceptor synaptic, 

terminals and changes in the degree of invagination of the 

postsynaptic elements under different lighting cenditions 

have also been observed in the turtle (Schaeffer and ' 

Raviola, 1976), chick' (Cooper and McLaughlin, 1977, 1978) 
and goldfish,, (Raynauld e_t al., 1974) retina. 
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The above morphological findings can be explained'in ' 

light of the physiological evidence presented bf bowling 
« 

.(1974) and Kaneko and Shimizaki (1976) , who showed that 

photoreceptor cells are partially depolarized in the dark 

and release a depolarizing neurotransmitter from their 
**• > i i. 

terminals. -If it is ass'umed that transmitter release is 

mediated by the fusi£h of photoreceptor synaptic .veaicleS' 

with the terminal-plasma membrane (Matsumura et. al.f1981^, 

then this fusion process would be maximal -in the dark and 

minimal in the light. • Synaptic vesicle fusion in the dark 

would create an excess of plasma membrane, which would then 

have to be removed and recycled. It is now widely accepted 

that membrane recycling does occur by the process of ~ 

membrane endpcytosis, as"Vfirst proposed for the 

neuromuscular junction m 1973 by Heuser and Reese. 

It has been observed in frog retinal rods, that under 

longstanding conditions of dark adaptation, an 

electron-dense material is found to accumulate in the 

synaptic c,lefts. This dense material is not present in the 

light, however a progressive buildj-up in the numbers .of 

, dense-cored vesicles does occur with continuous exposure to 

light., for 9 days (Monaghan* and Osborne, 1975; Osborne and 

Monaghan, 1976). In addition, prolonged exposure to light 

for 21' days, causes a -flattening of synaptic vesicles 

associated with the synaptic lamellae in rods and cones 

(Osborne and Monaghan, 1976). However, no reduction^in . 
* 

either the number of vesicles present in the synaptic 



k terminal or* the. appearance of £he synapses wa's observed in „ 

these studies. Osborne and Monaghan (1976) proposed that 

the appearance of dense-cored vesicles after 9 days"of , 

continuous exposure to light was due to a build-up in>'Sto»es 

. of neurotransmitter, and that after 12 day's of ̂ continuous 

light, the photoreceptors underwent a metabolic 

reorganization which ultimately' resulted in the cessation of 

, transmitter synthesis. In the dark, the dense-coced 

vesicles were .never observed,, but dense material "was seen'in 

the synaptic cleft because, 'as it was suggested, transmitter 

was being rapidly released into £he synaptic oleft by 

synaptic vesicles. fc , . • 

•° 

When an extracellular tracer such as horseradish 

peroxidase (HRP) is incubated with a dark adapted retina, 

HRP reaction product' accumulates within, the- synaptic 

vesicles of photoreceptor terminal's (Ripps e_t. al. r 1976; 

Schacher e_t al,, 1910', Schaeffer and Raviola, 1978; Cooper 

and, McLaughlin", T977) . Such activity is not observed in the 

- light, when photoreceptors 'are physiologically inactive with 

\ 

respect to transmitter release. This then would seem to 

uggest that the membrane retrieval process occurs » • "1 

concurrently with synaptic vesicle fusion. Schaeffer and 

Raviola (1976; 1978) have demonstrated that this membrane 

retrieval process can be slowed down or stopped by lowering 

'tissue temperature to 4°C. Further evidence that a membrane 

retrieval process in photoreceptors operates in the dark is ? 

illustrated by the finding that the number of coated 
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vesicles, and, large membrane cisterns,'commonly assdciated 

with iU/e process*of endocytosis, is greater in dark-adapted 

cone photoreceptors than in light-adapted cones (Cooper and 

McLaughlin, 1978;-1979; Schaeffer and Raviola, 197-?). 

Other.-changes which'have been reported to "occur--in 

photoreceptor terminals, in response to light and dark are 

fluctuations in the synaptic area f«rraed with bipolar and 

horizontal cells (Schaefferrand Raviolar"1978),, and 

variations in the number of photoreceptor synaptic(lamellae 

(Spadero £t al.f 1978).. ' :r**Nv. 

'; Schaeffer and Raviola (1978) have shown that the.ratio 

of synaptic to nonsynaptic surface area is higher in the 

dark than in the light. However,' Schaeffer and Raviola1s 

(197b) definition of "synaptic surface area" included the 

'' entire vitreal surface of photoreceptors which ares 

invaginated by postsynaptic endings (ie.,^H>ecialized 

synaptic membrane and the nbnspecialized areas between). 
** I 

Their measurements are therefore not necessarily an 

indication of the area of physiologically active synaptic 

membrane. i . 

A number of studies have attempted to correlate changes 

in- the number and length of photoreceptor*1 synaptic lamellae, 

with a diurnal cycle in both the pineal gland (Vollrath, 

1973, Hewing, 1979;, McNulty, 1980; 1981) and retina (Wagner, 

1973; Spader© e£ al. , 1978; Grfln, 19"80; Wagner and Ali, 

1977). The number of synaptic laitfellae in the cones'bf fish 
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* I • 

reti.na have been reported to be reduced by 1/3 (Wagner, " 

1'973) and 1/2 (Wagner and Ali, 19.77) during the n#ight, 

however, such variations were not observed in the terminals 

of rod photoreceptors, similar findings have been reported 

in the rat for both rods and cones (Spadaro e_b al. i 1978). « 
1 ? 

' The synaptic lamellae in these animals displayed*peak 

'numbers at 1800 hrs,, just prior to Tights on", and then 

decreased'to a low at 0300 hrg, -The length of synaptil * 

•lamellae in the photoreceptors of goldfish retina have alâ p 
+ • • 

been reported to be reduced in the dark (Grfln, 1980), 

' however in the albino rat retina- synaptic lamellae were 

' reported' t6 be shorter in the'light (Spaderp ej-. al, r 1978)'. 

. ' Similar studies on the synaptic, lamellae in the 

photoreceptors of" pineal gland shaw that these organelles 

•are fewer and shorter during the light period (Vollrath,. 

-*, 1973.; McNulty, 1981) . Therefore, there appears to be a 
if 

difference,between retina and pineal gland with respect,to 

the*-timing of synaptic lamellae fluctuations during the^'• 

. day-night cycle. 

TheaiE variations in the number and length of synaptic . 

1 lamellae have prompted considerable speculation concerning 

the function of these -organelles within photoreceptors. 

Synaptic lamellae have been suggested to serve as guides for 

synaptic vesicles, transporting them in "conveyor-belt" 

fashion to the active site (Bunt, 1971)-; to function as 

storage'sites-for neurotransmitter (Osborne and Thornhill, 

1972); and also'to. plajj a role in the turnover of the i 



- 11 -

receptor plasma membrane (King and Dougherty, 1980), A 

decrease in synaptic-lamelfar number arid'-'length during the 

night, when the photoreceptors are most active, is most « 

consistent with the latter two hypotheses, although the' 

functional significance of t-he synaptic lamellae is not yet 

certain. Most disconcerting however, is the fact that none' 

of these studies on the rhythms of synaptic lamellae took 

into consideration the possibility that photoreceptor I ' 

terminals may-)£ncrease in size in the dark, a concept, first 

propose'd by Cragg in 1969 for synaptic vesicle populations. 

Circadian rhythms have also been reported to affect the 

morphology of mitochondria in the outer plexiform layer of 

th%'albino rat retina (Spadaro ei al., 1977). Spadero et. 

al. (1977) describe a swelling and loss of electron density 

in mitochondria during the day, but during the night the 

mitochondria appear contracted, with parallel crist-aer and 

electron-demise matrices. It was suggested that this 

appearance (}>f mitochondria during the night period is due * 

to the great activity (exocytosis-endbcytosis cycle) 

• occuringin the vicinity of the synaptic terminals"at this -
V 

, Since most o"f the changes in photoreceptor 

ultrastructure' that are "reported to occur during light and 

dark, adaptation, have been described under extreme light or 

temperature conditions, several questions still remain. .The 

results of this work on the newt retina show that many of 
v . ' ; * v 

the changes previously reported to ocgpr under conditions of 
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extreme lighting and temperature,, in fact occur naturally 

$ 
and in a cyclic pattern. These studies also^ reveal some 

interesting findings concerning 'the 'timing ,of _.vesicle 

endocytosis, exocytosis and neurotransmitter synthesis 

during the natural day-night cycle. 
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MATERIALS AND METHODS . 

Newts of the species Notophthalmus viridescens were 

maintained under cycled light conditions (L:D= 12:12) in an 

aquarium at 13° C. A median light intensity of 12.5 Lqx was 

provided by two 80 Watt cool white fluorescent lamps 

positioned, 1 m above the water surface. , An- interval timer 

was set to turn the lights on at 0930 hrs,<and off at 2130 

2s4 All animals were accustomed to this lighting regime 

r at le"ast 2 weeks prior to the initiation of the 

following'experiment. 

! ) • Fixation. «-• Beginning'at 0800 hirs, 2 animals were 

removed from the aquarium at selected times for 27 hrs. 

They were immediately decapitated; their eyes removed, 

pierced behind the corneal-scleral junctipn and placed^ in 

cold (4°C) fixative (788 mOsM) consisting off 2.0% " * 

glutaraldehyde (70% concentrated, Ladd Research Inc.) and 

1.0% paraformaldehyde (Fisher Chemicals), in 0.15 M sodium7 " 

cacodylate -buffer_with 2.5 mmol CaCl ' and 1% sucrose at pH 

7.3. Retinas in thê  dark- phase were dissected with the aid 

of a Schott KL 150B cold lightsource fitted-with a^Schott 

dark-red filter and were fixed in the dark. After "0.5 hr, 

the corneaand sclera were., removed, the retina was quartered 

and fixed for an'additional 2.5; hrs. The retina was washed 

for 15 mih in. 0.15 .M sodium cacodylate buffer containing 5% 
t 

sucrose (pH 7.3) and then osmicated for 2 hrs in 1% aqueous 

osmium tetroxide. Pieces of retina were next washed briefly 

in disti-lled water and stained en bloc with saturated 
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aqueous uranyl acetate for 1 hr. Dehydration was carried 
\ ' 0 . * * 

- \ it • . 

but. in a graded alcohol series to propylene oxidê , or a 

graded acetone series, and the tissue was embedded in "Taab' 
\ ' , * 

low viscosity resin\(Taab Laboratories, Reading, England). 

2) Morphometries'*. 

a) Sectioning: , Thin\se,ctions of at least one randomly^ 

selected block from each Vnimal were cut on an LKB- Ultrotome 

III and-stained for 1 min ^h Reynold's lead citrate 

(Reynolds., 1963). Approximate section thickness was 

determined with the aid of a\Sorvall interference-colour ' 

thickness scale. Sections were always cut parallel to the 

long axis of the photoreceptor as indicated by-the posit'ion-

of the photoreceptor, outer segments in 0.5 um semi-thin 

•sections. 

b) Photography: All micrographs\were'taken on a Zeiss .» 

EM10A electron microscope at a consistent magnification 
\ %' 

whj.ch allowed the entire photoreceptor^terminal to be 
* ' \ 

included (approximately 20,00OX). In a\given section,, 

photographs were taken of every photoreceptor terminal in 

• which synapses were visible. A total of 8,47 synaptic 

terminals were sampled over 15 time periods\ (minimum number 

per time period= 34). « 

c) Morphometric Calculations: The area, perimeter and 

form factor of the photoreceptor synaptic terminals, and the 

length and number of synaptic lamellae appearing Vn each 

photoreceptor were measured with the a,id of a semirautonratic 
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image analysis computer (Zeiss Videjeplan, Zeiss Canada Ltfl., 

Don Mills, Ontario). Form factor (Zeiss Videoplan Handbook, 

1980) was used to describe the degree of invagination of the 

7 " 
postsynaptic elements into the photoreceptor terminal by 

/measuring the irregularity of the photoreceptor terminal 

perimeter. ' ' 

In addition to these three parameters, wh|}ch were 

calculated by computer, synaptic vesicle density and the 
> » ~u I 

index of infolding were calculated for a smaller sample size -

(minimum number of photoreceptor terminals sampled per time 

period= 12) and at 9 selected time periods. 

For the-determination of synaptic vesicle density,w<high 

magnification photographs of synaptic terminals, in which 

synaptic vesicles we-re clearly visible (approximate 

magnification;. 40,00QX) were taken. A template containing 

an engraved 1 um square (calculated on the basis o'f the 

photograph magnification) was placed over each photograph. 

All synaptic vesicles lying compl-etely within the template 

were counted and the template-was repositioned within each 

photograph as many times as possible without overlapping 

previously measured fields. The numerical particle density 

vo£ the synaptic vesicles was calculated from the formulae 

Nv= Nat/D+T w]jere: 

Nv- Numerical Particle Density - *' 

Nat= Number of Vesicles per Square Micrometer 

' B= Mean Particle Diameter * ' 
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T* Section Thickness- * 

(Abercrombie, 1-946; Henning, 1967, as cited in Weibel and 

',Bolender, 1973). f t 

Because any assumptions about the three-dimensional 't 

shape of a photoreceptor terminal could dhly introduce 

add:bterbnal error, all data is expressed in terms of two ' 

dimensions. Therefore, numerical- particle, density 

calculated above ,was converted to the number of synaptic 

vesicles/urn2 using the formula:v 

The average diameter of synaptic vesicles in each time 

period was determined by the technique of Henning and Elias 

(1970). 

s 

Index of Unfolding measurements were made on the 

smaller sample of synaptic terminals to complement the form 

factor measurements calculated by computer. The'se 

I measurements* were made using a 5mm overlay test grid and the 

formula: „ r ' ' *• 
* » 

1= p/P where,: | 

1= Index of Infolding 

. p= Number of Intersections of Plasma Membrane with Grid 

Lines 

- "P= Number of Intersections of-Unfolded Plasma Membrane with 

Grid.Lines , , 

(Elias £t al., 1978) . , 
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d) Statistical Analysis: Statistical analysis of all 

datpyWas carried oufe with'the aid of the computer-based . 

statistical program, VMinttab II" (Ryan fit al., 1976). 

Analysis of variance was performed oii all data, as, were 

multiple. Student's t-tests, where necessary (both at alpha = 

0.05). For easy visualization of the raw data"'s 

significance^ §5% confidence intervals ef the mean are 

«. .plotted-with the data. 



I "' ' J ' , - 1-8 - ( • "' 

| RESULTS 

I * " • ' 

1) The Early Light Period. Rod and cpne synaptic 

terminals, were examined at" regular intervals over a 27 hr 

period, beginning at 0800' hrs, where lights "on" occured at 

0930 hrs and lights "off" at 2l30 "hours. - Synaptic terminals 

/from samples fixed" at 0800, 0920 and 0940 hrs were 

morphologically 'indistinguishable from receptor terminals 

which were fixed at 1030 hrs: »At these times,, the cone 

' synaptic terminals (Fig. '̂ A) contained large numbers of, 

synaptic vesicles that averaged 45 nm in diameter. The 

-synaptic vesicle population was homogeneously distributed 

throughout the cytoplasm, at a density of about 130 

, vesicles/unr .' Few profiles of smoothiendoplasmic reticulum 

or large clear vesicles we'ig. observed in terminals of ,cone' 

photoreceptors at .th^se times. The^postsynaptic elements 

were seen -to iiivaginate the cone terminal centrally, and 

synaptic lamellae were found in the vicinity of the r * 

invagina'ting- postsynaptic elements. 
4 

Thê  rod synaptic terminals at lOjO hrs contained a 

homogenous population of synaptic vesicles*that averaged 54 

nm in diameter (Fig. IB). Large electron-lucent vesicles, 
, * 

possibly profiles of smooth endoplasmic reticulum, measuring 

up to 90* nm in diameter were more frequently observed in rod 

terminals than in the cone terminals (Fig. IB). The 

postsynaptic elements of rod.synaptic terminals invaginated 

laterally, where synaptic lamellae were usually located. An' 
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electron dense material (Fig. 2) was often seen in the *, •• 

synaptic cleft of rod terminals, but was never observed in , 
v. 

the synaptic cleft of the pone photoreceptors. -
. \ 

2) The Late Light Period,. Few changes were noticeable' in 

the ultrastructure of the photoreceptor syrfaptic terminals 

through to 1930 hrs, prior .to the beginning of\the night 

cycle at 2130 hr's. Syrfaptic vesicle density, as well as 

4photoreceptor terminal area and general morphology remained 

the same throughout, the day. The only observable change to 

occur during the light period was the increased frequency,.of _-

dense-cored vesicles which were f-ound in the vicinity of the 

synaptic lamellae (Fig. 3). These yesicles increased in 

number as the„ light period progressed, and were found to be 

most numerous in th'e 19'30 hr sample. However, dense-cored 

vesicles were riot observed in the synaptic terminals of the 

'2130 hr sample, which was fixed just minutes after, the end 

of the light 'period. , / 

There was no observed change in the amount of 

electron-dense material found ,in the rod synaptic clefts', -

nor was there any difference in the number of large clear 

vesicles from 1030 to 1930 hrs. 

3) TJjfi Eâ rly Dark Rfr.iod. The morphology of the 

photoreceptor synaptic terminal changed .little from 21*30 to 

0400 hrs. The synaptic-vesicle density and photoreceptor 

terminal area did not vary significantly from the previously 

sampled time periods.- However, the dense material which was 



- 20 -

observed in rod synaptic clefts during the day (Fig. 3) was 

observed -to increase in the 2130 and 2400 hr samples -

(Fig. 4); later in the dark period at 0400 hrs, the amount 

of electron-dense material in the synaptic cleft was reduced 

to the levels seen during the day. * 

At\2400 hrs there was a significant increase in the 

number of synaptic lamellae within the receptor cell 

terminals\(Fig, 12A), together with a decrease in, their 
/ \ 

\ * + t 

t average length (Fig. 12B). -There was no significant 

variation in either the number synaptic lamellae or th.eir 

length, at any other time of»the day. " These quantitative-

observations reflect the preponderance of multiple arrays of 

short synaptic lamellae, which could be observed at ̂ 2400 hrs 

(Fig. 5). These, arrays of lamellae were located in the 

middle of the'photoreceptor terminal, away from the synaptic 

site at the base of the terminal whererthey are usually 

located. i ' 
1 Although the number of dense-cored vesicles which were 

seen in the cytoplasm of synaptic terminals throughout the 

light period was found to decrease as the dark period 

progressed, large clear vesicles increased in number during 

the'dark phase, from approximately 1/um2 at 1930 hrs, to 

approximately 5/pm^ at 0400 hrs. These large clear 'vesicles 

were always more numerous in the cytoplasm of rod terminals. 

Profiles of smooth endoplasmic reticulum were also more . 

obvious at 0400 hrs (Fig. 6A and 6B). It is possible that 

the large .clear-vesicles represent cross'sections through 
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the tubular network of smooth endoplasmic reticulum which is 
- .. -> 

r 

abundant at this time. 
0 ' 

4) The Late park Period. The most striking alteration 

in photoreceptor morphology was seen to occur "just prior to 

the lights coming on, at'0730 hrs (Fig.- 7A and 7B). 

Although the cytoplasm of both rod and cone synaptic 

terminals appeared to contain fewer synaptic vesicles at 

this time, when synaptic terminal areas were calculated,, a 

gr.eat increase in terminal area was found to have occured as 
v 

well (compare Figs. 1 and 7). 

a) Qualitative Analysis-of Membrane" Pools. To more 

appropriately describe the morphology of photoreceptor 

terminals at 0730 hrs, the total membrane in the two major 

membrane pools, of the synaptic terminals (cell plasma 

membrane and synaptic vesicle membrane) was measured and 

compared with similar calculations made at other times of 

the day. Although it appears from electron micrographs that 

there are fewer synaptic vesicles in photoreceptor terminals 

at 0730 hrs (Fig. 7), when the number of synaptic 

vesicles/urn'2 (Fig. 8A) is multiplied by the area of the 

photoreceptor terminal (Fig. 8B), the actual number of 

synaptic vesicles per photoreceptor is not significantly 

different (96% lonfidence level) from the number of vesicles 

[present at 0400 mrs (jFig. 8C). Nevertheless, there appears 

to be ,a gradual decrease in the mean number of synaptic 

vesicles per photoreceptor terminal as the day progresses. 
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Finally, bke tptal amount of membrane in the 

synaptic-vesicle pool at different times of the day 
' 4 

(Fig^ 8E) was calculated by multiplying the number'8of 

synaptic vesicles- in a photoreceptor terminal profile 

(Fig. 8C) by the average circumference of the synaptic 

vesicles (Circumference= pi x average diameter of synaptic 

vesicles; Fig. 8D). Although there was no significant 

difference (98% confidence level) in the sy'napticjvesicle 

membrane pool between.any of the times during the 24 hr day, 

it is apparent that there* was less membrane associated with 

synaptic vesicles during the night than during the day 

(Fig. *8E). 

Total membrane due to the plasma membrane at different 

times of the 24 he day was determined directly from 

I Videoplan computer measurements of .cell perimeters (Fig. 9). 
I * * 

Figure 9 indicates that"there is no statistically 

significant variation (tested by one-way analysis of 

variance) in the amount of membrane in the plasma membrane 

pool during the day-night cycle. This result was not 

expected, considering^the slight loss of membrane from the 

synaptic-vesicle pool auring the night (Fig. 8E) and 

especially the great -Increase in photoreceptor terminal area 

observed at 0730 hrs (Fig. 8B) . (^^~^«^^^ *~" * < 

The total amount of membrane m eacrkbhotoreceptor 

synaptic terminal at different times of the day (Fig. 10) 

* was calculated by adding the synaptic-vesicle membrane pool 

(Fig. 8E) to the plasmalemraa membrane pool (Fig. 9). If it 
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is assumed that exocytosis due f.o. synaptic-vesicle fusion 

with the plasmalemma in the dark is concomitant with 

endocytosis, which is required for removal of membrane frpm 

the plasma" membrane and the recycling of synaptic-vesicle 

membrane, then there should,.not be any net loss or gain of 

membranes-fey—tfae-pftotoreceptor terminal. If'this is true, 

then the.amount which the total membrane varies from the 

mean at different times of the day is -the total error made 

in the measurements of cell perimeter, •synaptic-vesicle 

diameter, number of synaptic vesicles per unit area, and the^ 
i* * 

area of synaptic-terminal profiles. The error, expressed as 

percent fluctuation of membrane from the mean", is shown 

above each data point in Fig.. 10. It is interesting -to note 

-that there is a progressive decrease in total photoreceptor* 

membrane as the 24 hr cycle progresses,' and that this is due 

almost entirely to the influence of the synaptic-vesicle 

membrane pool" which accounts for about 75% of the total 

synaptic-terminal membrane. If the synaptic-terminal 
4 

perimeterjloes not change significantly throughout the day 

(Fig. 9), then a twofold increase* in synaptic-terminal area 

must be accounted for in some .other way. 
«» 

Computer calculated form factor .measurements (Fig. 11A) 
«. • 

indicate that the synaptic terminal shape is "more regular-
? * 

at 0730 hrs. Index of infolding measurements (Fig. 11B) 
i 

also indicate that the photoreceptor plasma membrane is 

significantly less folded at 0730 hrs. Tnis unfolding of 

the plasma membrane which appears to occur at 0730 hrs could 
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account for the great increase in terminal area which is 

seen at this time, and which--is not accompanied by a 

concomitant increase in*te?minal perimeter. 

b) Synaptic Lamellae. Neither the number of synaptic 

lamellae per photoreceptor terminal (Fig. 12A) not the 

average length of synaptic lamellae per photoreceptor <J. . 

terminal (F,iĝ  12B) were significantly different at •0730 

hrs, from any other time of the day. 
\ ' 

'p) Qualitative Observations &% .0730 hrjs. " ' Another 

significant'change which opcured at 0'730 hrs was not in the 

photoreceptor terminal itself, but in the mitochondria of 

the Mflller cells which are found in close association with 

the photoreceptor ternjinalV, At most times I sampled, the 

Mflller cell mitochondria had an electron-luce^ matrix with 

few dense granules (Fig. 13&). At 0730 h'rs however, the 

' f * ' 
glial mitochondria had an electron-dense matrix and the 

number of granules within the mitochondria was markedly 

increased (Fig. 13B). 
\ 

•*-* The volume increase in synaptic terminals at 0730 hrs 
. . . * • v~ 

and the broad spa,c£ng of thelsynaptic vesicles within the 
* -

terminal at this tinae, permit some unique observations of 

the synaptic terminal substructure (Fig. 14). The widely 

spaced synaptic vesicles are suspended in a fibrillar 

cytosljel>eton'"(f6r review see Porter, 1978) which is not 
4 

visi/ble at any other time of the day, possibly because of 

the; dense packing of the synaptic vesicles at other times, 
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t 

Synaptic vesicles, which were associated with synaptic 

lamellae, were always densely packed and appeared "to be 

attached to the synaptic lamellae by a fibrillar- substance, • 

not uMn£lfe~>th^smaterial making up the cytoskeleton. Lar,ge " 

clear vesicles, which were seen earlier in the dark period, 

were also seen*in the photoreceptor terminal at 0730 hrs. 

Finger-like invaginations from adjacent photoreceptors and 

postsynaptic el-ements were frequently observed in cross 

section, deep within the photoreceptor terminal. Coated 

'vesicles were frequently observed budding from the plasma 

membrane around these invaginations and also from the lateral 

photoreceptor »plasma membrane. Coated vesicles were 

observed around the entire photoreceptot perimeter at 0730 

hrs, and it/was not difficult to catch every sequence of 

endocytosis in one photoreceptor terminal at this time 

(Fig. 15), indicating that endocytosis was probably occuring 

at a very rapid rate. 

Vesicles were also frequently observed budding from, or. 

fusing with the smooth endoplasmic reticulum in 
i 

photoreceptor terminals at Q730 hrs (Fig. 16) . -An electron 

opaque material of the same density as that in the-synaptic 

vesicles, was seen in the lumen of the smooth endoplasmic 

reticulum. In addition to endocytpsis (as identified by 

vesicles posessing a clat-hrin coat; Heus-er and Evans, 1980), 

fusion of synaptic vesicle's -with the plasma membrane, which 

are probably exocytotic events, were evident at, 0730 hrs as 
. t 

well (Fig. 17). 
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After the lights were turned on at 0930 hrs, samples 

l 1 * • » ' • ' H 

taken-at 0940 and 103*0 appeared morphologically-similar "to, 

the samples taken at 0940 and 1030 the previous morning. No 

significant difference was noted-in the, [number, of synaptic' 
1 ' •' • ' •vesicles per photoreceptor terminal, synaptic terminal 

. perimeter, synaptic terminal areaj or in the, number^ and 

length of synaptic lamellae,, from samples'taken'the previous 

fttorning. , < '- ' • t 
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FIGURES' 

\ . 

, figure 1. (A and B) oMicrographs showing the 

morpnology of cone (A) and r'od (B) synaptic terminals at 

• 10310 hrs. Note that the postsynaptic elements (pe) of the 

cone invaginate into the receptor terminal and synapse 

centrally, while the postsynaptic elements (pe) of the rod 

make synaptic contact laterally. The cytoplasm of the rod 

synaptic terminal is denser than that of the cone and the 

rod synaptic vesicles, are slightly larger when aldehyde 

jjixed, -The cytoplasm of an adjacent Mflller cell is 

indicated (Mfl). si- synaptic lamellae, bar= 1.0 pm" 
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Figure 2. Electron micrograph of the synaptic 

region of ,a rod photoreceptor sampled at 1030 hrs. Synaptic." 

vesicles measuring 54 nm in diameter completely fill the 

cytoplasm of the synaptic ..terminal. Three synaptic lamella^' 
<, 

(si) are shown directed towards the postsynaptic* elements 
*' • .' 

r. (pe),. A dense substance (d) is shown in the synaptic clefts 

lateral to the arciforro density (a). bar= 0.*5 pm"' 

Figure 3. - Electron micrograph of tha synaptic, 

region of a rod photoreceptor at the end of the light cycle 

(1930 hrs). Numerous dense-cored vesicles (arrows) have 

accumulated near the synaptic lamellae. ,A small amount of 

dense substance (d) is located in the cleft* between the 

photoreceptor terminal arid the postsynaptic elements (pe). 

a= arciform density, bar= 0.25 um 
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Figure 4. Electron micrograph showing the' 

synaptic region of a rod photoreceptor;at 2400 hrs. The 

f amount of dense material (d) observed in rod synaptic clefts 

has increased considerably at this time (compare with 

Figs. 2 and 3). Fusion of synaptic vesicles (v) with the 

plasma membrane can be frequently observed at this time as 

J well. sl= synaptic lamellae, pse= postsynaptic elements, 

bar=J0.25 um 1 

' Figure 5. , Electron micrograph of a cone synaptic 

terminal.at 2400 hrs showing an array, of three short 

j synaptic lamellae (si) v" "Ribbon Fields" such as these were 

frequently observed some distance from the synapse. 

n= photoreceptor nucleus, ba*r= 0.5 pm 
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Figure 6. (A and B) '"Electron micrographs of the 

cytoplasm of cone (Fig. 4A), and rod (Fig. 4B) synaptic 

terminals at 0400 hrs. Large clear vesicles (lev) were 
' . .. 

frequently observed in the rod terminal at this"time. 

Profiles of smooth endoplasmic reticulum (ser) were also 

1 most prominent at'this time. bar= 0.25 um 
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* 

Figure 7. (A and B) Electron micrographs showing 

the morphology of cone (A) and rod (B) synaptic terminals at 

0730 hrs. Note the great increase in synaptic terminal area 

and the apparent decrease in the number of synaptic vesicles 

whiak occurs at this time (compare with Fig. 1A and IB). 

The density of the cytoplasm at this time is considerably ' 

less than at any other time of the day. sl= synaptic 

lamellae, pe= postsynaptic elements, i= deep invagination of 

postsynaptic element, mii= cytoplasm of an adjacent Mflller 

cell,«bar= 1.0 um 





density as the day progresses. Bu,t this decrease is not 

'nearly as marked as when the numbets of synaptic vesicles 

j?er square.-micrometer are not corrected for synaptic 

terminal area. ' k 

Fig. 8D. ' ' This graph shows the variation in the 

circumference d£ photoreceptor synaptic vesicles which 

occured at nine selected time periods over' a 27 hr interval. 
* v 

There is no statistically significant difference in-the size 

of synaptic vesicles at any time of the day. ' 



f 
Figure 8. (A to E) This series of graphs-quantify v 

the changes, which occur in the photoreceptor synaptic 

vesicle membrane pool over a 27 hr period (bars= 95% 

confidence\interval of.the mean). 

• • • \ ' " • • ' 

Figi 8Av This graph shows the variation which K 

occured in synaptic vesicle density at -9 selected- time 

periods over a 27 hr interval. 'There is no statistically 

significant* difference in 'the number of synaptic 

vesicles/um2 at any time of the day; except at 0730 hrs, at 

which time there are approximately half as many synaptic 

yesicles/ura2 as at any other? time of the day. 

Fig. 8B. This graph shofe the variation which 

occured in the area of photoreceptor synaptic- terminals at 

15 selected time periods over a 27 hr interval. There is no 

statistically,significant difference in the area df 

photoreceptor synaptic terminals, except at 0730 hrs, at 

which time the synaptic terminal profiles nearly doubled in 
' • * i 

.area. 

Fig. 8C„ To determine if the number' of synaptic . 

• vesicles pel: photoreceptor synaptic terminal varied over a 

'27 hr period, the number of synaptic vesioles/pm2(Fig. 8A) 

was multiplied by the number^ of square um per synaptic " 

terminal (Fig. 8B). 'Although there is.no statistically 

significant difference (98% confidence level) in the number 

of synaptic vesicles pet'-photoreceptor terminal at any time , 

of the day, there-is a slight decrease in synaptic vesicle 
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Fig. 8E. '• To qalculate- the amount of membrane in 

the syhaptic vesicle pool,* the number'of synaptic vesicles-

per photoreceptor terminal profile (Fig. 8C) was multiplied 

by the circumference of synaptic vesicles "(Fig. 8D). This 

graph shows that there is a slight drop in the amount of 

* membrane due -to synaptic vesicles during the night.»' . * 

Figure 9. This graph shows the variation which 

occured in the ittembrane pool due to the plasma membrane 

(photoreceptor perimeter) at 15 selected time periods over a 

27 hr interval'. The graph shows that there is no 

statistically significant variation in the size of 

photoreceptor synaptic-terminal profile perimeter.s , 

throughout the day.* (bars= 95% confidence Interval of the 

mean) 

r 

* 

Figure 10. This graph shows the variation in 

total photoreceptor synaptic, terminal membrane (plasma 

membrane pool + synaptic vesicle membrane pool; Fig. 8E + 

Fig. 9) which occurs at 9 selected time periods over a 27 hr 

period. If it is assumed that the only major exchange of 

membrane occurs between these two .pools, and tljat the total 

membrane pool does not change, then the amount by which each 

point varies from the mean is the error made in the 

measurements and caculations of total membrane in these two' 

pools. 

N 
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Figure 11. (A and* B) Since there is no change in 

the photoreceptor perimeter throughout the day (Fig. 9) 

addition of membrane to the prasmalemma cannot account for \ t 

the increase in synaptic terminal area which is observed at 

0730 hrs (Fig. 8B). The increase in photoreceptor synaptic 

terminal area which is observed at 0730 hrs must therefore 

be due to a decrease in the infolding of thejblasma membrane 

at this time. Fig. 11A is a graph showing how "regular" 

synaptic terminal profiles are at 15 selected time periods 

over a 27 hr interval. This graph indicates that synaptic 

terminal profiles are more regular at 0730 hrs than at any 

other time of the day. Fig. 11B is a graph' showing how 

"folded" the synaptic terminal profiles are at 9 selected -

time periods over a 27 hr "interval. The graph shows that 

synaptic terminal1 profiles are much less infolded at 0730 
9 

f. 1 

hrs than at any other time of the- day. >* 

Figure 12. (A and B), y" These graphs show the 

variation in synaptic-lamellae number (Fig;. 12A) and length 

(Fig. 12B) per photoreceptor synaptic,terminal at IS 

selected time periods over a 27 hr interval. There \s no 

statistically significant variation in the number or leijath 

of synaptic lamellae per photoreceptor terminal, except-at 

2400 hrs, when they are shorter and more numerous. 
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Figure 13. (A and B) ^ Election micrographs of glial 
> 

(Mflller) cell cytoplasm (mu) adjacent to photoreceptor 

terminals. Fig, 13A shows that the mitochondria (m) of the 

glia cells are usually in a'conventional configuration 
} 
(light matrix, few granules). Fig. 13B shows sthe Mflller 

cell mitoqhondria in a condensed configuration in a 0730 hr 

sample (dense matrix, increased number of matrix granules) 

which is indicative of increased energy production by the 

mitochondria at this time. c= jnatrix. granules, bar= 0.5*um\ 
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Figure 14. * Electrsn micrograph of a newt 

photoreceptor synaptic terminal which was fixed at 0730 hrs. 

It is apparent that there are fewer synaptic vesicles per 

unit area of photoreceptor'terminal. The synaptic vesicles 

are suspended in a cytoskeleton, as are large clear vesicles 

(lev) and profiles of smooth* endoplasmic reticulum (ser). 

Although there are few synaptic vesicles in the surrounding 

cytoplasm, a full compliment of synaptic vesicles are 

associated with the,synaptic lamellae (si). Coated vesicles 

(cv) can be seen in the cytoplasm, budding from the plasma « 

membrane (ppm), and from the deep invaginations of- other 

photoreceptor ceils and postsynaptic elements (1). 

bar= 0.5 JIB , 
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Figure 15. (A to F) A series of high power 

electron micrographs tak6n from a photoreceptor synaptic 

terminal which was fixed at 0730 hrs, showing synaptic 

vesicle endocytosis. The process begins with a slight 

invagination of the plasma membrane after the aggregation of 

cl^thrin protein molecules (arrows) on the cytoplasmic 

surface-. This invagination continues until a vesicle is 

pinched off from the plasma membrane (ppm) and a .coated 

vesicle is formed (cv). Such profiles were commonly 

observed at 0730 hrs, indicating that endocytosis is 

occuring at a vary rapid rate. bar= 50 nm 
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> 
Figure 16.' ' Electron micrograph of photoreceptor 

synaptic terminal cytoplasm which was fixed at 0730 hrs, 

showing the fusion of vesicles (v) with, or the, budding of 

vesicles from, a profile of smooth endoplasmic reticulum 

(ser). Note that a dense material (d), which has the same 

density as that found in synaptic vesicles (sv), is found 

inside these vesicles (v) and within the lumen of the smooth 

endoplasmic reticulum. bar= 0.1 urn 
f 

Figure 17. , High power electron micrograph taken 

in the synaptic region"of a photoreceptor terminal which was 

fixed at 0730 hrs. Fusion of a synaptic vesicle (sv) with 

the plasma menforane (ppm) is shown. Note the irregularity 

of the plasma membrane Which suggests that exocytosis is 

occuring very rapidly at this site. bar= 50 nm 

Figure 18> Schematic drawing of photoreceptor 

terminals which are representative of photoreceptor synaptic 

terminals observed at 1030 hrs and 0730 hrs. The drawing 

which is representative of terminals at 10,30 hrs has an area 

of 1624 mm and a pe'rimeter of 319 mm. If this drawing's 

perimeter is unfolded, without increasing its length, the 

area doubles" and becomes representative of the appearance of 

synaptic terminals at 0730 hrs.' 



TIME - 1030 hours 

AREA - 1624 am1 
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DISCUSSION 

Any interpretation of synaptic activity from 

.morphological experiments;in which- chemical fixatives, are 

'used, is fraught with uncertainty. Modern fixatives,, which 

give .morphologically pleasing res.ults, almost-*always contain 

ions•such as sodium and calcium which are known to affect 

synaptic activity physiologically. It has been recently 
i t L * * 

, shown that' low concentrations of aldehydes, especially 

formaldehyde, affect synaptic activity in an unpredictable 

- m&iner, even iWe-so than certain monovalent and divalent 

cations (Smith and Reese, 1980). Although rapid freezing of 

tissue is the prefered preservation technique for the 

morphological analysis of synaptic activity (Heuser, 1978), 

only the superficial 10 to 50 um of tissue is adequately 

preserved. To, date, aldehyde fixatives yield the best 

preservation of tissues, but it should be realized that 
- * t*t 
these chemicals may impart their own characteristics to 

• • , 

cellular" ultrastructure, maKing interpretations about; 

- physiological activity from lultrasfcructural appearance 

alone, difficult. It is nevertheless valid to discuss these 

* results in the light of previous, jsimilar, studies. 
v ' ' 

" Another possible source of error is the fact that 

although animals were fixed in the datfk, removal of the* eyes 

and dissection was carried out under dim red-light. It-is „ 

known*that neural adaptation to light occurs very quickly, 

within at most, a few minutes (Dowling, 1967). Therefore, 

adaptation to dim red light could occur before the retinas 
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v 
were completely fixed. Although the use of dim red light ' 

• shifts the .sensitivity of the rods to that of the relatively 

insensitive cones, it would be more appropriate to dissect 

in complete darkness or under invisible infrared light. 

This was not feasible in the present study. • ' 

t 

The results howe.ver, demonstrate that photoreceptor 

( synaptic terminals *in* the newt undergo significant 

morphological changes throughout a 24 hr cycle. No 

significant change in the"synaptic-vesicle diameter was ' 

observed during the light or dark phase, and this.finding is 

in agreement with other, previous studies by Mountford 

(1963) and Cragg (1969). It was discovered, however, that 

the synaptic vesicle-density varied inversely with 

alterations in the synaptic terminal area. But, when 

synaptic vesica density was corrected for vesicle^size and 

section thickness and multiplied by the terminal area, no 

statistically significant difference existed/Between 

synaptic vesicle numbers at 0730 hrs and pother times of the 

day or night, liaese findings"provide morphometric and 

statistical support for the working hypothesis put forward 

by Cragg- in 1969, which proposed a constant and stable 

• synaptic v'esicle population in photoreceptors, regardless of 

the adaptive state of the animal'. If one assumes that the 

vehicular hypothesis-for.neurotransmitter release (Heuser, 

1978) applies to photoreceptor cells-%as well, and that the,. 

membrane which is added tb the plasma membrane during 

vesicle exocytosiB is recycled by endocytosis to 
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reconstitute the vesicle population, there is no reason to 

iuggesy that the synaptic vesicle population should change 

during dark or light conditions. Likewise, there is no 

reason for the terminal plasma membrane to vary in surface 

area ̂ either. Schaeffer and Raviola (1978) have shown-that 

only when one of these processes (endocytosis). is interfered 

with, does an imbalance in the two membrane pools occur. 

However, it is naive to assume that membrane turnover in the 

synaptic terminal is a closed system. Membrane addition to 

the plasmalemma from the synaptic-vesicle membrane pool may 

be taken up by the inner and outer segments of the 

photoreceptors. If retinomotor movements occur in the newt 

photoreceptor, as they do in fish cones (Levinson and 

-Burnside, 1981) , the plasma membrane in the vicinity of the 

inner segment must increase tc account for as much as a 20%' 

lengthening during the night. Such a redistribution of 

plasma- membrane may account for the slight loss of membrane 

from the synaptic-vesicle membrane pool dujjang the night, 

without an increase in the Dlasma-membrane pool of the 

synaptic terminal ((Fig. 10E). 

Because the two pools of membrane in the synaptic 

terminal^ (the synaptic-vesicle pool and the plasma membrane 

pool) do not change significantly when the photoreceptors 

are inactive (with respect to synaptic transmission) during 

the day or when they are active during the night, exocytosis 

could then seera\±o be occuring at the same rate as 

endocytosis. Therefore, an increased rate of fusion of 
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» 
synaptic vesicles with the plasma membrane", without a 

D 

concomitant increase in recycling of the membrane by 

endocytosj^s, cannot account for the apparent increase in 

volume of newt photoreceptor synaptic terminals, which 

occurs just prior to the light cycle at 0730 hrs. Index of 

infolding and form factor measurements of synaptic terminal 

, profiles have, however, shown that a sujnificant reduction 

in infolding of the receptor plasma membrane can account for 

the overall changes in surface to volume ratio which occur 

in synaptic terminals at 0730 hrs. This effect is 

illustrated in Fig. 18. The drawing, representative of 

photoreceptor terminals observed at 1030 hrs, has an area, of 

1624 mm2 and a perimeter of 319 mm. Using the Videoplan,, the 

perimeter of this drawing was unfolded to represent 

terminal's observed at 0730 hrs. Simply by unfolding the 
i 

perimeter,vthe area and the form factor doubled. This model 

mimics the events occuring in the synaptic terminals of newt 

photoreceptors at 1030 and 0730 hrs and demonstrates that 

unfolding of the plasma membrane can account fbr the . 

doubling of synaptic terminal area observed at 0730 hrs. 
C 

Fluctuations in the folding of photoreceptor terminals 

have also been reported for chick (Cooper and McLaughlin, 

1978), turtle (Schaeffer, and Raviola, 1976"? 1978) and 

goldfish (Raynauld £t al.," 1979) retinas. vThe reason why 

such significant unfolding of the plasma membrane occurs at 

0730 hrs is, however, unclear. Schaeffer and Raviola (1976) -

surmise that the increase in turtle photoreceptor area, 
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together with the increased invagination of the\postsynaptic 

elements in the dark, occurs because the surface area -of the 

receptor pedicle increases and the photoreceptor ending 

accomodates the redundant, Membrane by flowing ,along•the 

length of the postsynaptic processes, However, their 

assumption that the surface-Area of the pedicle increases 

has not been verified by measurements of plasma membrane 

. perimeter. In the dark-adapted newt photoreceptor, 

increased membrane resulting from the fusion of synaptic 

vesicles With the.terminal plasma membrane may flow along 

the length of the invaginating postsynaptic elements, wjaere . 

* it is immediately recycled by endocytosis. Thus*, during -

rapid exocytotic and endocytotic events suc'h as those 

occuring at 0730 hrs, a change in the shape of the 

photoreceptor terminal may occur without a change in either 

the synaptic vesicle population or the photoreceptor 

perimeter. This change in shape may be either a consequence 

of, or an adaptation to, such active recycling of membiane. 

It has been suggested that cisternae within the 

photoreceptor'terminal may increase surface to volume ratios 

for membrane retrieval (Holfczman and Mercurio, 1980). Since 

endocytosis of. membrane is almost always associated with the 

plasma membrane around the deep invaginations of 

postsynaptic elements, the photoreceptor plasma membrane in 

this area may be a preferential site of membrane uptake, -

The appearance of newt photoreceptor terminals at 0730 hrs 

is not unlike the appearance of dark adapted turtle cone 
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photoreceptors (Schaeffer and Raviola/ 1978). Schaeffer and 

Raviola noted that", like newt photoreceptors, they 

postsynaptic element's-of dark a'dapted turtle photoreceptors 

were deeply invaginated into the receptor terminal. 

* ' ' V ' 
Endocytosis\has also been observed to occur at a rapid 

rate, as indicated by the uptake of tiie extracellular 

tracer, horseradish peroxidase (Schaeffer and Raviola," 

1978). The quantitative studies of newt photoreceptor "cell 

synaptic terminals have shown that endocytosis is also 

occuring at a, similar, rapid rate. Coated vesicles and 

v"""'large cisterns of membrane, which are the morphological 

\ ' -S "5 

characteristics of rapi^ rates of membrane Recycling in .most 

cell types (Douglas* e£ al., 197.7? Holtzman a*nd Me.rcurio, 

1980), increased in numbers as the nj.ght period progressed 

and were most prominent just before'the light period began.-

Since, as previously suggested, exocytosis always ̂ occurs at 

a rate equal to*endocytosis,- exocytosis must be occuring .at 

a very rapid rate in newt photoreceptors at 0730 hrs as 

well. Observations4of uncoated vesicles and omega profiles 

associated With the photoreceptor plasma membrane are 

indicative that high rates of exocytosis are occuring at 

0730 ti-rs. But Why should there be such an. increase in the 

turnover rate of synaptic vesicles in photoreceptors towards 

the end of the night*cycle? This question may ,be best' 

answered after considering, the changes which occured in newt 

photoreceptor terminals during the light period. • ' 

V • • . • ; • .-. 
It was found that as the light period progressed, there 
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was an increase in the number of dense-cored vesicles found 

in the cytoplasm of newt photoreceptor terminals, especially 
* ' \ 

near the synaptic lamellae. Similar changes have been 

\ 

observed in light adapted frog photoreceptors that have been 

light adapted for a long period or time (Monaghan and 
- r 

Osborne, 11975*; Osborne and Monaghan, 1976). Monaghan and 

OsbornV suggest that light adaptation of photoreceptors 

reduces rthe rate of vesicle release, but not 

neurotransmitter packaging, with the result that many v 

vesicles become, "supercharged" with transmitter substance. 

>The higher concentrations of neurotransmitter m the 

*-synaptic-vesicle .then* causes the core of the vesicle to 

become electron-dense. In newt rods, these* dense-cored 

k vesicles are preferentially associated, with the synaptic 

. lamellae at 1930 hrs., During the.early night,'the 
* s .̂  ,* - - 4 
flense-coxe'd vesicles decrease in frequency and the 1 

'-' - - * ' ' . \ \ -
- quanti?:ity 'of the electron-densje substance in the synaptic 

• '• •• ' ' • 

' cleft increases. Thus, neurotransmitter stored in the -
vesicles during the late\day may be'release-d into the-

- V * . <• ' 

-"synaptic cleft during the early night. Admittedly,'the 

suggestion that the appearance of an electrons-dense cose in 

synaptic vesicles and the accumulation of electrpn-«3ense 

material in "the-synaptic cleft,-of newt rods is actually 

neurotransmitter,material, is highly speculative. However, 

if Monaghan and^Osborne are correct in'interpreting the 

appearance of dense-cored vesicles during the. day as 
*-* » 

"supercharging" of vesicles with transmitter substance,.'then 
it is quite conceivable that the 'Opposite,phenomenon^ccurs , 
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in the dark. If one assumes that neurotransmitter synthesis 

takes place at a constant rate throughout the light and dark 

period, then synaptic vesicles would have an opportunity to 

become "supercharged".with transmitter during the day, but 

in the night, synaptic vesicles would be released at a 

greater rate than transmitter could be synthesized #nd 

packaged. As a result, the synaptic vesicles wouldIbecome 

"undercharged""with transmitter substance. Since the 

photoreceptor postsynaptic elements must be depolarized 

throughout the dark period; the photoreceptor cells would 

then be required to increase exocytosis toward the end of 

the dark period to maintain sufficient levels of transmitter 

in the synaptic cleft. The rate of endocytosis and 

exocytosis' would thus gradually increase as the night period 

progressed, resulting in the morphological differences which 

are observed late in the night cycle. By early morning, 

, after the lights have, come on, exocytosis and endocytosis 

would be reduced, the photorececeptors would regain their 
* * 

"normal" morphplogy,*ajjd the synaptic vesicles would become 

fully charged again. 

This,proposal poses two problems. First, if the. 
* * * 

" photoreceptor is to k'eep the .postsynaptic elements* 

depolarized, a feedback1 mechanism must the 'present,.-which 

-either informs the photoreceptor as tcf the amount^of -

transmitter in the.synaptic cieft> or how much transmitter 
* -, 

is in the--synaptic vesicles.. This information would be 
essential for the photoreceptor-to effect the appropriate 

y " * ' a. 
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rates of exocytosis and endocytosis. Whether such a system 

exists remains to be determined. Secondly, it is well 

established- in the neuromuscular junction, that transmitters 

are discharged in small bursts, which are very constant in 

size and are termed "quanta"'(Katz,.1971). The vesicular • v 

hypothesis for transmitter release states that a quantum of 

transmitter substance is contained within each synaptic 

vesicle, and that the small recorded bursts of'activity 

(miniature end plate potentials) correspond to the release 

of transmitter from single synaptic vesicles (Heuser e_£ al., 

1979). In the newt photoreceptor, according to the above 

proposition, the quanta of transmitter released by synaptic 

vesicles would vary with time, being greater at the 

beginning of the night cycle than at the end, because 

synaptic vesicles in photoreceptors are Supercharged at the 

beginning of the night and undercharged at the end of the 

night. To determine if the size of the quanta* in 

photoreceptor synaptic vesicles does in fact vary during the 

day*iiight cycle, must await further physiological studies on * 

this phenomenon. 

, In any event, the energy requirements for the rapid 

turnover of membrane in newt photoreceptors at 0730 hrs""must 

be great, and it is likeJLy that the glia, as well as the 

photoreceptors, play an active metabolic role in 

photoreceptor synaptic transmission. As in the dark-adapted 

ratvretina (Spadaro ei aJL., 1977), the mitochondria of the 

newt Mflller cells appear in condensed (electron-dense) 
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configurations at 0.730 hrs. This is indicative, of active 

mitochondrial respiration and phosphorylation (Novikoff'and 

Holtzman, 1976). It is also known that mitochondria are 

active in the -removal of calcium during synaptic 

transmission JKelley ££ aJL., 1979), The entry of calcium 

into the presynaptic nerve terminal is a necessary 

prerequisite for the fusion of. synaptic vesicles with the 

plasma membrane'(Llinas and Heuser, 1977). The dark 

granules in the mitochondrial matrix of newt retinal Mflller 

cells are similar to the granules in the mitochondria of , 

other cells which have been identified as calcium sinks 4\ 

(Peachy, 1964; Lehninger, 1970)., If the granules in the- " 

Mflller cell mitochondria, which increase in number at 0730 

hrs,1 are calcium associated, then the glial mitochondria may 

be an important calcium-buffering system for the control of 

calcium ion movements in the vicinity of the photoreceptor ' 

synaptic terminal during the night. The observation that 

smooth endoplasmic reticulum and large clear vesicles • 

increase,in frequency during the night, may also represent a 

cellular effort to sequester calcium (Blaustein e_t al., 

1980). ' t 

Although synaptic lamellae have been reported to 

" * • Y 
decrease in num&er and length during the night in fish cones 
(Wagner, 1973; Wagner and Ali, 1977.) and both the rods and 
"* * 

cones of the albino rat (Spadeyo,, 1978) retinas, no 

significant differences between the day and night were -

observed ̂ .n."either the number or length of synaptic lamellae 



- 50 -

in newt photoreceptors. However, synaptic lamellae in newt 

photoreceptors were significantly shorter and more numerous 

at 2400 hrs, than "at any other time of the day. This was 

probably due to the large number of lamellar arrays which 

were observed in this sample period. These arrays were 

'similar to the "ribbon fields" which have been described in 

the pineal gland (Vollrath, 1973). The reason why 

fluctuations in the number and length of of synaptic 

lamellae over a '24 hr period could not be detected, except 

at 2400 hrs, is unknown. However, it is possible that the 

cyclic variations only occur in one photoreceptor type, as 

they do in the fish retina (Wagner, 1973; Wagner and Ali, 

1977). The significance of the large number of "ribbon 

fields" which were observed in the 2400 hr sample is also 

unknown. It has.been suggested that synaptic lamella* , 

turnover in the pineal gland occurs at 8 (Vollrath, 1973) or 

24 hr (McNulty, 1981) intervals. Therefore, it is possible 

that the "ribbon fields" constitute some part of this 

synaptic lamellae renewal process in photoreceptors.«' It is 

difficult to comment on these findings because of the 

apparent species variation in the fluctuations of 

photoreceptor synaptic iamellae and the lack of information 

concerning the structure and function of this unique 

organelle. 

In conclusion, these findings support the suggestion 

- that transmitter is released from photoreceptor synaptic 

terminals in the dark. In addition, the-observations show 



- 51 -

that the morphology of newt photoreceptor synaptic terminals 

changes dramatically over a natural 24 hr day-night cycle. 
-r" 

These changes suggest that neurotransmission in the newt 

photoreceptor may differ from the neuromuscular junction in 

that -the amount of transmitter in each synaptic vesicle may 

vary in ̂a cyclic manner over each 24 hr period. 
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• Ultrastructural studies, described in Chapter 1, 

provide evidence that newt photoreceptor cells release a 

neurotransmitter in the dark by the process of exocytosis," 

as has. been suggested for other vertebrate retinas. 

Electrophysiological studies have shown fiaat ,in otheis. 

vertebrate retinas, .the chemical transmission from 

photoreceptors to horizontal and bipolar cells is mediated 

by a depolarizing neurotransmitter (Kaneko 4®d Shimiaakl, 

1975). The exact identity of the photoreceptor transmitter 

< is, however, unknown. 

1) Catecholamines. The accumulation of denser-cored . 

vesicles in the light-adapted cod terminals of the toad w,as 
•' ^ 

considered to be indicative of possible tefatomM** 0» 

catecholamine stores in photoreceptors. (Monaghan and 

Osborne, 1975). A similar a#@umulation of dense-cored 

vesicles has been observed in &5wt photoreceptor synaptic 

terminals In the light (Chapter 1) suggesting the 

-.possibility that an amine may be the naurotransmiltes of the, 

hewt photoreceptors as well. In addition^-Jhe total 
- catecholamine content of toad, fro§and rabbit retinas is 



greater la light than is dark-adapted retinas (Drujan jejt 

aJL., 1965); however, the a«p*£*\t» amounts of adrenaline and 

^ noradrenaline have bean shown to vary amongst speclas, and 

they are peasant in differing concentrations, depending on 

the «*tfti«« stata of the animal W l , 1172}. lb. 

formaldehyde condensation induced fluourescent technique of 

Falck At Al. (1962) has been highly successful in localizing 

neuroactive amines in the retina. (Malmfours, 1163; Shlnger, 

, 1966). Inmost species studied using this technique, 

dopamine and noradrenaline (as differentiated by 

microspectrophotoaetry) have only been localized to cell 
•I V 

bodies within the inner portion of the inner nuclear layer 

(Stall, 1972), in addition, autoradiographic localization 

of labelled dopamine and its precursor, DOM., resembles the 

distribution of catecholamines as observed with the 

fluorescence techniques (Ehinger and Falck, 1971), a»t 

photoreceptors have been shown not to synthesize 

catecholamines or serotonili in the turtle retina (Last, 

1975). Furthermore,, amines have been"sh«ra not to hjwr# •» 

excitatory effect, but rather a slow inhibitory If feci om.f' 

, photoreceptor postsynaptic elements (Van Barreveld? 1F7S), 

In light of this evidence then, the photoreceptor 

transmitter is unlikely to fee an amine, 

2) ApttylqfeHfB-ft - / ^mtmm studies have also bjeen aimed 

at deaonstrating/tle slowNMrttitBfy ejascitafcofif 

neirotcamsmitte*,-acetylcholiae, fts î he ptetoreceptoir * * 

t^WSV- lira ̂ cHeii,. M „«, toMn *« *> 
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, time to be present in the frog retina (Tfa#rw*n, 1338), the 

-location of the d«grada,tive ensyme acetylcholinesterase, 

together with acetylcholine receptor sites, are now used to 

demonstrate the- existence of, and to localise, * cholinergic 

system. Such studies have demonstrated acetylcholinesterase* 

activity in amacrine cells and in some cmama," ganglion cellk 

in a number" of species (Nichols and Koelle, 1968s Stall, 

1972), In the newt, acetylcholinesterase activity has been 

observed throughout the outer plexifora layer, although not 

along the photoreceptor membranes at any distance from the 

synaptic terminals (Dickson e± jal,, 1971), Only nonspecific 

. acetylcholinesterases could be demonstrated la association 

with the horisontal cells of pigeon and ground squirrel 

retinas (Nichols and Koelle, 1968)*. 

It has recently been pointed out, that ' 

acetylcholinesterase activity is not necessarily indicative 
» 

of the"presence of a cholinergic or a ahollaooepfciva nearon 

(Lehman and Fibiger, 197£). Furthermore, 

'acetylcholinesterase has been found to hydrolyse sohstance 

P, and therefore may be responsible for the termination of 

this neuropeptide's act ivi ty (Ghistob Ab£l*r IfSIl if ifc Is a 

neurotransaiter in the outer plexifora layer, 

. Maeh biochemical•and pharmacologic evidence also 
/v ^ 

sugg*#ts tha.t ao»t^lchollne\ i a ut i l ls ts i as a 

V . ' V / . *' 
nett«#is«ansmitte>r in the retana (Val'tsev,-1961* #ltw mM 
'Ross, XMAt Ames tod Fo!l«?n, ISIf Seal «$8 iil#«yP 

f 
Vogel s t AJL,, 1979; Breoel^&fc |JL,7 1579) m4r 0* **if»S»l 



-potafeifT neurotranamittara, only acetylcholine baa 

shown to he synthfsised by tnrtle photoreceptor* (!*•# 

1S72). However, a:later atudy by Lam (1975) showed that the 

specific activity of the Icholine synthaaising 

choline acetyl transferase, wfs only 10-30% of the specific 

activity of that An the whoia 

doubt on his original thesis. 

turtle retina, casting 

Although (31)-choline ia * 

accumulated by the photoreceptor cells of the rajSbit retina, 

it is incorporated into phospholipids, and not Into 

acetylcholine (lasland and Mills, 1979; 1980). The only 

cells in the rabbit retina which have been shown to 
f 

r 

synthesize acetylcholine mm m . 
population of amacrine cells (JUulmd and Kills, 1979; 

4 

1910). _ Because there is,, no difference' In the acetylcholine 

content of light and dark adapted" goldfish retinas, _aad 

because acetylcholine can only be released by flicker 

stimulation, it has been suggested that acetylcholine is 

used as a neurotransmitter by neurons in the Inner retina, 

and not photoreceptors (vivas and ©jnstjamf if p§), 
* 

v t -

Recently, muscarinic and nicotinic acetylcholine |A£a) 

receptor s i tes have b#e» investigated axtensively* and 

localised in goldfish (Vogel and lirenberg, l§7fj Sohwarts 

an3 Bok, 1S7-8* loreho-Yanes and laJKUr, I979ki 1171b), monse 

(lourcho, 1979) and bovini ploreao-tanea tail D U i t , 1979©} 

retinas* Ssing (SHHQ^lnnolldinyl bsnsylafes ((38)-SHI* 

•masoaJEinio Ada receptors have been local!**! ia fcito ftnmt.K 
,- r ' 

plexifora' layer of the dhiotf' ret ina {Bagifama jfc ,§JU> \mi), 

^v 



whiia {iMD-a-boagarotoaia {{U5I3-WK), aiootinlc *C« 

, biadiog a l ias , hay* mm localised i s both plaxifom layara 

of rahfaU, chick. (Vo^al and Uraabarg, i f ? f ) , pigaoa • 

CIMMXU audi Schmidt, l i i i f l>77j Yasqlla, 117»), tartl* and 

.goldfish (Tamil* and Schmidt, 1J7I? Scfewarts and *ok, I l? | f 

Yaaulla, 1*79) retinas, tlactroc-aicroacop* 

autoradiographic localisatioa' of U2SZ)-Ml raoaptor s i te* 

la goldfish retina show that these receptor* are on small . 

bipolar call dendrite* and i t has b*en saggaatad-that the 

bast candidate for cholinergic activity in the otrtar 

plexiform layer la the photoreceptor Ochwart* ajid fcoi, 

l»7fl). lawaver, when chick and pigeon-' retina* vara 

incnhatad with nicotine, ealy th* binding of UJfllfHW i s 

the inner plexifora layer ma abolished, icrdioating that the 

binding of (1251) -BTX Is the' enter plexifora luffs. W • 

probably nonspecific { la.al la, l i f t}« Fartharmora, elegant 

autort31#f rej^lc exparlawatta §®ttdiotad by Maalajftfl and m i l * 

(1979) indicate that valla rabbit pbotoreoapfeors and 

ganglion "call* synthaaiae a%#fl *n*Maaja |̂a4,*>fl ^hoap&olipid*/, 

aoetylcholifia synthesis i s rastrioted to a few cal l s at both 

margin* of the inner pfcxiform flayer, probably Jo a ns*ll 

group t£ awaarlaa call* (Hayden At Ml,, 1980). In Edition7 

« 

kas Man lyed *» X««t)llM aotkySUMlw rataf**?** fena,. tfotf ; 

h.av£ tatty fee** ie»6wifefataJ la tk*> tat#x jtt*ttltMfJt;|iR|(tt * £ -
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Marshall and Werhlin (1978) have shown; that1 

. . . * 

.acetylcholine uncouples horizontal cells in the tiger 

salamander retina, thus implying that a population of these 

cells fnay« secrete acetylcholine and could therefore be 

responsible for the receptor-site labelling" which has been 

observed in ihe outer plexifora layer of certain species. 

However, it has recently been found that muscarinic drugs" 

are only able to competitively block turtle cone to L-type 

horizontal cell synapses when used in high concentrations 

(Gerschenfeld and Pitcolmo, 1977); there was apparently no 
'/ ' ' 

effect on the connection between cone and hyperpolarizing 

bipolar"cells, indicating1 that these are not cholinergic 

synaptic connections either (Gersghenfeld and Piccolino, 

1977). " ' „ • 

• • • ' . ' , • : } • ' ' . 
^ The consistent association of a pmall population of 

amacrine eellstwith the neurotransmitter acetylcholine, • . 

implies that cholinergic amacrine cells -in a number o'f 

species' probably have a comparable functional role. There' 
* " * '. < -

is,* howjever,- little conclusive evidence supporting 

.acetylcholine's role as a photoreceptor neurotransmitter. A 

lack of direct,electrophysiolegical,evidence on the'effects 

of cholinergic drugs and acetylcholine 6n 'bipolar cell 

activity, necessitates further'study on the role-of 
acetylcholine as a neurotransmitter in the retina, 

• ' U 

3) Amino Acids. Amino acids too, have been proposed as 

putative neuroactive substances .and recently have v 
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v 
convincinglyvbeen implicated as neurotransmitters in the 

retina. . The two excitatory "amino acids, glutamate and 

aspartate, have been suggested as the most likely.candidates 

for the synaptic transmitter substances of photoreceptors 

'(Starr, 1977)^ '.Sillman et 'jtl. (1969) observed that sodium 

glutamate or Aspartate,eliminates most of the 
i 

electroretinogram when'applied to the,photoreceptor surface 

of frog retina, -an effect which mimics that of photoreceptor 

transmitter release in the dark. Furthermore, intracellular 

"recordings from carp and skate bipolar Cells indicate-that 

topically applied glutamate and aspartate*mimic the effects 

of the photoreceptor transmitter iTomita, 1976). Sodium ' 

aspartate has\ also been found. t6 depolarize the horizontal 

"cells of tae carp retina (Stell, 1972-; Wu, and Dowling, 1978; 

Negishi and Drujan, "1979), and synaptosomal preparations of 

rflabbit photoreceptor synaptic terminals were shown to 
f 

contain more* than 40% of the total aspartate jLn the retina 

(Neal and Atterwill", 1974) . Kennedy and Voaden (1974b) 

reported as well, that levefs of aspartate and glutamate 

were twice as high in the photoreceptor iayer, as in the 

rest of the frog retina^ similarly that retinal glutamate 

* - ,.V , ' ̂ %̂, 
levels were highest in the photoreceptor layer of the rat 

retina (Kennedy jg£ al,, 1977). 'However, Sarthy and Lam -

(1979) and-Burger £t ii*". (1977)'found no difference in the 

content of these amino acids in the various layers of either 

turtle or monkey retinas, respectively. The reasons for 

such species variations is, not clear. Although kinetic ,„ 

analysis reveals that there is a high-affinity uptake system-
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in the retiha for glutamate and aspartate (Starr, 1§77), 

autoradiographic studies have shown that only glial cells 

accumulate appreciable amounts of either of these two amino 

acids (Ehinger and Falck, 19,71; Bhinge'r, 1972; 1977; Bruun ' 

and Ehinger, 1974; White-and Neal, 1976) .* Difficulty then, -

in demonstrating that these amino acids are, in fact, the '„ 

photoreceptor neurotransmitter, stems from the fact thpt 
tt * * 

both amino acids play an active role in intermediary^ 

metabolism, and it is impossible to distinguish between 

transmitter molecules and those associated" with other » 

metabolic activities. , , ' 

The uptake of aspartate and glutamate by retinal glia 

does not necessarily .negate the possible' use of these amino 

acids as neurotransmitters by photoreceptors. Although some 

neurotransmitters are inactivated by enzymes tin the synaptic 

" cleft, or by re-uptake by the presynaptic proe€ss, retinal 

Mflller cell processes in the newt ar,e so closely associated 

with photoreceptor terminals (see-Chapter .i-) that. i 

inactivation of 'photoreceptor neurotransmitters in this 

species may be by uptake into the Mflller cells. • In fact, 

Fagg and Lane (1979) suggest that it is unlikely that amino 

acids are extensively metabolized extracel>ularly, and that 

re-uptake likely represents a more widespread means of ammo 

acid "tTransmitter inactivation. Furthermore, Starr .(-1977) 

suggests that glutamate, released by the- photoreceptors in 

the dark, may he taken up by Mflller cell processes and 

formed into glutamine, a metabolite which could then be ' 
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returned, to th^photoreceptoris to participate in the 

synthe-sis of the fresh transmitter, glutamate. However,* 
<" * « 

.some studies "(Ehinger, 1977; Sarthy and Lam, 1979) have 
- t i > 

failed to/verify the existence of the 

gliitamate-glutamine-GABA cycle proposed by Starr (197*7), 

although*Voaden £1^ al. (1978).have suggested that glutamine 

may be a major source of GABA in the retina. " , 
w k " 

Recently, it has been*shown that intraocular- injections 

* of kainic acid, an analog of glutamate, causes swelling Of 

certain goldfish horizontal cell dendrites. The implication 

is then, that rods use glutamate as their neurotransmitter; ¥ 

- cones on the other^hand', are beleived to use aspartate as 

their neurotransmitter substance, (-Yazulla and Kleinschraidt, » 

1980). Wu and Dowling (1978) 'also suggest that aspartate 

* may be the" cone transmitter because it is more effective 

than glutamate in depolarizing cone horizontal cells, and 

its antagonist blocked the depolarizing effect of both 

aspartate and the natural transmitter. Finally, Neal (1976) 

and Neal e± si, (1979) have reported that aspartate, and not 

-glutamate, is released from«,the retina' of the rabbit upon 

stimulation by light, flashes, while Kondo and Toyoda (1980), 

found no difference in the ability of glutamate or aspartate;, 

to act on the subsynaptic membrane. To date, more evidence 
• * 

supports glutamate and aspartate as the photoreceptor 
neurotransmitters than any other putative neurotransmitter 

compound. *< - • " 

taurine, a sulphur containing amino acid, is the 
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predominant free amino acid in̂ f̂he retinji and 75% of the 
v ( 

total taurine content in frog retinal tissues has been shown 

to be associated with photoreceptor cells (Kenn'edy and ' 

Voaden, 1974a). Autoradiography has localized (3H)-taurine 

.within photoreceptor cells and certain other"eel] 
including the amacrine interneurons and the retinal bipolar 

cells -(Lake eJt'jLl,, 1978)./ Although taurine is one of a 

y - > • 
number of putative amino acid neurotransmitters, and 

photoreceptors have' been demonstrated to have a high 

affinity uptake system for taurine (Kennedy and Voaden, 

1976), taurine is not widely accepted as a candidate for the 

photoreceptor neurotransmitter because it has contrasting 

physiological actions and because light stimulation, rather 

than darkness, causes an efflux of taurine from the retina 

(Pasantes-Morales e£ Ml-, 1974). However, taurine appears- • 

to' he"essential for normal photoreceptor maintenance (Cohen 

e£ al., 1973). g 

i Miller and Steinberg (1979) suggest that taurine is 

involved in an"*iso-osmotic regulating mechanism that helps 

preserve osmotic balance during calcium fluxes, which result 

from light stimulation of the photoreceptor outer segments. 

Furthermore, taurine is,known to stimulate production of 

melatonin by as muct as forty-fold (Wheeler e± § 1 . , 1979),-<on'-

the pineal gland. Since melatonin is likely tojae ... * f 

synthesized by photoreceptor cells of the retina (Gern and' 
-v J 

Ralph, 1979) , it is possible that taurine may play a role in 
the regulation of the synthesis of this compound in the • 
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9 < * 

Taurine has also been suggested as having-a \ 

neuromodulatory role ipthe central nervous system (Davison* 

and Kaczmarek, 1971; Kuriyama, 1980). Modulators differ' -

from transmitters in that the cellular efflux of these 

substances and thus the "magnitude Of their effects, may 

change, depending of they state of neurona'l activity and on 

extracellular potassium concentrations; modulator-release 

mechanisms are independent' Of - calcium and probably change 

more'slowly with time; and modulators are not present in 
t * 

synaptic vesicles (Orrego, 1979) . Taurine is thought by 

A some, to modulate membrane excitability by decreasing the 

* concentration of intracellular free calcium and thus * 

inhibiting the release of; other transmitters (Kuriyama, 

„ 19,80) . If photoreceptors utilize taurine°as a 

V neuromodulator, then the implication is that they release av 

^-neurotransmitter via synaptic vesicles, and release taurine 
* •„ " "' • i 

* by way of some other cytoplasmic, release mechanism'. Such' v, 

exceptions, to Dale's principle" (one nejiron, one 

neurotransmitter) are currently being investigated-

„ (Burnstockfc. 1976)* •, . 

At least two other excitatory .amino acids, in addition/ 

to L-glutaraate-and L-aspartate occur "in normal CNS tissues. 

They are L-cysteate. and L-cysteine .sulphinate. Cysteate is 

"-the sulphonic* analogue of aspartate and/ is present, albeit 

in low concentrations, in the rat brain (Curtis and 

Johnston,. 1974), This amino acid has been shown to 
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at 
depolarize cat spinal motor neurons, is comparable in 

potency to aspartate and can be metabolized by 

decarboxylation to "taurine, while cysteine sulphinate can be 

metabolized by decarboxylation to hypotaurine (Curtis and 

Johnston/ 1974). Furthermore, the enzyme cysteine 

sulphinate decarboxylase has been found in rat brain 

synaptosomal preparations (Agrawl e_t al., 1°971). Cysteate 

and cysteine sulphinate are not yet commercially available 

as radiolabeled compounds, so uptake and release studies 

have not -yet been performed. However,,cysteate is a strong 

competitive inhibitor of glutamate in rat brain slices and 

could therefore be a substrate for a glutamate transport * 

system (Curtis and Johnston, 1974). 
. t 

i 

Sulphur containing amino acids, such as taurine, are* 

.further implicated as possible neurotransmitters in 

photoreceptor cells because the photoreceptor synaptic 

vesicles of some species stain with prolonged osmium 

treatment (Pourcho and Burnstein, 1975) and the synaptic 
« 

vesicles of newt photoreceptors have been shown to stain 

with the Zinc Itftlide Osmium (ZIO) technique (Flight and Van 

Donnselaar, 1975a). PellegrinO de Iraldi (1975; 1977) has 

suggested that some of the specificity of the ZIO reactivity 

is due to the presence of free -SH groups, however no \ 

control experiments have yet been done until this work, t6 
5 

see if -SH groups are responsible for the staining observed 

in newt photoreceptor synaptic vesicles. 

The distribution of free amino acids in whole or , 
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microdi§sected retinas has been previously studied by amino 
4 ' - . - * * 

acid analysis*in monkey, rat, frog (Kennedy and Voaden, 
1974b; Voaden, ,1977; Karlsen, j.977; Berger £fc al., 1977) ,r 

cat, rabbit (B&uer and Ehinger, 1977; Neal eJfc.»,aJL,, 1979) a 
* % " 

mouse (Cohen e_t al., 1973) retinas, in an attempt to 
identify potential amino' acid neurotransmitters.' Because 

photoreceptors release~ah excitatory- neurotransmitter in the 

dark, it should be a relatively simple matter to measure and 

compare the free amino acid content of the retina during 

light and d.ark conditions to detect fluxes in putative ammo 

acid transmitters. In this chapter, many of the techniques 

described* above have befh employed topstudy newt , , 
« '' ' 

photoreceptor transmitter candidates in light, dark and ,;. 
cycled light cpnditions. 
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IIALS*ISD*HE MATERIALS AHD XETHODS 

1) "Localization of Muscarinic ̂ and Nicotinj.k Acetylcholine .f, 

Receptor sites. ,' „ % v i 

a') Preparation of Radiolabel: ** * 
*,ip . ( j 

" »'* " * .. * 
9 

To detect a^skylcholme binding sites m_ newt retina,- ' 

tritiated quinuclidinyl benzylate ((3H)-QB;- 29 Ci/mmol) ,and 

. iodinated o-bungarotoxin ((125I)-BTX; 18 pCi/pg) were., 

purchased from New England Nudlear (Boston, Massachusetts) 

and the latter was used within one week of its arrival. 
" " \ " • " - * 

Samples ol 5, 10, 20 ahd 40 ul of each isotope'were 

evaporatedWith dry nitrogen in a fume hood at 20 °C,' and 

* resuspended In -100 pi of* unsupplemented tissue culture media 

(M-199 with glutaraine; GIBCO, Grand Island, New York).in 

small 200 pi chambers (Final -Concentrations; (3H)-QB, 7.1 

pmol for',the \o pi dilution; (125j£)-BTX, 0.0137 pmol tfor the; 
*' A 

20 pi dilution)-. Newts were killed by decapitation, the 
*-

eyes were enucleated, the Corneas removed and the eyeoups 

were placed in the" incubation'chambers with-radi6active 
f - \ -

, media which was oxygenated with 98% oxygen during ' 

-, inc^ation. After either 15 or 30 min incubation periods,-

' the eyecups were-washed in oxygenatecPM-199 "without lapel 

* for 5 min. The eyecups were then fixed and processed for 

electron microscopy (see Chapter 1). The .use of this 

incubajtion procedure, ''rather than ia vivo injections Of 
a * 
• . " j t. 

•label into the vitreous, more accurately controls the 
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• ' i " 
concentration of label available to the retina. r 
b) Autoradiographic Methods: c . 

- ^ .' ' ' * 

To shorten autoradiographic exposure times, a 

scintillator , (10% diphenyloxa'zole; New England Nuclear, 

Boston, "Massachusetts) was added to'the embedding media 

during infiltration and embedding (Fisher ei al,r 1971; " • 

Kbpriwa, 1979). , Half-micrometer plastic sections of retina r' 
<t 

- were cut on an ultramicrotorae and heat fixed, ,2 cm from the 
• *. f ' 

% * • 

end of glass* slides. The slides-were then dippedr in the 

%dark, in undiluted Kodak NEB-2 nuclear"tract emulsion / t ' 
* 

(Eastman Kodak Company, Rochester, New York) -and dried, inu 

the dark, for ̂  hrs in a high humidity (>70%) atmosphere. 

Thef slides were then' stored at 4 °C in light-tight boxes \ 
1 Containing silica gel. After varying exposure times 

"lusually 1.-2 weeks), the slides .were developed in Kodak D-19 

developer for 2 min," briefly washed in distilled water, and 
v fixed in Kodak fixer for 5 min. After Washing in distilled 

water for 10 ntin, the slides were dried- thoroughly; in a dust 

free atmosphere. Some slides were stained through the 

emulsion prior to"photography with a solution of 1% . 

toluidine b M e in 1% borax. Ultrathin sections were also 

cut from blocks containing tissues which were incubated, in 

(1251)-BTX". -These were prepared for electron .microscope 

ai^oradiogpaphy as described by Ball .§£ al. (1981). , 

2) Amine Acid Analysis o£. Free Retinal Amino Acid? during 

Lidhte aM Dark Adaptation. - Because the amino acids 
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aspartate and glutamate are putative phot6re.ceptor v 

v -- > - * , 
transmitter substances,- an amino acid analysis was performed 
on light, dark, and cycle-adapted retinas to compare the y 

* , 

fluctuations in amino acid, "concentration which might occur 

as they are released in response to different physiological 

stimuli. , v-. • 

One group of newts was- light adapted conti»uously for 9 

days by. pacing them in*a tank illuminated by a 150 Watt 

flood lamp, placed-10 cm from the water surface. The light, 
^ • . * ' 

intensity in the holding tank was about #00 lux. Heat from •» 
• » -J 

the lamp was dissipated with a water-jacket system, so that 

the temperature of the water.in the tank never exceeded . 

*20"°C. Other newts were dark adapted for 9 days by, placing 

them in a tank which was contained within a light tight box.. 

The tank water in both light and dark conditions was 

oxygenated with an air line.--The water in the tanks was 

changed every 2 days and the newts were fed freeze-dried 

brine shrimp atfcthis time as' well. Cycle-adapted newts- were 

kept in an aquarium as described in cfhapter 1. * 

-"Cycle-adapted newts were killed by decapitation during the 

light phase under normal room light, while" the light or dark 

adapted newts were killed in a similar manner.in the" light 

or under dim'-red light (Chapter 1) , respectively. After the 

9-day period, the left eye of 3 newts in each adaptation 

regimen was processed"for amino acid analysis and the right 

eyes were processed for transmission electron microscopy 
* 

(see Chapter 1). The right eyes were checked for ' 



morphological changes which might have jeffccjured due to the . 

extreme adaptation regimen. ••*—-*s~ 

For amino acid analysis, the cornea of each eye was 

removed, and the retina carefully-teased 'away from the -

pigment epithelium. The retinas were briefly washed fteeV-of 

- j 
.vitreous in amphibian ringers (>0.11M NaCl, 0.0019 *M KC1, 

0.0008-M CaCl , 0.0024'M NaHCO ,* 0.003 M glucose) and then 

placed together in 3 ml of 10% trichloroacetic acid (TCA) at 

4 °C. The tissue was homogenized in TCA and sonicated at 

4°C. The hombgenate was then centrifuged at 4,000 RPM for 

20 min, and the supernatant was carefully decanted and 

millipored to remove any precipitated protein, prior to 

lyoph^lization and storage at -70.°C. Before analysis by ion 

exchange chromatography, the* samples were reconstituted in 

50 pi of tris buffer (pH 2.2). Amino acids were separated, 

on the basis of their charge and molecular weight, with a 

high-pressure column packed with ion exchange resin 
' - ' i t " 

(Hamilton, 1963)'. After reaction with-ninhydrin, the amino 
acids were eluted from the ion.exchange column and detected ( 

/ l with an 'ultraviolet flow photometer' at wavelengths of 440 nm 
* -

and 570 nm, and the results were printed on a two-channel 

. chart recorder. Amino acids w.ere assigned peaks by 

" comparing their position with a run of amino-acid .standards 

and with the aid of a ninhydrin .reactive substance chart 

(Hamilton, 1963), The concentration of each amino acid was 

determined from the area beneath each peak, as compared with 

a 5.0 nmol norleucine -standard and expressed as pmol/gm wet 
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i 
wt of tissue, ' ' - * 

'- » , , . 

"t - • f < . * ' 
3) Autoradiographic Localization,of Aspartate, Glutamate and 
'Taurine in Newt -Retina. • ^ jTo .determine the uptake pattern 

of putative am*ino".acid neurotransmitters, which," on the b'as.is 
< .i / 

i . •. 

of amino acid analysis (Section 2)., are^suspected of being 

the photoreceptor*'neurotransmitter, newt 'retinas were " 
/ , "* 7 '' ' 

încubate'd in media containing (3H)-L-glutamate, K 

t 

5 
(3H)-L-aspartate or (3,H)-taurine,,. Tritiated amino'acids 

were purchased ffom New'England Nuclear (Bestorî  - *"• 

"Massachusetts) with the following, specific-activities: ' 

(3H)-glutamate, 18 Ci/mmol/ (3H)-aspartate, 15 Ci/mmolf-^**-.^ -

(3H)-taurine, '23 Ci/mmol. Samples containing 5, 10, 20"> -andT 

40 pi quantities of these amino acids were" evaporated with 

dry nitrogen-in a fume hood-at 20?C and resuspended'in 100 , 
, * * . *. ' - ', 

•pi of unsupplemented tissue-culture media*(M-199 with ' 
, * • • / 

glutamine; GIBCO, Grand Island^ New9York| i*̂  a small 2p0 pi £ 
l . "S 

chamber..' Final concentrations of amino acids for the 20 ul . v * * 
\ ' \ ' 

dilution were: (3H)—glutamate, 10.65 pmol; "(3H)'-aspartate, 4hv 
* *. • * % # -

13.20 pmol; (3H)-taurine, 8.63 pmol. Based on the kinetic 

parameters fdr taurine"uptake*by frog retina. (-Lake et al., 

1978), concentrations in the umol range should be sufficiently 

"low enough to ensure exclusive activation of the high -".'"' 
* .' * ' * „•* » ' ' * 

.affinity uptake systems for 'these amino'aci'ds/ if such 

uptake_systems exist in newt retina. Newt eye-cup "A 

preparations were incubated in each of these labelled . * ,-

compounds, as described in Section la-of this Chapter^ 

Light microscope autoradiography wa« performed on"0.5 pm 
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plastic sections, as-previously described in this chapter. 

Electron-microscope autoradiography was. only performed on , 
•. . . . - . X 

thin sections from tissue that had been incubated in 

(3H)-taurine, - * ' 

4) Kaiaic. Acid Lesions M Newt Pbotor.eceptor Postsynaptic >~ 

Elements. intraocular injections of kainic acid, a 

~*-giutamate analog", has been used to determine if. glutamate is 

a neurotransmitter in the retina, (Olney e£ a l ^ 1974; 

Yazulla and Kleinschmidt, 1980). Kainic acid binds to 

glutamate receptors if they are present, and will cause * 

swelling of the postsynaptic processes. Intraocular 

* injections of kainic acid into the newt eye were used to 

determine if kainic acid affected horizontal and bipolar 

cell dendrites, imci *aterefoj?§ if glutamate,is a Hkely 
I 1 n I s 

photoreceptor neurotransmitter candidateJ^__ 
( 

Ndwts -were anaesthe,tizedNrith 3 g/1 MS-222 
• . • * \ 

(Trica;nemethansulfonate, Syndel paboratorias, Vancouver). 
/ *• 

The anaesthetized newts were placed on gauze, dampened, with 
' fit • - «"* 

MS-222, next t o a micromanipulator f i t t e d with a Hamilton 10 
p l ^ y t i n g e ^ The l e f t egrerof, each animal was pierced near 

- ' 'jPt , '.. - \ 
the -corneal-scleral junct ion, and -the micropipette was 

• * <• k » * . J$ *~, « " , t 

inser ted through the incis ion. Five pi of a 2.5-200 nmol 
solut ion of kainic*acid (Sigma, -St. Louis, MissourriJ in 

• r ' " * > ' • • * 

* amphibian ringers wa's" injected .over a 5('min period. The 
* i ' ' ' ' 

newts were then returned to a tank where they were held 

until an appropriate survival tiitfe- of 15, 30, 60, or 120 min 
< 

had elapsed? ̂  Newts: we[re then killed by decapitation and the 
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eyes enucleated and processed for electron microscopy, as 

previously described (see Chapter 1). ' • 

5) HistQChemjcal Demonstratfon Qf nSS Groups ir^iM Outer 

Piexiform Layefc of l&e. Newt'Retina?-ziQr aQx and DACM • 
c 

Reactions. In"l97S, Flight and Van Donselaar (1975a) 

applied the Zinc iodide Osmium (ZIO) technique to the retina 

of„the newt and observed staining of synaptic vesicles m 

the photorecept-or cells. Pellegrino de Iraldi later , 

suggested (1977) that at least some of the specificity of 

the ZIO reaction may be 'due to the presence of free -SH.' 

groups. To test this hypothesis, the newt retina wad 

stained wit8 the ZIO technique after the retina had been 

incubated -in*highly specific -SH bracking or protecting 

reagents.- The presence of -SH groups was then verified with 

the Mercury Orange (MO) -and DACM fluorescent-probe 

techniqufe^for light microscopy.'. ' 

a) Zinc Iodide Osmium Technique. . Eyecup preparations 

' ] " I were piace^yj^n^oxygenated amphibian ringers solution 

* containing: a) 5.0,mmol dithioerythrotol (DTE; Sigma, 

St. Louis, Missourri) which protects -SH groups and reduces 

S-S bonds (Pellegrino de Iraldi, 1975); b) 0.1 M N-ethyl 

raaleimide (NEM; Sigma, St. Louis, Missourri) which 

specifically blocks -SH groups (Pellegrino de Iraldi, 1977); 

or c) amphibian ringers only. The eyecup preparations were 

preincubated in these solutions at room temperature for 30 

min. The eyecups were then fixed with 6.4% glutaraldehyde 

in 1.5 M phosphate buffer (pH 7.3; 1500 mOsM) at room 



tempjgrature for-2-hrs, washed in tris buffer (pH"7:3)( for 15 

j min, and fatally impregnated with ZIO solution taS/prepared 

according to Eristic,. 1972) for 16 hrs in. the.darkfat 4'
<!C. 

The retina was then teased from the^ pigment epithelium, 

quartered, washed briefly in, 0.1 M caĵ oclylate buffer (pH 

7.3) and dehydrated\and embedded in TAAB resin (as described * 

in Chapter 1). 

* ' » -
b) Mercury Orange. * The mercury orange (MO) technique 

' -* • 

for the demonstration of -SH groups is considered to be" one 

of the most sensitive and specific for the detection of 

^ thiols* (Pearse, 1968). Retinas were fixed with 6.5% 

glutaraldehyde in 0.75 M phosphate buffer (pH 7.3, 1200 

mOsM), dehydratedin an acetone series, cleared in '"> 

» chloroform and embedded in paraffin. ' Ten-micrometer » 

sections were cut on a meiSai.,knife and mounted on' 

albumenized slides. Sections were then deparaffinized in 

xylene, and brought to water in a graded series of alcohols.\ 

Sections were treated with: a.) 540 mmOl DTE in 0.1 M 9 " 

phosphate buffer; b)» 0.1 M NEM in 0.1 M phosphate buffer (pH 

7.0); or c) in phosphate buffer alone, by immersion, in 

Coplin jars containing the above solutions, for 4 hrs at ( 

room temperature. Sections were next briefly washed in 

buffer and brought to 100% ethanol in ,a graded series. 
v 

Sections were then placed in coplin jars containing a * 
saturated Mercury Orange (l-(4-c]^loromercuriphenylazo) 

I* 
-napthol-2; Sigma, St. Louis, Mis^eurri) solution in 80% 

* ^\ " • 
ethanol (Bennet and Watts, 1958) ;£orS2J hrs at room 
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n 
temperature. The sections- were then washed for 2 min in 2 

changes of 100% ethane!', immersed briefly in xylene^ and , 
,' , • " . • ' « , 

mounted in Depex, *° 

c) DACM. Recently, a new highly specific, fluorescent 

thiol "reagent, N-(7-dime-ohylamino 47methyl 

coumarinyl)-maleimide (DACM)" has been synthesized (Ogawa e£ 

' ,al,r, 1979) which is non-fluorescent by itself, but which 

/will react re%dily with -SH groups to form highly " •' * 

fluorescent products. Newt retinas were fixed with a 

dialsdehyde fixative , (see Chapter 1), washed briefly in tris 

buffer (pH 7\,3), .dehydrntê d in an acetone series and 

- 'embedded in pa.raffl"n. Ten-micrometer sections'were cut, 

\ f 

deparaffinized in xylene *and*brought to water in a graded 

alcohol series'. The'sections were placed in Coplin jars^, 

containing solutions of: a)t 0.1 M NEM in 5.0 mmol tris 

acetate*buffer (pH 6.8) containing 0.85% NaCl (TAS) for 1 hr 

at 35 C;. b) 5.0 mmol DTE in TAS for 1 hr. at 35 C; or c) TAS 

only for 1 hr at 35°C. The sections.were then rinsed in 

TAS, and placed in a solution of alum-haematoxylin for 2 

min, to quench nuclear fluorescence. The sections were then 

coverslipped and allowed to react.in a solution of 0.1 mmol 

DACM (WAKO Chemical Industries, Japan) in TAS ̂ d sections 

were, viewed with a Zeiss fluorescence microscope using a 

BG12 excitation filter (400 nm). 
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: * 1 
RESULTS 

l) Localization &£ Muscarinic and Nicotinic Acetylcholine' 

Receptor sites in Newt Eafcina. When newt retinas were 

incubated in media containing»(3H)-quinuclidinyl benzylate 

(i3H)̂ -QB) , muscarinic acetylcholine receptors were observed 

in both plexiform layers (Fig, 1). -Label was alsojpresenb 

in the position .of the apical and foot processes of the* . 

Mflller cells, indicating that at least some of the binding 

ip the plexiform layers was-Tlue to the Mflller cell processes 

which ramify throughout each of. these layers. The labelling 

pattern of newt retina which was incubated in 

(1251)-criiungarotoxin ((1251)-BTX) was similar to that,of" 

(3H)-QB binding. Binding to nicotinic acetylcholine (ACh) 

receptors was observed iif'bUth plexiform layers of newt 

retina (Fig. 2). As with muscarinic receptor localization, 

a small number of nicotinic receptors was observed at the 

outer limiting membrane, indicating that some of the binding 

was to Mflller cells. To determine if any of the nicotinic 

binding sites were associated with 'synaptic profiles, newt 

retinas which had b̂ een incubated in (1251)-BTX-were prepared 

for- electron microscope autoradiography. Figure 3 shows the 

, distribution of silver ,grains near a cone synaptic terminal. 

Although a distinct band of label can be observed in the 

outer plexifornKlafyer by light microscope autoradiography, 

(1251)-BTX'binding sites could not be localized to a' 

specific subcellular site in this layer by electron 

' microscope autoradiography. On the other hand, silver 
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grains were readily seen in association with specific 

synaptic profiles in the inner plexiform layer (Figs. 4 andv 

5). In Fig.. 4, silver grains are associated with a process 

containing numerous microtubules and a few" synaptic 

vesicles* flThere appears to be a synapse (arrow) between 

this process and an amacrine cell process containing 

numerous small, electron-lucent vesicles. Figure 5 shows 

silver grains associated with an- amacrine cell process. 

Next to this process is a bipolar cell process (as 

identified by the presence of numerous, small, synaptic , 

vesicles and dense cytoplasm) which* may, or may not, be 

making a synapse at this pointy Despite the fact that many 

ultrastructural Retails are obscured by silver grains, it is 

apparent that the autoradiographic localization of 

(1251)-BTX binding sites to neuronal structures in the inner 

plexiformlayer- is more easily accomplished than to 

structures in the outer plexiform layer. . 

\ 
2) Amino ACJd Analysis pi Free Retinal Amino. Acids Purina • 

Light and Dark Adaptation. M The results of amino acid 

analysis of newt retina under light, dark'and cycled 

* s f conditions are shown in Table lu These values are ,\ 

consistent with the free amino-acid content of other """"N 

vertebrate retinas (Voaden, 1977). Of the amino-acids 
^ 

identified by ion exchange chromatography, six ha've been 

reported to have neuroactive effects in the retina. Taurine 

is the most abundant of the identified neuroactive ammo 
/ * * acids, and is found in concentrations which are two or five 
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TABLE I._ 

AMINOTACID ANALYSIS OF NEWT RETKUA' 

AMINO ACID 

T a u r i n e * 

S e r i n e 

G l u t a m i n e 

G l u t a m a t e 

ProjLine 

G l y c i n e 

A l a n i n e 

V a l i n e 

L e u c i n e 

^ T y r o s i n e 

P h e n y l 
a l a n i n e 

Y - a m i n o -
b u t y r a t e 

[-Tryptophan 

L y s i n e 

H i s t i d i n e 

C1CLE 

5 7 : 9 0 

3 . 8 2 J 

5 . 9 7 " 

1 0 . 5 4 

2 . 7 0 ' 

4.3"f 

5 . 6 7 

1 .30 

0 . 7 2 

0 . 5 6 . 

0 . 3 9 

4 . 8 0 

5*0.19 

2 . 6 0 

4 . 3 0 

?'2.08* 

4.75 

7.'43 -

13.1/2 

3.36 

5. 36 

7.06 

• 

0'.69 

5.97 
I 

62.48 

3.24' ' 

5.35' 

: LIGET ^ 

3 6 . 8 0 

1.20-

3 .17 

8 . 6 2 

2 . 0 8 -

1.40 

1.40 

1.01 

0 .31 

0 . 1 6 

a . 57 

- 4 . 5 2 

12 .94 

0 . 6 6 

1.74 

58.41 

1.90 

5.03 

13.68 

3.30 

2.22 

2.22 
f Si _ ^ » 

0.25 

•> 

7.1? 

20'.54 

1.05 

2.76 

BARK 

Wr50 
4 . 6 6 

9 . 7 7 

6 .90 

1.22 

3 . 4 2 

3 . 6 3 

1.12 

'" 0 . 5 6 

0 . 3 2 

0 . 2 7 

3 .59 

57.69 

7.1? 

15.03 

10.62 

1.89 

5.26 

5.58 

-> 

0.49 

3 

5.52 

1 3 . 4 7 v20.°?2 

0 .51 

2 . 3 7 

0.78 

3.65 

\ 

4 Results are expressed in.u moles / gm wet weijjfc tissue. 

f 
^Numbers in Italics represent u moles amijpo acid per 
gram we% weight tissue divided by thepean values of 
phehylalanine3 valine^ •& leucine(]i moles/gm wet wt.) 
for each sample*. Since these amino acids should not 
change in light, or dark conditions, this procedure was 
done to correct amino aaid values for variations in the 
sample size. 
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times higher thto that of other neuroactive amino acids. 

The concent-rations of the neuroactive amino acids 

fluctuated significantly under light,and dark conditions. 

These findings are presented graphically in Fig. 6. Because 

morphological evidence suggests that the photoreceptor 

neurotransmitter is stored in the light and released in the 

dark, it might be expected that the concentration of a 

putative photoreceptor transmitter would vary under these 

conditions as well. Of the neuroactive amino acids 

identified bf ion exchange chromotography, glutamate is the 

most likely candidate for the photoreceptor transmitter. As 

would be expected of the phtoreceptor transmitter 

substance, the concentration of glutamate was higher in the 

long-term light-adapted newt retina than in the long-term 

- V 
dark-adapte"d newt retina. The inhibitory amino acid GABA, 

.which may be a .neurotransmitter in the inner retina, 

was found in higher concentrations in the light-adapted 

retina. This was also true fdr'the amino acids*taurine, * 

alanine and proline, which also have inhibitory effects 

on the'retina. Glycine was the only amino acid which 

was found in lower,, concentrations in the light-adapted" 

newt retina. Glutamme, which has been suggested to 

be' a product of glutamate metabolism and a * 

precursor of the inhibitory amino acid GABA, was found in 

lower concentrations in the light-adapted retina than in the 
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dark-adapted retina. , *.. 

3hAutoradiographic Localisation of Aspartate,- Glutamate and 

Taurine* in Newt Retina. The uptake pattern of labelled 

glutamate, aspartate, and taurine by newt retina is snown in 
, * *' 

the .light microscope autoradiography Fi(fs\ 7 to,10.v Figure 

•7 shows'" the uptake of (3H)-glutamate by the-newt retina. "As 
*,' 

* is evident, from this micrograph, .labelled glutamate has been 
, » (<» 

taken.up by Mflller cells, since tQie .nuclear region, as well 
•-- . a * - " - > * < ' *, 

as the apical" and foot processes-are heavily labelled. No 

other retinal cell type accumulated significant amounts of 

glutamate. , ' 

r J^aure* 8 shows the uptake of (3H)"-aspartate" by newt 

retinae Sfois label too, was taken up preferentially by 
V * ' 

Mflller cejls>^as is evident from the Idealization of silver' 

grains over Mfllle>-»calJ«-nuclei and .processeV. in addition, 

there was an accumulation of (3H)-aspartate by some cells in 

^he outer nuclear layer, as is evident from the band of 

silver'grains in this re.gion (Fig. 8). Figure 9\ isYa high 

magnification light micrograph of a;"*toluidine-blue stained 

retina, showing that tife (3H)-aspartate'labelling pattern in 

the. outer nuclear •layer' is not due to the apical processes 

of Mflller cells', but .rather to the accumulation, of 

(3H)-aspartate by photoreceptor cells. , 

' Figure 10 snows the uptakd Of (̂ H)-taurine in the newt 

retina.- Label has been taken up by photoreceptor cells, 

cells in .the position of the amacrine interneurons, and by 
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' • * . - * * - * ' • 

some cells in the'ganglion" cell layer as well. ' To .determine 

if the «C3H)'-taurine was associated with photoreceptor cell 

•̂ synaptic organelles, electron .microscope autoradiography was 

al so 'performed." Figures"j,lA andMJtB are low power electron 

microscope autoradiographs showing that silver grains were 

not associated with, any particular photoreceptor subcellular 
'. - "\" '. - u' ' 

organelle, nor was taurine specifically lo.qal.ized to 

*V »•. . -° * 
photoreceptor synaptic, terminals; ttie distribution 0f silver 

grains over photoreceptor*-was'general. J • • 

4̂) Kajn'ate Lesions oX' Newt Photoreceptor postsynaptic 

' Elements. injections of kainic acid, «a'n analog of ' 
' - » - • \ 

glutamate, into newt eyes caused' swelling of certain retinal 

neurons/ This swelling increased m severity with time and 

"the concentration of the kainic acid solution injected. At 

concentrations greater than 5 nmol, or survival times longer 

than 30 min, electron microscope observations'showed that 

extensive damage occured in both plexiform layers. Some 

processes in the inner and outer plexiform layers showed 

obvious.signs of swelling^ while' other processes appeared 

morphologically normal (Figs, 12 and 14). Cell death (ag? , 

indicated* by ciirbmatolytic changes) at higher concentrations 

** and* longer survival tj-me-s occured randomly, without 

affecting an identifiable subpopulation, of neurons. * 

Figure 12 shows the effect of a 2.5 nmol injection of 
r 
kainic acid after ,a 30 min survival 'time', on synaptic 

* . 

processes of the outer plexiform layer. Several processes 

show distinct swelling (asterisks) and some of these'swollen 

http://lo.qal.ized
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processes receive synaptic input (arrows) from rod and cone . 

synaptic terminals. The fact that these-elements^^rear 

swollen implies that they possess glutamate receptors on 

their surface. Figure 13 (A and B) are high magnification 

electron micrographs showing swollen postsynaptic elements 

(asterisks) near cone and rod synaptic terminals. The cone 

terminal shown in Fig. 13A forms a ribbon synapse with two 

swollen postsynaptic elements (Pi and P2). The same cone 
. « . .-

terminal also forms a ribbon synapse with two postsynaptic 

elements (P3 and 'P"4) which show no obvious sign of swelling. 

The rod synaptic terminal shown in Fig. 13B forms a ribbon 

synapse with two postsynaptic eleme'nts (PI and P2) which are 

.also unaffected by kainic acid. In summary, the terminals 

of both rods and cones were seen to make synaptic contact 

with postsynaptic elements which showed obvious signs of 

swelling and with postsynaptic elements whiqh were seemingly 

unaffected by kainic acid. 

r 
In the inner plexiform layer, cell processes also 

demonstrated signs of swelling. Figure 14 shows cell 

processes in the inner plexiform layer which have become 

swollen*(asterisks) following a 2.5 nmol injection with a 30 

.rain survival time. Bipolar cell terminals, possible 

monoamine containing cells (as indicated by the presence of 

dense-cored vesicles), and certain amacrine cell processes, 

were unaffected by the kajnic acid injection. To which 

class of retinal neuron tlje swollen cells belong is unknown, 

because the treatment obliterates all cellular features. 
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Figure' 15 is an electron micrograph of an optic' nerve 

fascicle, indicating tfiat the ganglion cell axons do/not 

show early signs of swelling or degeneration following a 5.0 

nmol injection of kainic acid. 

•> 

5) Histochemical- Demonstration al zSS. groups in the. Quter 

Ple'xiform Layer of the Newt Retina: ZI£U ti£U m& DACM . 

Reactions. When newt photoreceptor cells were stain'ed 

by the- zinc iodide osmium (ZIO) technique to demonstrate 

free -SH groups, a clear and well-defined staining pattern 

was evident (Fig.1 16). Staining of the outer segments Qf 

rods, but not cones, the matrix 'of some mitochondria, and 

synaptic vesicles within the synaptic terminals of both rods 

and cones, was observed. Nearly all of the synaptic 

vesicles were stained by this method (inset, Fig. 16), 

imparting,a density to'the photoreceptor synaptic terminals 

which was evident even at the light microscope level. When 

newt retina was incubated prior to staining with'the ZIO 

V > ' 
technique in dithioerythrotol (DTE)\, a substance which 

protects -SH groups, the staining of gynaptic vesicles was 

intense (Fig. 17A). When the control newt retina was 

incubated prior to staining with the ZIO technique in 

N-ethyl maleimide (NEM), a substance which blocks -SH 

groups, the reactivity of synaptic vesicles in both rods and 

cones almost completely disappeared (Fig, 17B). 

The specificity of the ZIO technique for -SH groups was 

further tested with the, mercury orange (MO) stain for 

thiols. Figure 18 is a series of light micrographs showing 
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newt retina whJLdh was stained with MO after incubation in 

buffer (Fig. 18A) , DTE (Fig. 18B) , and NEM -(Fig. 18C) . A 

% light mercury-orange stain precipitate is seen over the . „ 

S • ' * 
outer plexiform'layer in Fig. 18A. „This reaction was . t 

\ \ ' ' " "' < ' 

' . enhanced with pretfceatment in DTE (Fig. 18B) and abolished 
with pretreatment in NEM (Fig. 18C). 

Similar results were-4 obtained when'newt retina'was 
« *>> 

treated.w,ith the highly fluorescent thiol probe, DACM.- The 

fouter plexiform-layer of the newt xetina was highly' • , '-

„' fluorescent when treated with DACM (Fig. 19A). If sections 

of retina were pretreated with DTE,^the outer nuclear layer, 

as well as the outer plexiform layer fluoresced (Fig. 19B). 

If sections of retina were treated with NEM prior to DACM 

treatment, the fluorescence which was' induced in the* outer 

plexiform layer is completely abolished. 

Although some synaptic vesicles within neuronal 

• . processes otê the infter plexiform layer stain with the^ziO 

technique, they are*not/present.in significant „ 

.concentrations "as to be evident with the-s-e highly sensitive 

a^d specific, light microscope methods for the demonstration 

of thiols. Furthermore, all Of the staining of the vesicles ' 

in the inner plexiform layer could"not*be abolished by 

blocking -SH groups with NEM. So, it is clear that the 

outer plexiform layer is unique for both the specificity of 

the staining of free -SH groups and the concentrations of 

-SH groups whioh can be localized there. ' i 
» 
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Figure 1. Light microscope autoradiograph showing 

th.e'bindihg,of (Ĥ -quinu'ctifĉ inyl benzylate ((H)-QB) to 

- muscarinic acetylcholine receptors in the outer plexiform 

flayer (opl) and*inner plexiform layer (ipl) of the newt 

'retina. The bihding^of, (3H)-QB in yie plexiform layers 
*' , * ' 

. implies that these receptors are located" on dendrites which 

are postsynaptic to cholinergic cells. However, at least . 
f , * , -

some of these refceptor> .'are localized orf Mflller cell/ 

•> membranes because the apical^rocesSSs^ (a) and„foot s , 

processes (f) of Mailer cells ar&klabelled. ba*rs 50 pm. 

' „ . ' . • 

Figure 2', . Light.microscope autoradiograph showing 

the bidding of (1251)-a-bungarotoxin (1-251) -BTX receptors in 

the outer plexiform layer and'inner plexiformflayer of the 

• newt retina (arrows). The binding pattern of (1251)-BTX is 

sipilar to that of (3H)-QB. In addition to binding in the 

plexiform layers, the apical processes (a) and foot 

processes (f) of Mflller cells are also labelled* 

bar= 50 um. ' # 
J 

Figure 3, Electron microscope autoradiograph 

.showing the subcellular distribution of (1251)-BTX binding 

sites in the outer plexiform layer of the newt retina. 

Silver grains (s) are generally distributed and no specific 

t localization to a population of postsynaptic processes can 

I •' ' • • • > 
be observed, en* cone nucleus, bar=» 1 urn. 
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Figure 4. Electron microscope autoradiograph 

showing the subcellular distribution of (1251)-BTX binding 

, sites in the inner plexiform layer of the newt retina.* / 

Silver grains are associated with an amacrine cel-1 process 

(a1) which appears to be receiving synaptic input.(arrow) 

from another -amacrine cell (a) c6ntaining numerous, small, 

clear vesicles.- bar= 1 urn. ,' • * 

* Figure 5. Electron microscope autoradiograph 

ŝhowing the'<§fibcellular distribution of (1251)-BTX blhding-

sites in the inner plexiform layer of newt retina. Silver 

grains areaassociated with, an'amacrine cell process (a) 

which may be receiving synaptic input from an adjacent 

bipolar cell .(b>), /ba^= 1/pm. t t 
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Figure 6. Graph showing the fluctuation of 
> • " 

neuroactive amino acids in the newt retina in light 

and dark conditions, as identified by ion exchange - yi 

chromatography. All of the amino acids show fluctuations in 

their corrected concentration (Table, i) as the light 

condition changes. The corrected concentration of free 

glutamlne, alanine, and glycine is greater in the dark 

adapted netft retina»-and the concentration of free taurine, 

glutamate, GABA, ..and proline is greater m the light adapted 

newt retina. • 
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Figure 7, Light microscope autoradiograph showing 

the uptake of (3H)-glutamate by newt retina. Label is seen 

over Mflller cell apical (a) and foot processes (f), ai£ well 

as over cell bodies in the position of the Mflller cell 

nuclei Mnn). Silver grains were not localized in the 

plexi£/rm layers. bar= 50 um. 

figure a . ^ - Light -ioroscope autoradiograph shewing 

the uptake of (3H)-aspartate by newt -retina. In addition to, 

the accumulation of silver grains over Mflller cell processes 

(f) and Mflller cell nuclei (mn), label has been accumulated 

^by Cells in the outer nuclear layer (onl). «/ 

os= photoreceptor outer segments, bar= 50 um. 9 

Figure 9. High power light microscope 

autoradiograph of a toluidine blue-stained section of newt 

retina which was• incubated in (3H)-aspartate. Silver grains •, 

are associated with the photoreceptor nuclei (pn) and 'not 

the columns of Mflller cell cytoplasm which* separate the, 

photoreceptor cells. pe= pigment epithelium, opl= outer 

plexiform layer, bar= 10 um. * 

Figure 10. Light microscope autoradiograph showing the 

•uptake of (3H)-taurind by newt retina. There is heavy 

accumulation of silver grains over photoreceptors (p), a few 

cells lining the inner border of the inner nudlear layer 

(inl), and some cells in the ganglion cell layer (gel). 

arrows=plexiform layers, bar= 50 um. » 

> 
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Figure 11. ~{A and -B) .Low-power electron*microscope 
^ '- ' , ^ 

autoradiographs showing the subcellular distribution of , 

(3H)-taurine uptake by newt photorecepttir cells. Silver 

grains" are generally distributed Over all portions of the 

photoreceptor. os= cone.outer segment^ e= ellipsoid, 

p= parajDa,loid, vm= myoid,, cn= cone* nucleus, rn=" rod nucleus, 

ct= cone synaptic terminal, -b*ars=* 5 urn. 

, * 5* 
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Figure 12, * . Low power electron micrograph of the 

outer plexiform layer of the newt retina showing the effect 

* • - '- ' ' ' 1 
of an intraocular-kainic acid injection on neuronal 

processes in this, layer. A large number of processe's' show 

marked signs of swelling (asterisk) while others are not 

affected at all. Some of the swollen processes are .* 

postsynaptic to rod and cone synaptic terminals (arrows). 

rt= rod terminal, cn= cone nucleus, bar- 1 pm. 
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^ Figure 13. (A and B) . High magnification electron 

...micrographs showing the effect of intraocular injection of 
' » 

kainic acid on the postsynaptic elements of newt cone 

(Fig. 13A) and rod (Fig. 13B) photoreceptors. Some 

• postsynaptic elements whicli receive synaptic input from 

photoreceptors (arrows) 'show distinct signs of swelling 
(asterisk), while others do not. In Fig. 13A,- pi and p2 
* '* * 
swollen cone "postsynaptic elements form a ribbon synapse 

i 
' with a cone terminal (ct)£' Postsynaptic elements p3 and p4 

'are cone postsynaptic elements which are seemingly, 

unaffected by kainic acid injection, although- they form a 

ribbon synapse with the same terminal as pi and p2. In 

Fig. 13B, pi and p2 are normal rod postsynaptic 'elements 

forming a ribbon synapse with a rod terminal (rt). 

bars= -0.25 pm. * , 
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Figure 14, ' Electron micrograph showing the effect 

of intraocular injection of kainic acid on neuronal 

- * " S , . -
processes in the inner plexiform layer of the newt retina. 

,Several processes show obvious signs of-swelling (asterisk) 

-while certain amacrine cells (a), bipolar cells (b) and 

possible monoamine containing cells (d) appear to be 

unaffected. v bar=° 1 pm. t 

Figure 15. Electron micrograph showing the effect 

of intraocular kainic acid injection on ganglion cell axons 

(arrow) as they p^ss through the ganglion cell layer.' The 

ganglion cell axons show,few signs of swelling in response 

to kainic acid injection. bar= 1 pm. 



•s 
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*» 

Figure 16^ / Low power electron micrograph of newt 

photoreceptors showing their Reactivity with-the-zinc Iodide 

Osmium- (ZIO) tectmiqu^-^The outer segments of .rods (ros) 

show strong reactivity, wnile the outer segnfents of cones 

(cos) show no Teattiv'ity to ZIO. Although the synaptic 

, terminals of both rod and cone •'photoreceptors are strongly 

reactive, high power electron micrographs of a' newt 

photoreceptor synaptic terminals (inset) show that the ZIO 

reactivity in the terminal is restricted to synaptic 
i 

vesicles (sv). n= photoreceptor nucleus, ' * 

sr=.synaptic lamellae, bar= 5.0 pm, INSET bar= 0.2 pm 



"? 

*s ' 
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,̂  Figure 17A. Electron micrograph of photoreceptor 

synaptic terminals which, were pretreated with 

dithioerythrotol (DTE), to protect -SH groups, prior to ZIO 

treatment. Synaptic vesicles in both rod (rt) and cone (ct) 
/ 

synaptic terminals are as strongly reactive as when 

pretreatment was in buffer only (Fig. 16) .'* bar= 1 pm. 

Figure 17B. Electron micrograph of cone (ct)„ and 

rod (rt) synaptic terminals which wê e- pretreated with 

N-ethyl maleimide (NEM), to block -SH groups, prior to ZIO 

treatment. Few synaptic vesicles' are reactive to,'ZIO. 

These specific enhancing (DTE) and blocking (NEM) reactions 
/ ' * - * • ' - . , _ 

jprove^that the ZIO reactivity of photoreceptor synaptic 

vesicles is due to free -SH groups.' bar= 1 pm. —"' 

i ;" . . . ' • . - . 
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Figure 18A. , Light micrograph of newt retina 

showing the reaction of'the outer plexiform layer '(arrows) 

to the -SH group reagent, Mercury Orange (MO). Precipitate 

can be seen .in the outer plexiform layer where photoreceptor 

synaptic terminals make'contact with bipolar and horizontal 

A — 

cells. pn= photoreceptor cell nuclei,̂ ©.pl- outer plexiform 
A' ' , > 

layer, bar= 25 pm (for Figs. 18air b, c) 

* * 
Figure 18B. Light micrograph showing that if newt 

^ 

retina is pretreated in DTE,, to protect -SH groups, the 

reactivity of the outer plexiform layer with 

Merdury Orange is erihanced. 

Figure 18C. Light micrograph showing that if newt 
\ 

retina is pretreated in NEM, to block -SH groups, the 

reactivity of the outer plexiform layer with 

Mercury^range is completely abolished. 

Figure 19A. Fluorescence micrograph showing the 

reactivity of the outer plexiform layer of newt retina to 

the,thiol directed probe, DACM. Fluorescence can be 

observed in a band corresponding to the position' of the 

outer plexiform layer, pn* photoreceptor nuclei, 

opl= outer plexiform layer, bar= 25 pm (for Figs. 19a, b,°c) 

Figure 19Bi "Fluorescence micrograph of newt 

retina showing that if retina is pretreated in DTE to 
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protect -SH groups, fluorescence is induced in the entire 

,- photoreceptor- cell layer. The remainder of the retina 

remains unreactive . « x / 

' * Figure 19C. Fluorescence micrdgrap|i of newt x 

retina showing that if retina is pretreated with NEM, to 

block -SH groups, prior 'to reaction with-DACM, fluorescence 

induced in the inner plexiform "layer is completely 

abolished. • "a » n * ^ 
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DISCUSSION 

• The techniques described in this chapter have been k 

aimed at elucidating the nature of the photoreceptor 

transmitter in the newt. 

1) Localization of Acetylcholine Receptor gites. Over 

the years, a wide variety of compounds have been put forth 

as putative synaptic transmitters in retinal photoreceptors'. 

Acetylcholine is one such putative transmitter, and-attempts 

to localize it within specific retinal cells have been 

through the demonstration of the degradative enzyme ° 

acetylcholinesterase, or more recently, through ligands 

which specifically label binding sites on neurons which are 

postsynaptic to acetylcholine-releasingsynaptic terminals. 

Qumuclidinyl benzylate ((3H)-QB) binds muscarinic 

acetylcholine receptors, while a-bungar6toxin binds to 

nicotinic acetylcholine receptors. 

The results of (3H)-QB binding in the newt retina show 

that (3H)-QB receptors are localized in both plexiform 

layers of the newt retina. Although some of the binding in 

the plexiform layers was to Mflller cell processes, the 

intense labelling of both plexiform layers indicates that 

(3H)-QB binding sites are located on neuronal processes as 

well. tThese results are not in agreement with the findings 

of Sugiyama £i si. (1977), who-were only able to localize 

(3H)-QB binding sites in the inner plexiform layer. This is 

despite the fact that (3H)-QB binding sites have been 



- 107 -

, localized to a purified PI fraction (containing 

photoreceptor synaptic terminals) of subfractioned bovine 

retina by Moreno-Yanes and Mahler, (1( 1979a). However, 

because muscarinic agent's, such as atropine-and probanthine, 

block transmission to turtle hoizontal cells (although at 

high concentrations), and nicotinic agents do not 

(Gershenfeld and Piccolino, 1977), it is more likely that if 

a cholinergic system exists in the outer plexiform layer, it 

is by muscarinic cholinergic transmission. 

The results show that (1251)-BTX binding sites have 

been localized in both plexiform layers of.the newt retina. ' 

Like the binding of (3H-)-QB to receptors in the plexiform 

" layers, some, but probably not all, of this binding is to 

Mflller cell processes. Binding of* (1251)-BTX to both 

plexiform layers has been reported in other "species as well 

(Vogel and Nirenberg, 1976; Yazulla and Schmidt, 1976; 

Schwartz and Bok, 1978; Yazulla, 1979). Although thi3 Study 

did not employ the use of inhibitors to examine the 

specificity of (125I)-BTX or (3H)-QB binding for 

acetylcholine receptors, such studies have been carried out 

for pigeon and chick retina (Yazulla and Schmidt, 1977; 

Yazulla, 1979). Yazulla (1979) found that binding of 

(1251)-BTX in the avian outer plexiform layer could not be 

inhibited by nicotine, implying that receptor sites loĉ ĵ r̂""*" 

there are not specific. As pointed out by Yazulla (1979), 

. interpretation of (1251)-BTX binding in the retina must 

await evaluation of the%ability of a-bungarotoxin to bfock 
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cholinergically-induced retinal -̂ activity. Recent evidence 

suggests that a-bungarotoxin may oThtKto specific BTX 

receptors which are distinct from nicotinic acetylcholine 

receptors, and which have their own unique function in the 

central nervous system (Oswald and Freeman, 1981). 

Non-neuronal and non-specific binding of (1251)-BTX to 

receptors in the outer plexiform layer could account for the 

difficulty in localizing (1251)-BTX binding sites to 

specific neuronal processes in the newt outer plexiform 

layer bŷ  electron microscopy,-and the inability to localize 

horseradish peroxidase-con-jugated a-bungarotoxin (HRP-BTX) 

binding sites in the,outer plexiform layer of chick (Vogel 

et al., 1979; Daniels and Vogel, 1980) and mouse (Pourcho, 

1979) retinas. Because (1251)-BTX binding sites have been 

localized to both plexiform layers of the rabbit retina, but 

only the inner plexiform layer of the rat retina/ it cannot 

*be ruled out that there are species differences in the 

ability of postsynaptic elements in the outer plexiform 

'layer to bind (125I)-BTX (Vogel and Nirenberg, 1976). The 

binding sites of (1251)-BTX are also difficult to associate 

.with neuronal processes in the outer plexiform layer because 

•of the^mall size of the/bipolar and horizontal'cell 

processes. Yazulla (1979) has pointed out that the ability 

of electron microscope autoradiography to localize 

(1251)-BTX binding sites to specific outer plexiform layer 

neuronal processes is-limited by the resolution of the 

technique. 
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Although both light and electron microscope 

autoradiography show that (3H)-QB and (1251)-BTX receptors 

are .located within the outer plexiform layer, to what extent' 

these receptors are localized to Mflller cell membranes could 

not be determined. Until the specificity of (3H)-QB and 

(1251)-BTX to bind acetylcholine receptors has been 

determined, and these receptors can be accurately localized, 

the significance of,(3H)-QB and (1251)-BTX binding in the 

inner plexiform layer of the newt retina cannot be 

determined. 

2) Analysis OJE Free Retinal Amino Acids. Amino acid 

analysis of newt retina in both light and dark conditions 

suggests that the putative amino acid neurotransmitters, 

which have been identified in other studies, fluctuate 

significantly, depending on the lighting conditions! 

The excitatory amino acid glutamate, was found in 

higher concentrations in the light-adapted newt retina than 

in the dark-adapted newt retina. This, finding is consistent 

with the fluctuations of glutamate in the light and 

dark-adapted mouse retina (Cohen si .al., 1973). These 

results are also consistent with the theory that glutamate 

may be the photoreceptor transmitter. If the photoreceptor, 

transmitter is stored in the light and released in the dark, 

then the concentration of neurotransmitter would be higher 

in the light than in the dark. Furthermore, if the 

transmitter, which is released into the synaptic cleft in 

the dark, were swept up by Mflller cells and metabolized into 
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some other compound, in other words, if the 

gluta*mate-glutamine-GABA cycle hypothesis (Starr, 1974) is 

correct, then glutamate which is released in the dark, could 

be removed and metabolized into glutamine, Amino acid 

analysis of newt retiha showed that the concentration of 

glutamine was higher in the dark. This finding is 

consistent with the possibility that glutamate is released 

from photoreceptors in the dark and metabolized into 

glutamine. Glutamine has also been suggested to be a 

precursor for the inhibitory amino acid GABA, in a number of 

species (Voaden e_fc. al., 1978). If glutamine was a source of 

GABA in the newt retina, it would be expected that»when the 

concentration of glutamine was low, the concentration of 

GABA would be high., Amino acid analysis of newt retina 

showed that GABA was found in higher concentrations in the 

light-adapted newt retifia. These results therefore support 

the hypothesis that a glutamate-glutamine-GABA cycle could 

exist in the retina, and that glutamate could be the 

photoreceptor neurotransmitter. 

Aspartate is also a candidate for the photoreceptor 

transmitter. Aspartate has been found in higher 

concentrations in the light-adapted mouse retina (Cohen ej* 

al., 1973) however, aspartate was not identified in the 

amino acid analysis of newt retina. Why aspartate could not 

be identified by ion exchange chromatography in these 

preparations is unknown. It is therefore impossible to 

comment on the possible role of aspartate aB a photoreceptor 
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transmitter in the newt retina. 

Taurine, although not suspected of be'ing/a 

photoreceptor transmitter, is important for normal 

photoreceptor maintenance. The extremely high concentration 

of-taurine in the newt retina is a characteristic 'of most 

vertebrate retinas, where it can* constitute*-as much as 50% 

of the free amino' acid pool (Starr, 1977.). Even though 

there is no doubt that taurine is present in the retina* the 

absolute levels of taurine, as determined by ion' exchange 

chromatography, may be artifactually high because of-

possible contamination by glycerophosphoryl ethanolamine 

(Tachiki and Baxter, 1979). It is also possible that the * 

taurine peak is contaminated by other sulphur-containing 

amino acids. The fluctuation of taurine in the newt retina 

may be due to the fluctuations of other -SH containing amino 

acids such .as cysteate or cysteine sulphinate, which 

co-chromatograph with taurine.- Furthermore, the fluctuation 

of taurine in these whole retinal homogenates may be . 

influenced by taurine's role as a transmitter in the inner 

retina, and not be related to its function in photoreceptors 

at all. 

It should be stressed that these experiments have been 

performed on whole retinas, and not just the photoreceptor 

layer. Futhermore, even though^the fluctuation'of amino 

acids in newt retina were similar to those reported for 

mouse (Cohen jei aJL,, 1973) and frog retina (Graham ,et aj., 

\970), relationships- between these fluctuations and •* 
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, neurotransmission are difficult to establish because all of 

the neuroactive.amino acids are tightly linked to the 

• tricarboxylic acid cycle. It is therefore hard to determine 

which" amino acid molecules are destined for use in general 

metabolic activities and which are destined to function as 
» * 

neurotransmitters. This is expecially true if the 

concentration of amino acids required for neurotransmission 

is relatively small,^compared to that required for 

metabolism. . It is also possible that an amino-acid 

• transmitter may differ in its release'response, with 

different physiological stimuli and in different retinal 

layers. It A| therefore much more useful to compare amino 

acid fluctuations -in similar retiHal layers, or individual 

"ce*ll types". < It is important to realize that these* light and 

dark adaptation experiments cannot be correlated with a 

number of studies which demonstrate transmitter Release from 

I retinal neurons using high frequency light flashes or 

potassium ^Kennedy and Neal, 1978). These experiments have 

only attempted to identify a likely amino acid photoreceptor 

transmitter on the premise that'it would be more 

concentrated in a long-term light-adapted retina (Chapter 
, 1). ' 

3) Autoradiographic Localization of Aspartate. Glutamate and 

. Taurine. • • Autoradiography "has been quite succes,sf ul in 

implicating amino acids as neurotransmitters in ~xhe newt 

retina. Although the uptake of glutamate by newt retina was 

shown -to be mainly into Mflller cells, this finding is" 
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similar to r e su l t s reported for rabbit (EMnger and Falck,-
» . „ v <• 

1971), frog (Kennedy et'al., 3,974) and rat retinas (White 
'a 

^ » j, 

and Nealj,_ 1976X,_ Slight uptake of glutamate by r*pd 

photoreceptors has been reported for cat, monkey, human. 

(Bruun and Ehinger, 1974) and rat retiha {White and Neal, 

1976), however neuronal uptake was not observed in the newt 

retina. As pointed outsin Section 2, the uptake of 

glutamate by Mflller cells for general metabolic'purposes may 

mask any possible neuronal uptake of glutamate. Light may 

also affect the uptake of glutamate by photoreceptors. If ' 

glutamate were the transmitter of photoreceptors, it•would 

be expected that the turnover of glutamate would be greater 

in the dari$. This aspect of amino acid uptake was hot 

explored in these experiments. 'Glutamate has also been 

reported to be accumulated by a few cells in the position of 

the amacrine cells and within the ganglion cell layer of the 

rabbit retina, when incubation in (3H)-glutamate is followed 

by incubation in a buffer (Redburn, 1981)) It is therefore, 

possible that the method'of administration may also be an 

important factor governing the uptake of glutamate by 

neurons. 

• Although/the-autoradiographic localization of the cells 

which take up glutamate .has received thorough attention in 

the literature, few attempts haye been made to localize 

aspartate in the*retina. Ten years ago, Ehinger and Falck 

(/1971) described the uptake of aspartate by rabbit retina as 

•essentially the same as glutamate; that is, into glial 
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cells. The uptake of -aspartate by newt retina reveals that 

the photoreceptors accumulate exogeriqusly-applied aspartate. 

-.The band, of silver grains Over the outer nuclear-layer 

however, became apparent only after long" exposure times ( >6 

months). This indicates that the uptake of aspartate by 

photoreceptors,, although greater than by any other neuronal 

' population, is much less than* that accumulated by the Mfllle/r 

cells. As well, there is no indication from these results 

that any difference exists in the ability of rods or cones \ 

to accumulate" aspartate. However, the localization of 

aspartate in photoreceptor cells substantiates more'recent 

physiological evidence that this amino -acid, is the 

neurotransmitter substance (Neal, 1976; Wu and Dowling, 

1978;-Neal ei al., 1979). \ 

p 

The results presented here show that (3H)-taurine is-

readily accumulated by photoreceptors. The uptake of 

taurine into the photoreceptor cells of ne'wt retina is 

consistent with the4uptake of taurine by photoreceptors in 

the cat (Voaden e£ al., 1977; Pourcho, 1981), rat, guinea 

pig, rabbit, pigeon (Voaden ei al., 1977), and frog retinas f 

(Kennedy and Voaden, 1976; Lake e_t si*, 1977). Because the 

newt retina contains high concentrations of taurine and 

because the photoreceptors accumulate (3H)-taurine, it was 

hoped that the subcellular localization of (3H)-taurine 

within the photoreceptors would give some clue to the 

function of taurine in photoreceptor cells. Because the 

photoreceptor cell is compartmentalized in both functional 

I 
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and structural aspects., it might be expected that the 

localization of (3H)-taurine to a specific region of the 

photoreceptor would shed some light on its function in these 

cells. For instance, if taurine were a neurotransmitter or 

neuromodulator of photoreceptor cells, it would be expected 

that taurine would be preferentially localized to the 

synaptic terminal. Unfortunately, electron microscope 

autoradiography has failed to associate ' (3H*)-taurine with 

any specific photoreceptor region. The general localization 

of (3H>-taurine is more consistent with taurine's possible' 

role as a regulator of ion movements, or a stabilizer of 

membranes in photoreceptors, 

4) Kainic Acid Lesions. % Although the autoradiographic 

uptake patterns of aspartate and glutamate imply that 

aspartate is more likely to be the newt photoreceptor 

transmitter, the effects*of kainic acid on retinal neurons 

ih other animals suggests that glutamate may be the 

photoreceptor transmitter (Olney eJt al,, 1974); It has been 

postulated that at low concentrations, kainic acid binds to *• 

extended glutamate receptors on neurons, exciting these 

neurons to death. Kainic acid-resistant neurons are 

therefore suggested to be non-glutamate receptive or 

glutamatergic. At higher concentrations, however, kainic 

acid is neurotoxic to all retinal cells (Hampton ejfc. aj.., 

1981). 

Light microscope observations of chicken retina which 

have been treated with low concentrations of kainic acid 
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indicate ttiat only cells in the inner retina are_ affected 

(Biziere and Coyle, 1979; Ehrlich and Morgan, 1980). 

However, in goldfish retina, Yazulla and Kleinschmidt (1980) t 

demonstrated that all postsynaptic elements of rods were 

affected by kainic acid treatment, but.only certain cone 

postsynaptic elements were affected. This apparent 

inconsistency was explained by the suggestrfeft* that two types 

of receptors are present on photoreceptor postsynaptic 

elements and that goldfish rods use glutamate^ whereas cones 

use "aspartate as their transmitter -{Ya,zulla and 

•Kleinschmidt, 1980). In the rabbit retina however, the 

postsynaptic elements which contact cones are sensitive to 

kainic acid (Hampton fitnJL,, 1981)'. These observations are 

further complicated by the observations of kainic acid's 
a * \ " 

effect on the postsynaptic elements of newt photoreceptors, 

where some postsynaptic elements -of both rods and cones # * 
r 

swell m,response to kainic acid, while others, adjacent to 
the same "terminal, do not> If photoreceptors use glutamate 

-. * * 

exclusively as a neurotransmitter, kairiic acid would be 

expected to bind receptors on every postsynaptic element and 

elicit a neurotoxic effect. However, the suggestion that 

kainic acid receptors are selectively linked to a retinal 

glutamatergic pathway has been inferred from other stuMes 

- in the central nervous system. There is recent evidence^ 

which suggests that kainic acid does not bind glutamate 

receptors at all (Krammer ,§£. .al., 1980; Mi'chaelis et al., 
» 

1980;' Hampton e_£ al., 1981). It is certainly, inappropriate 
then, in light of this new information questioning the 

f 
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specificity of kainic acid, to suggest that newt 

V • « " * 

photoreceptors are glutamatergic on the .basis that kainic 

acid causes swelling of only some photoreceptor postsynaptic 

elements. • • - * 
f 

5) Histochemical Demonstration M rSfl Groups. Light 

microscope histochemical techniques -have .shown that there 

are unusually high concentrations of -SH groups'in the outer 

plexiform layer of the newt retina. At the ultrastructural 

le"vel, free -SH groups have been localized within tt»2 

synaptic vesicles of photoreceptor synaptic terminals/ and 

these 'terminals occupy a significant portion of the outer 

r plexiform layfer̂ of the-newt retinaJ There ate Jtwo possible 

reasons why *-SH groups are, present in the photoreceptor 

synaptic vesicles.. Firstly, there may be a proteinac6ous 

matrix within synaptic velsiclesfwhich is rich in free -SH 

groups and'is.involved in the transmitter storage,or release 

mechanism, or secondly, the -SH groups may be due to the^ 

presence of the transmitter material itself."^ 
' " , " . 1 / . \ • 

Recent evidence sudgests that specific intracellular 

sulfhydryl compounds, together with calcium, are essential 

for exocytosis (neurotransmitter release) to occur -(Elferink 

and Riemersma, 198*0)./ X-ray microanalysis of ZIO deposits 

at subcellular sites/ in smooth muscle suggest that zinc N 

osmic'ate is associated with .high affinity calcium-bindirfg 

sites, probably displacing calcium by having a higher 

affinity for available calcium binding sites (Gilloteaux and-

Naud, 1979). In addition, Ripps £fc s i , (19J9) hav6 



- 118 -

* * . ' 

localized calcium deposits to the synaptic vesicles of skate 

photoreceptors. If the -SH groups located in newt 

photoreceptor synaptic vehicles represent sites of calcium 

binding, then this could explain both the^staining of newt 

photoreceptor synaptic vesicles with ZIO and the ability of 

sulfhydryl blocking agents to inhibit ZIO staining. 

Staining of newt photoreceptor synaptic vesicles has also , 

been observed with prolonged osmium treatment (Flight and 

Van Donnselaar, 1975b); this staining, in the case of mouse 

photoreceptors, has been shown to be increased by light 

stimulation (Pourcho and Burnstein/ 1.975). Although there > 

is no evidence to suggest that the mechanisms of the two 

reactions are the same, they probably both stain synaptic 

vesicles for the same reason. When considered in light of 

the results of^Chapter 1, which suggests that transmitter is 

stored within photoreceptor synaptic vesicles in the light, 

it is also quite possible that_ZIO and prolonged osmication 

are" reacting with -SH groups present, in the transmitter 

material itself. By far the most reactive compounds with 

osmium are the sulphur-containing amino acids (Deetz and 

Behrman, 1981). It is therefore possible that prolonged * 

osmium and ZIO staining of synaptic vesicles in ,. 

photoreceptors could be due to the reactivity of these 

staining agents with a sulphur-containing amino acid, such 

as cysteic acid or cysteine sulphinate, which may act as a 

neurotransmitter. It is unlikely, however, that.the * * 

sulphur-containing' amino acid, 'taurine could be responsible 

for the presence of -SH groups /in the synaptic vesicles of 
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photoreceptors, because (3H)-taurine' could not be 

specifically localized to the synaptic terminals using 

electron microscope autoradiography,. 

As pointed out»above, it -has be'jsn suggested that -SH ' 

grdups within the synaptic vesicles are responsible for the 

calcium-sequestering' ability of synaptic vehicle's 

(Gilloteaux and Naud^ 1979). However, the,localization of 

calcium and rSH groups within synaptic vesicles differs.-One 

of the main differences between calcium localization and the 

staining of synaptic vesicles with either prolonged osmium 

treatment or ZIO is that calcium deposits are discretely 

localized on a small portion of the "inner surface of the 

synaptic vesicle membrane (Ripps et al., 1979; Israel e_t< 

al.', 1980) , while osmium and ZIO stains the entire vesicular 

interior. Furthermore, the staining of -SH groups, 
i 

responsible for calcium binding, should be a feature of all 

synaptic vesicles,* not just those of a select population of 

cells. Although the intensity of the'prolonged osmium 

staining may be less in the dark, due to the occupation of . 

the -SH group reactive sites by calcium which flows into the 

photoreceptor terminal during active neurotransmission, it 

is also possible that the staining of vesicles is less 

intense in the dark because there is less neurotransmitter 

material present. If the prolonged osmium reactivity is due 

to the presence- of free -SH goups in an amino acid 

v neurotransmitter such as cysteate, then reactivity would 

certainly be expected to be lovfer in the dark and more 
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intense in the "light, a time when neurotransmitter is stored 

(see Chapter 1). 

t 

Whether the osmium and ZIO reactivity is due to part of 

the transmitter releasp mechanism or the neurotransmitter, 

material itself, remains to be determined, However, the 

demonstration of -SH groups in the synaptic vesicles of 

photoreceptors, the comparable potency of aspartate and 

cysteate as neurotransmitters, and the metabolic link 

between cysteate and taurine, makes cysteate a candidate for 

the photoreceptor transmitter substance that deserves much 

more investigation. - "' • ' • 

In conclusion, these studies on the photoreceptor 

transmitter show that: 

1). Acetylcholine receptor-binding studies are complicated 

by the binding of muscarinic and nicotinic reagents by newt 

Mflller 4ell membranes. While there is specificity in the 

binding of-(1251)-BTX to neuronal membranes, postsynaptic to 

cholinergic processes in the inner plexiform layer, no such 

specificity was, evident in the outer plexiform layer. The 

;ability to localize acetylcholine receptor-binding sites to 

photoreceptor postsynaptic elements was limited by 

non-neuronai and non-specific binding of cholinergic 

Uganda/ and the resolution of the electron microscope 

autoradiographic technique. • ' » 

2) The fluctuation of free retinal amino acids in 

response to changes in the light condition is probably 

\ 
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complicated by.* their role in intermediary metabolism, the 

complex naturev,of the stimuli expected to release amino acid 

neurotransmitters, and the possible use of a-single amino 

acid transmitter in two neuronal cell populations, which 

release transmitter during opposite stimulatory conditions. 

Nevertheless, the fluctuations of the ammo acid, glutamate, 

in light and dark conditions, are consistent with its 

functioning as a photoreceptor neurotransmitter. 

3) Of the two excitatory putative amino acid 

neurotransmitters, glutamate and aspartate, aspartate is 

more likely to ,be the newt photoreceptor transmitter because 
*• i ' / 

aft* uptake system*was identified for .aspartate in these 

cells. Taurine, which, is not a photoreceptor transmitter 

candidate, haŝ  a ubiquitous subcellular localization in the 

newt photoreceptor which implies that it may function as â  

regulator of ion movement, or a stabilizer of*membranes in 

photoreceptors. * » 

4) The glutamate analog, kainic acid, causes swelling of 

only some newt photoreceptor postsynaptic elements. This 

finding, together with recent studies showing that kainic 

acid does not bind to glutamate receptors, as was once, 

thought, cannot be taken in support of glutamate as the newt 

photoreceptor transmitter. ' 

5)' Histochemical tests show that there are unusually 

high concentrations of free -SH groups in the synaptic 

vesicles of newt photoreceptor terminals. Although the 
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significance of the -SH groups is unknown, their presence 

may indicate that the photoreceptor transmitter contains 

sulphur groupsf» such as the sulphonic amino acids, cysteate 

' and cysteine sulphinate.* 
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The outer nuclear layer of the retina contains the 

perikarya of the photoreceptor cells which probably utilise 

only one o/two transmitter substances. The inner nuclear 

layer is much-more complex by comparison, in that the 

perikarya of the bipolar cells, horizontal cells,,amacrine 
I, • «. 

cells and interplekif&rm cells are all located there, 

"' Furthermore, there are Bubpopulations of these neurons, each 

of which probably use "one or more neurotransmitters, 
* v 

1 A 1) Horizontal.Cjellfl. The horizontal cells, which 

counteract the direct photoreceptor stimulation, of bipolar 

v cells, probably release an inhibitory neurotransmitter 

"' v* (SfeaEr; 1977), Since amine-accumulating cells have been 

localized only to that area lining the inner margin of the. 

inner nuclear layer, it ip likely that the transmitter o f 

* the -horizontal cells is an inhibitory amino acid (Starr, 

1977),' Although;h4gh-affinity uptake systems for the 

\ 

inh'initbty amino acids taurine aftd glycine have not been 

'demonstrated in- the horizontal cells of most species studied 

v" so" fas (Bruun'and Ehinger, 1972;. Ldkeejt &1., 1975;, 1977; 
'* * '. l" - '' 

1978; Voaden e± al,.,,1977; Kqgg e£ a l , r "laSO; Pourcho, 1981; 
. . , i* - * - \ .**<, .. ^ \ J 

- \ Rayfiiorn fit Al* r 1981)" y a great deal of evidence supports 
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"y-aainobutyric acid* (GABA) as a likely transmitter 

candidate in horizontal cells (for review see: Neal, 1976; 

Starr, 1977). However, a high-affinity uptake system, as 

identified by the'autoradiographic uptake of (3H)-6ABA has 

not been demonstrated in all species studied. 

Horizontal cells which accumulate (3H)-GABA have been 

identified in chick (Marshall and Voaden, 1974a; Yazulla and 

Brecha, 1980), pigeon (Marshall and Voaden, 1974a), goldfish 

(Marc £t al., 1978; Lam fit al., 1980; Yazulla and Brecha, 

1980), frog (Voaden fit al.', 1974; Hollyfield fit al., 1979), 

and catfish (Lam fit al.» 1978) retinas-. However, in rabbit 

(Ehinger, 1970;-Ehinger and Falck, 1971? Ehinger, 1972; 

Bruun and Ehinger, 1974; Ehinger, 1977; Brandon fit Al. r- . 

1979; pourcho, 1980; Redburn, 19.81), cat (Bruun and Ehinger, 

1974; Nakamura fit Al.* 1980), guinea pig,, rat, monkey, and 

huaan (Bruun and Ehinger, i974, retina,, nc lpta.ce of 

(3H)-GABA by horizontal cells has ever been observed. The-

uptake of (3H)-GABA by horizontal cells of the goldfish, 

vretina has been studied extensively, and it has been 

determined that GABA uptake is only into HI horizontal 

cells, contacting red, green and blue sensitive cones (Marc 

fit Al,/ 1978). The neurotransmitter of other identified 

goldfish horizontal cell types (H2 and H3) is .unknown. 

The identity of the neurotransmitter(s) of the 

aontal cells in species which 
» 

uptake of GABA is also not known. 

horizontal cells in species which do not demonstrate any 
\ 

http://lpta.ce
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2) Bipolar Cells. The dendritic arborization of the' 

bipQlar cells enables them1 to contact and integrate the 

responses of numerous photoreceptor cells. This information 

is passed to amacrine ce.lls and ganglion "cells at excitatory ' 

ribbon synapses within the inner plexiform layer ,(Starr,' 

1977). The only likely candidate agreed upon for the 

bipolar cell transmitter to date, is "acetylcholine"." 

Acetylcholinesterase has been localized within thev 

*» 

inner plexiform layer of pig, sheept rabbit,-rat, guinea 

pig, chick, minnow (Francis, 1953), frog (Brecelj et al.. 

1979), and newt (Dickson,personal communicatidn) retinas. 

In sheep and rabbit retinas, the enzyme can be localized' 

specifically to bipolar cells' (Francis, 1953).-., However, in 

the rabbit, the only cells^which have been shown to . 

synthesize acetylcholine are a population of amacrine cells 

(Masland and Mills, 1979), and it is likely that the 

acetylcholinesterase staining 'of the inner plexiform layer 

in the rabbit Is due to the processes of these* cells. 

Nicotinic.and muscarinic acetylcholineJpinding sites 

have been identified in the inner plexiform layer pf £he 

newt retina (Chapter 2) and several other species'"(Yazulla, 

1979; Daniels and Vogel,'1980). The inner ple-siforra layer's" 

acetylcholine receptors have been localized to ribbon 

(bipolar) synapses and conventional (araacring.) -synapses 

using horseradish peroxidase conjugated a-bungarotoxin • . 
' ' t \ v, 

(HRP-BTX) in mouse (Pourcho, 1979)s,«and chick (Vogel fit al., 
k • " > , 

,1977) retinas. ' . ' • " * • 1 /"** 
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Although acetylcholine is the •oniy transmitter which 

has been associated"with bipolar cell terminals, it'is 

' possible'' that other putative transmitters may be present .in 

different classes of bipolar cells. Only 14-20% of the 

bipolar synapses in 'the initer plexifora layer of the chick 
* * 

reti.na have been shown to'be associated with HRP-̂ BTX (Vogel 

fit al.»* 1977). Furthermore, bipolar cells in the rabbit '. . 
i " 4 j» -. f * 

v •» 

, retina do not synthesize acetylcholine, implying that they 

must use some other transmitter substance (Masland and 

Mills, J.979).' Whether or not' acetylcholine is the only . 

, bipolar cell transmitter ,must await further'studies on 

acetylcholine's* role in the retina, -. 

,3) AmacriVe 'Cells. "As previously stated,-amacrine 

cells are the most diversified of^all the retinal neuron^ * 

because they form both excitatory and. iphibitory synapses .in 

theNcetina. As" a r.esult, a number of transmitter-substances 

/have been associate with these cells (Starr, "I977.)y 

a)* Acetylcholine: ' There is"little dpabt that some 6f the * 

acetylcholinesterase staining which can be observed within 

' tne inner plex*iform layer is- due,to-a population of ' 
* ' * ' > " • 

"cholinergic"^amacrine ,cells> as Veil as. Home bipolar cells.' 

"Binding Bites.labelled with (125i)-a-bungarotdxin can be • " ' 

, i.'.ii^W*- t..-^nVpr««,'.u'?W ••.-
r e t ina (Chapter 2^,/and BRP-BTX staining^ has beerfvshown tb be ' 

i 

. • assqciated with„ato£cr.ine cell* synapse-s" in mouse "(poujtcho,* " 
. ' *v4 . " • • ^ v 

3r979> and Chicle "(Vogel' ejfe fil.^lW') "peti'rias.. In tfre-rabbit 

re t ina^ , a - s m a l l V ^ ^ f i L ^ amacrine cells,-(2-r5%)^ has been . 
~ ' •> *• * ' J- - - - V » X * » • - « . ' / 
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V " ' 
shown to synthesize acetylcholine (Masland and Mills,\1979). 

• "' . ' *' * ] 
This small percentage agrees with the percentage of amacrine 

cell synapses which bind HRP7BTX in mouse (Pourcho, 1979) 

and chick (Vogel fit al'« t 19771 retinas, implying that these 

cells may serve a comparable' functional role,in these 

species (Pourcho,-19.79). The*e£fects of acetylcholine, on 

ganglion cell responses in carp retina suggests that 

cholinergic amacrine cellŝ  make excitatory synapses onto 
• I -

ON-OFF ganglion .cells (Glickraan and Adolph, 1981), " 

b) Monoamines: Formaldehyde-induced fluorescence of, 

7 ' / 
retinal neurons has clearly demonstrated that ̂ monoamines" 
are present in cells occupying.the position of the amacrine 

1 interneurons. -In teleost fish and new world monkeys, 
* . i> • 

•dopamine fluorescence has been determined to be ̂ present in 
' " "' < ~ . ' • ' / .-

the inte'rplexiforra Cell (Dowling, 1979). However, ( 

catecholamine fluorescence is observed.in other cells,-. • , 

, namelythe amacrine cells' ( Malmfors, ̂ 963; Adolph fit al.,.' 

1980)'. These fluorescent cells account for 5-10% ofl the 

' . total number of< cells ,in the innermost regior\ of the inner 

plexiform layer (Rodieck, *197*3). ' '. • -

-., Although most of the catecholamine fluorescence in. 
' '- * ' 
retina is attributable to dopamine, at lea^t some of the* 

, fluorescence is due to noradrenaline (Ehinger and*Fa!ck> 
. » r ' ' ft t 

1969a),. v Autoradiography of cells accumulating- (3H)-L-DOPA-

% or (3H)'-dopamine results In labelling of cellsr
vin a similar 

position to the fluorescent" perikarya described aboye, and, -

as well," divides the inner plexiform layer into sublaminae 
• • J, . > • • •* » 

*f 1 

c 

p. 

file:///1979
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which corresponds to those seen with formaldehyde induced 

' V 
fluorescence microscopy (Ehinger and Falck, 1971; Sarthy at -.\ 

al,» 198-1). Furthermore, the uptake of the potent 

dopaminergic agonist (3H)-ADTN also labels Wacrine cells in 

'the rabbit retina, which correspond in position to % , 

fluorescent catecholaminergic amacrine cells, and has a 

unique distribution that cannot be'confused with indolamine, 

cholinergic,1 GABA-ergic, or glycinergic amacrine cell's 

^Ehinger, 1981). * - v •» 

" ?fcj£n addition to catecholamine fluorescence, serotonin 

(5-hydroxytryptamine) fluorescence is evident within the 

. inner retina as well (Ehinger and Floren, 1976; -Fukuda„fit 

al., 1979). Depending on'the species studied,-these • 

indolamine-accumuletting neurons, exceed in numbers, the s. 

dopaminergic neurons ,by. a factor of 2 to ,20 (Ehinger. and 

Holmgren, -1979; Adolph fit fil», 1980). Even though the cells 

which fluoresce in response to indolaminergic injection are 

• sure to be a-̂ differeht population of neurons from the 

. * catecholaarfnergic neurons, they: 1) #annot be observed 

without prior injection of indolamihes; 2) the putative 

serotlnergic neurons in the retina cannot be selectively 

destroyed'by specific toxins; 3) the serotonin cannot be 

..detected, even thoutjh they are 2 to 20 times more numerous 

than the catecholaminergic amacrine,cells, with highly 
* • 

sensitive assay techniques; and 4) there i3 no deipctable 

amount of tryptophan hydroxylase iri the retina (Ehinger and!" 

' Vloren; 197-8; Floren, 1979; Floren and Hansson, 1980). 
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^These findings suggest that serotonin is not a transmitter 

in the retina, but rather it is another, as yet 

u-Uaentme*, lnaoWne ,note», 1 O T „ , HecenU, „o»ev«, 

Osborne and Richardson (1980) tested the hypothesis that 

tryptamine may be the indolamine transmitter of the cells 

which -accumulate serotonin, but instead-found more evidence 

for serotonin as a transmitter- in bovine retina. 

Furthermore, bovine retina was demonstrated to possess the 

enzymes-necessary to synthesize serotonin from tryptophan 

(Osborne, 1980). The only retinas in which ^g^-

indolamine-accumulatingjneurons have not been found are 

human, and Cynomogus (old world) monkey retinas (Ehinger and 

Floren, 1979). -The indolamine accumulating cells are also 

difficult to demonstrate in rat and guinea pig retinas, 

indicating that there,are species differences in the 

indolamine system of the retina, • • , 
* s r 

» / * 
* . - * • » , 

•Synaptic analysis of the catecholaraine-containing •„ 

amacrine cells suggests that the catecholamine neurons only 

contact other amacrine cells (Adolph fit al-tr 1980) $nd 

pro]ect to 1 - 3 sublayers 'in ,thev inner plexiform layer, 
* - « 

depending on the animal species (Ehinger, 19781... In ' • 

-mudpuppy, human., »old world monkey* 'cat^and rat'retinas, the 
. | * — • * ' 

^catecholamine" fluorescent layer is in the region where the 

' OFF-centre.cell synapses are located,* implying that the 

catecholaminergic amacrine cells.modulate the generation-of 

• OFF-centre rfesptmses.Jay contacting other amacrine cells 
'(Adolph fit Al>, 1980). The indolamine accumulating amacrine 
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cell synaptic terminals, on the other hand, 1) are much more 

numerous than the neurons, 2*) are generally distributed in 

one or more sublayers^ofuthe inner plexiform layer, and 3) 

their terminals contact mainly bipolar cells (Ehinger and 

Holmgren, 1979; Adolph at al,| 1980). This implies that -

they 'modify bipolar cell activity by connecting different 

bipolar cells' and through feedback mechanisms onto single 
N 

bipolar cells, which also have input "from other, 

,non-indolamine accumulating neurons (Ehinger and Holmgren, 

1979).' Because monoaminergic amacrine cells have been • 

identified in every species,so far. studied, there is little 

doubt* that such a class -of ceils exists in the retina of the 

newt. The fact that the inner plexiform layer of the newt 

retina contains malny processes filled with large, ' 
-' V * 

dense-co"re"d" and pl6'om*orphlc*"vesicles ((Sftapter 2 ) , such-as 

those associated with monoaminergic termina*lsN (Ehinger 'and" 

Holmgren, 1979; Adoljph fit al., ,1980; Dowling fit al> , 1*980), 

'supports this hypothesis. t '* t 

.) « » o »i4..' Besiaes the ^eat aeal ot i„£ot*aUon ' • 
^ " ' - ' ' ' ' ' 

"regarding the possible use\ qf -monoamines by amacrine cells 

r* *' , ' '- l - ' 
• of the retina, a number of studies have implicated amino ; 
acids as the transmitter substances of amacrine cell's. ' 
° - - * V ' - • - ' • ' \ * 

- Garoma-ammobutyric acid (GABA), taurine and ..glycine have^all 
. - • - '< , \ 

" been proposed as prospective mediators of feedback and 
« j ' ' ' , * 

lateral inhibitiohs/gin the inner retina as well (Starr, 
« J & & ) - .* — r.^ . < . ' • • 

* ' \ . t ' 
.<> ' ' £ABA* • Uptake of (3-H)-GABA has b,eeft reported by 

' , ' " • • * . • * 

. . > . • ' \ - , - ' -
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amacrine. cells in the retinas of\rabbit*(Ehinger and Falck, 

1971r Brandon at al«, 1979; Redburn, 1981), goldfish (La* 

and Steinman, -1971; Marc fit al., 1978) f frog (Voaden at Al, r 

1974}, monkey, -guinea Dig (Bruun and Ehinger, 1974), 

chicken, pigeon (Marshall and Voaden, 1974a) and cat (Bruun 

and Ehinger, 1974; Pourcho, 1980). It has been suggested 

that the method of administration of the label is an 

important factor governing the. uptak^ site of (3H)-GABA ' 

(Bruun and Ehinger, 1974), Intravitreal injections of 

(3H)-GABA seems to result in GABA uptake by amacrine cells 

in most species studied to date, although glial uptake also 

occurs in monkey and rat retinas. In the isolated rat v 

retina however, (3HJ-GABA uptake is mainly into Mflller cells 

(Neal and Iversen, 1972; Bruun and Ehinger,' 1974; Marshall 

and Voaden, 19-74b). Similar results have been reported for 

cat, baboon, guinea pig, goat and rabbit retinas by Marshall-

and Voaden (1975), The exceptions are guinea pig and cat 

retinas, where amacrine cell uptake is still observed (Bruun 

and Ehinger, 1974). It has been suggested that the Mflller 

cells accumulate (3H)-GABA i& vitro because they utilize 
« »• » 7 

.GABA, in general metabolism by a so-called GABA shunt frBau&r 

and Ehinger, ia78). ' The high affinity "uptake of GABA- by. ' 

glia, frequently masks neuronal uptake of GABA in some 

species, "but this phenomenon can be*~̂ voided by using 

(3H)-DABA as a neuronal tracer in the place of (3H)-GABA in 

rat, cat and rabbit retinas (Bauer and Ehinger, 1978). 

Mflller cell uptake can also be avoided by employing a 

c • 
postincubation in media without (3H)-GABAfi as* the glial 
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turnover of GABA is more rapid than the neuronal turnover 

(Ehinger, 1977;-Redburn, 1981). 

' % in the cat retina, the uptake of <3a>~6ABA he. been 

demonstrated by four morphologically distinct cell 

populations (Pourcho, 1980). Such a localization of 

(3H)-GABA uptake to specific amacrine cell types and within 

distinct sublaminae of the inner plexiform layer of the 

retina may give some clues as to the function of GABA-ergic 

amacrine cells in the retina, Uptake of (3HJ-GABA by 

't amacrine cells has been observed to cause a subdivision of 

the inner plexiform layer into three sublaminae, with the 

heaviest band in the innermost portion of the inner 

.plexiform layer (Bruun and Ehinger, 1974; Marc at Al,, 1978; 

yazulla and Brecha, 1980; Pourcho, 1981). Similar 

lamination patterns have occured when the GABA synthesizing -

enzyme, L-glutamate decarboxylase, has been localized in the 

inner plexiform layer of the rabbit retina by 

immunocytpchemistry (Brandon at al«, 1979). However, the 

identification of GABA receptor sites using (3H)-muscimol 

shows, that the GABA receptors are evenly distributed ^ 

throughout the inner plexiform layer, ̂implying* that 
' / * , v ' 

,X(3H)-GABA uptake is useful for identifying the cytoplasmic 

bulk oi possible GABA-ergic amacrine cell processes, but 

receptor binding is more^useful for identifying ̂ neuronal 

interactions (yazulla.j€981). The suggestion that 

GABA-ergic amacrine^ceftls affect processing in'all portions 

* of the inner piexifferm layer is supported by, the 



physiological studies of Glick»an end Adolph (1981), which 

show that GABA inhibits most cell types in the carp retina. 

Although receptor binding may be more useful for 

exploring the* functional relationships of the .GABA-ergic 

amacrine cells in the. retina, (3H)-GABA uptake has still 

proved very useful in elucidating the function of GABA-ergic 

'.amacrine cells in the goldfish retina. In the goldfish 

retina, (3H)H3ABA is accumulated i>y ?Ab amacrine cells" 

which have their dendritic arborization deep in the inner 

plexiform.layer (Marc at al,, 1978). ,The axon terminals of 

centre-depolarizing bipolar cells (type b), the dendrites of 

ON-ceritre ganglion ce'lls (Go), and the processes, of 

depolarizing sustained amacrine cells fAb) are located in 

sublamina b (Famiglietti at al., 1977). Because the 

depolarizing 'ON-centre amacrine cells"(Ab) show maximal 

uptake of (3HJ-GABA in darkness, or exposure to green and 

•' blue light-,- and minimal uptake of (3H)~GABA by exposure to 

red light, it"has been suggested taint GABA-ergic amacrine 

cells in the goldfish- retina are specifically involved in 

the red-colour pathway (Marc at al,, 1978), 

-Bleateophystelowio*! studies on the action of GABA on neurons 

of the mudpuppy retina also implies that GABA is an 

inhibitory transmitter involved in the OS channel 

(Cunningham and-Miller, 1980a), 

-' ' •'. ' f e y - - , ; ' 
It is also possible that «AB&-ergic am.acfc'ine ce'lls 

',modulate the function of the (catecholaminergic amacrine 

. .cells, which in turn modulate the generation of the 



Off-centre response. la taa ret, cetecboi««i»e floores«eac# 

is located Is sublaaina b, (adolpto *&.il» Ites) wfcers the 

bulk of the processes accumulating GA&A ere also located 

(Baser and Bhinger, 1978). Secant studies on the effects of 

GABA antagonists and light, on dopamine turnover ia rat 

retina, iaply that a subpopuletion of GABA-ergic aaacrlna 

cells is Involved in the activation of the catecholamineroic^ 

neurons by light, while another subpopulation of OABA-ergic 

amacrine cells produces tonic inhibition of the 

catecholaminergic neurons in darkness (Kamp and Morgan, 

1981; Marshbarn and Iuvona, 1981), Such studies on the 

significance of the GABA-ergic amacrine cells has just begun 

and "in the years to come, will'no doubt elucidate the role 

of these neurons in the processing of visual Information by 

the retina. 

Glycine- „ lTbe inhibitory aaino acid, glycine^ is 

present in rat, frog, chicken, goldfish {Seal,. 1976) and 

newt (Chapter"2> retina. The major concentration of glycine 

in monkey retina has been localized to the region occupied 

by amacrine cells (Berger at al., 1977). Autoradiographic 

studies have shown that glycine is accumulated by a 

. population of amacrine cells and some ganglion cells in rat 

(Bruun and Bhinger,.. 1974; Marshall and Voaden, 1974b.), 
• * * 

guinea pig (Boutin and Ehinger, 1974), cat (Bruun and 

Ehinger, 1974; Pourcho, 1980), monkey (Brntwa and Shlnger, 

> \1974), rabbit (Bhinger and Falck, 3J71; Kong at al*, 1980), 

î and frog {Voaden at Al«, 1974; -Eayborn at al%, 1981) 

i 

file:///1974
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retinas,, 

Onlilte the uptake of {II)HUM into, retinal oaeroita, 

.the uptake of (3i)-glycine .is not affected by fca* a*tB*tf Of 

administration, Implying that glial uptake of. glycine by -

Mller cells is ainiaal {Bruun and Bhinger, 1*741. It baa 

been suggested that there may be a population of aaacrine 

cells which indlscriainately accuwalete aaino acids, and ' 

that the cells which accumulate GABA belong to feaa " — 

population which accumulate glycine a*i taurine (Starr, 

1977). However, the pattern of (31)-glycine uptake by . -

retina differs significantly froa the uptake e* „{3t)Hm*» 

In addition to the accuwalation of '(3H)-glycina'by 

neurons lining the inner margin of tie inner nuclear layer, 

glycine is accumulated by certain cells whose prooassalkjtra-

Irregularly scattered throughout the Inner plexifora layer 

(Bruun and Bhinger, 1074; Bhinger and Falck, 1971). As a 

result, uptake of (3f)--glycine by retinal neurons generally 

does not cause a sublayerlag of the inner plexifora layer 

(Bruun and Bhinger, 1974), as does ^3H)-GABA uptake. 

Although sublayering of tjkt inner plexifora layer.by 

(3H)-glycine uptake is rare, whan it is apparent it is 

.localised to.a wide band near the outer portion of the inner 

•plexiform layer (Pourcho, 1980)• 

In the cat retina, three stibpopnlations of 

glycine-iabelled amacrine oe-lls have been differentiated 

from four'subclasses of GABA cells on a morphological basis 
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(Pourcho, 1980) . Furthermore, half of the ON-OFF ganglion 

cells have inhibitory postsynaptic potentials which are 

blocked by strychnine (a glycine antagonist), while the 

remainder are blocked by pi<5rotoxin or biccuculline (GABA 

antagonists). This implies that there are separate GABA and 

glycine releasing amacrine cells in,the retina (Shefner and 

Levine, 1977) . The glycmergic amacrine cells have been 

suggested to belong to a class of diffuse amacrine cells, 

similar to the>narrow-field bistratified (type II) amacrine 

cells-of the'cat teHJma (Kong at al., 1980) because: 1) the 

terminals of the glycmergic amacrine cells are diffusely 

distributed throughout the inner plexiform layer; 2) the 

(3H)-glycine accumulating cells located in the middle 

portion of the inner nuclear layer are cone bipolar cells 

which likely receive the (3H)-glycine label through gap 

junctions between these cells and diffuse glycmergic 

amacrine cells (Kolb and Famiglietti, 1974; Famiglietti and 

Kolb, 1975) ; and 3) the glycmergic amacrine cells which are 

antagonized by 'strychnine make local feedback synapses which1 

* 

are attributable to diffuse amacrine cells (Caldwell and 

Daw, 1978). 

Reports of (3H)-glycine uptake by vertebrate retina 

never describe uptake of (3H)-glycine by processes in the 

outer plexiform layers Recently, however, (3H)-glycine has 

been'reported to be accumulated by a population of cells 

with terminals in both the inner and outer plexiform layers 

of toad retina (Rayborn e_t al,, 198L) . The uptake ofs 
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(3H)-glycine by toad retina seems to be exclusively into a 

population of interplexifor.m cells and not into amacrine 

cells. The reason for this unique species difference is not 

clear, but it is passible that in some previous studies 

describing uptake of (3H)-glycine l'nto a presumptive 

population of amacrine cells, uptake may have actually been 

into a population of mterplexiform cells. Further study is 

clearly necessary to establish glycine as an mterplexiform 

cell transmitter m other species. , 
i 

Taurine. The predominant amino .acid in the retinas 

of most vertebrate species, including newt (Chapter 2), ;s 

taurine. Initial studies on the uptake of taurine into cat, 

rat, rabbit, pigeon, and guinea pig retinas showed that 

uptake was mainly into glia and photoreceptor cells .{Voaden 

fit al,, «1977) . However, a repeat of these experiments using 

low enough concentrations of (3H)-taurine to ensure 

activation of the high affinity uptake systems in rat, frog, 

mouse, cat, pigeon, guinea jpig, and baboon,-retinas, has 

localized (3H)-taurine to photoreceptors, and a 

species-variable uptake of (3Hl-taunne by perikarya located 

wiAin the itftfer nuclear layer has alse^been demonstrated 

(Lake at al., 1978) . 

^ In the frog retina, presumptive bipolar cells 

accumulate (3H)-taurine, but in many other species studied, 
» 

certain amacrine, horizontal, and ganglion cells accumulate 

(3H)-taurine (Lake at al., 1978). Although there is some -
t 

dispute as to whether taurine is a true neurotransmitter in 
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the central nervous system (Kuriyama, 1980) , there is a 

great deal of evidence which suggests that taurine may 

function in this capacity in the retina (Neal, 1976; Starr, 

1977). However, the uptake of (3H)-taurine by bipolar cells 

in frog (Lake at al., 1978) and cat retinas (Pourcho, 1981) 

is not due to the use of taurine as a neurotransmitter in 

these cells, because bipolar cells release an excitatory-

transmitter (Starr, 1977) . Nevertheless, the similar 

morphology of bipolar and photoreceptor cell synaptic 

terminal's suggests that some bipolar cells utilize the same 

excitatory transmitter as photoreceptor cells anditherefore 

accumulate (3H)-taurine for the same, as yet undetermined, 

reason (see Chapter 2 for discussion). it is also possible 

that the light labelling of rod bipolar cells by 

(3H)-taurme in the cat retina (Pourcho, 1981) may be due to 

the diffusion of label into bipolar cells through gap 

junctions formed between these cells and putative 

taurinergic amacrine cells; a similar process has been 

suggested for the labelling of bipolar ce.lls by (3H)-glyc 

in the rabbit retina (Kong e£ al., 1980). 

It is doubtful if the amacrine cells which accumulate 

(3H)-taurine and those-which accumulate (^H)-glycine, are in 

actuality the same cell, accumulating both putative 

transmitter substances. This is/ because: 1) the processes 

which accumulate (3H)-glycine are generally distributed 

throughout the inner plexiform layer, while the processes 

which accumulate (3H)-taurine are stratified in pigeon (Lake 

me 
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fit al., 1978) and cat retinal(Pourcho, 1981); and 2) the 

cells which label with (3H)-glycine in the cat retina 

(Pourcho, 1980) differ from ̂ hose cells which label with 

(3H)-taurine in number, size, nuclear appearance and 

dendritic pattern (Pourcho, 1981). 
* 

J£} the cat retina, (3H)-taurine has been localized to 

both plexiform layers (Pourcho, 1981), suggesting that it 
* 

may be taken up by a population-of mterplexiform cells as 

well. This hypothesis will^need verification by the 

identification of the terminals which accumulate 

(3H)-taurine in both plexiform layers by electron microscope 

autoradiography. (There is no doubt that at least some of 

the iKroel which isipresent in the outer plexiform layer, is* 

due to the accumulation of (3H)-taurine by photoreceptor 

cell terminals. But, because so little is known about the 

uptake patterns and physiology of taurine m the retina, it 

is difficult to speculate on the function of the cells which 

accumulate (3H)-taurine m the inner retina. 

Electrophysiological studies have been hampered because both 

glycine and taurine are antagonized by strychnine and it is 

probable that they both act on the same synaptic receptor 

(Cunningham and Miller, 1980a; 1980b). These studies \' 
i 

further show that while GABA is selectively involved in I 

ON-channel activity in the mudpuppy inner plexiform layer, / 

taurine and/or glycine subserve an equivalent role fpr the 

OFF channel (Cunningham and Miller, 1980b). Although this 

implies that taunnergic^ells should send most of their 
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processes to subla'mina a of'the inner'plexiform layer, the 

heaviest band of silver grains overlies sublamina b in 

pigeon (Lake at al, , 1978) and cat (Pourcho, 1981) retinas. 

Glutamate. / Although (3H) -glutamate is**hot 

accumulated by any particular retinal cell type (White and 

Neal, lt976),-the kainic acid-induced lesions of rabbit 

y 
(Hampton at fil., 1981), goldfish (Yazulla and Kleinschmidt, 

1980) , chick (Ehrlich and Morgan, 1980) and rtewt (Chapter 2) 

inner plexiform layer neuronal processes, implies that 

glutamate may be an amacrine cell transmitter as well. 

However, no other evidence substantiates the notion that 

glutamate is a transmitter substance in the inner retina 

(Neal, 1976). Furthermore, as pointed out in Chapter 2, the 

ability of kainic acid to specifically lesion cells which-

are exclusively postsynaptic to glutamatergic neurons has 

very recently been questioned. 
f' 

t 
How the amacrine cells, which utilize the inhibitory 

i 

ammo acids as- neurotransmitters, regulate ̂ information 

processing in the retina, will continue to receive much 

attention in the literature as clues to their function and 

distribution become apparent. 

r 
d) Neuropeptides: In addition to the "conventional"^ 

transmitters which have just been discussed, it has become 

apparent very recently, that a growing number of neuroactive 

peptides function as neurotransmitters in amacrine cells of 

the retina. These include substance P (Eskay at al., 1980; 
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1981; Kar^n and Brecha, 1980; Glickman and Adolph, 1981) , 

somatostatin (Kri'sch and Leonhardt, 1979; Eskay at Al., 

1980; Yamada at al., 1980; Brecha at al.,,1981; Buckerfield 

fit al., 1981), opioid peptides such as enkephalins and 

endorphins (Brecha at Al., 1979; Humbert at Al*, 1979; 

Howells atal., 1980; Djamgoz at al., 1981), '-melanocyte 

stimulating hc-rmone (B&uer atal,, 1980), neurotensin 

(Brecha at al-, 1981), vasoactive intestinal polypeptide 

(Loren at al., 1980) and thyrotropin releasing hormone 

(Eskay at al., 1980) . 

Substance^ P. This neuropeptide has been found to 

excite about 50% of responding ON-type ganglion cells 

(Glickman and Adolch, 1981); and iromunocytochemistry has 

demonstrated that*Substance P immunoreactive processes are 

confined to a very narrow band in the middle of the inner 

plexiform layer (Karten and Brecha, 1980) or the outer 

portion of sublamma b (Eskay at al., 1981). 

/ 

Somatostatin. In goldfish retina, there is more 

than one type of amacrine cell which demonstrates 

somatostatm-like immunoreactivity (Yamada atal., 1980) and 

immunoreactive processes are found in both sublamma a and 

sublamma b of the inner plexiform layer, implying that / 

these cells modulate the activity of both ON and OFF 

ganglion cell activity (Krisch and Leonhardt, 1979; Yamada 

at Al., 1980; Buckerfield at al., 1981) 

Opioid Peptides. Djamgoz at Al. (1981) have 
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recently identified an opiate system in goldfish retina, 

which is involved in the pathway to ON-centre ganglion 

cells. These new findings suggest interesting 

interpretations of the functional organization of the 

vertebrate retina and indicate that the processing of visual \ 

information by amacrine cells in the inner plexiform layer 

IS much more complex than previously thought. 

4) Interplexiform Cells. Over the past decade, it has 

become more evident that all vertebrate retinas contain a 

sixth type of neuron, the mterplexiform cell. The 

perikarya of these cells are located in the inner portion of 

the inner nuclear layer, amongst the amacrine cell bodies, 

and send processes to both plexiform layer^. They were 

first discovered in teleost fish and new world monkey 

retinas (Ehinger and Falck, 1969b; Ehinger at/al., 1969). 

Because these*cells probably utilize dopamine as a 

neurotransmitter in these species, they are easily 

visualized by fluorescence microscopy. Though they are 

particularly refractory to metal impregnation techniques, 

they have recently been visualized occasionally in Golgi 

preparations of some species (Dowlmg, 1979). 

The input to mterplexiform cells is from amacrine 

cells and the mterplexiform cells synapse with other V 

amacrine cells in the inner plexiform layer, but never 

contact ganglion cells (Dowlmg, 1979) . In the outer 

plexiform layer, the mterplexiform cells contact horizontal 

cell and bipolar cell dendrites, but never contact the 
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photoreceptor terminals (Dowlmg, 19794 . In the fish 

retina, electrophysiological and histochemical findings 

prompted the proposal that cholinergic amacrine cells 

..stimulate dopaminergic mterplexiform cells to release the 

inhibitory catecholamine around horiajpntal cells in the 

outer plexiform layer (Negishi and Drujan, 1979; Hayashi, 

1980). These, and other findings, suggest that the 

mterplexiform cells of the fish retina suppress inhibitory 

actions of the horizontal cells and at the same time 

.polarize the bipolar cells, to enhance their responsiveness 

to central illumination (Dowlmg, 1979) . 

Although at least one of the neurotransmitter 

substances, of the mterplexiform cell in teleost fish and 

new world monkeys has been confirmed, little is known about 

the transmitter substances or the function of interple.xiform 

cells m other species. Nakamura at al. (1980) have 

determined by serial-section electron microscope 

autoradiography, that 2% of the cells m the cat retina 

which label heavily with (3H)-GABA are mterplexiform cells. 
* 

Pourcho (1980) however, has not been able to confirm the 

suggestion by Nakamura at Al- (1980) that one of the four 
i-

types of cells m the cat retina which label with (3H)-GABA -

is an mterplexiform cell. 

Yazulla and Schmidt (1976) have suggested that one 

possible reason- that ( 1251)-r-bungarotoxm receptors are 

present in the outer plexiform layer of the re*tina is that a 

population of mterplexifcftm cells is cholinergic. A 
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account for cholinergic mterplexiform cell could a\:c§unt for the 

electron microscope localization of (1251) —x-bungarotoxin 

receptors on bipolar cell dendrites in goldfish retina , 

(Schwartz and Bok, 1978) and also the presence of 

( 1 251)- i-bungarotoxin and (3H) -qumuclidinyl kjenzylate 

receptors in the outer plexiform layer of the newt retina 

{Chapter 2). The evidence for a cholinergic mterplexiform 

cell is very weak however, and will require further 

verification. 

Besides GABA, taurine and glycine (Rayborn at al., 

1981) have been implicated as mterplexiform cell 

transmitters, but the evidence for the use of thede ammo 

acids as ne^vcptransmitter substances by mterplexiform cells 

is still weak. The presence ofailver grains over both the 

outer plexiform and inner plexiform layers after 

autoradiographic'detection of tritiated amino acid uptake, 

will indicate the presence of a possible interplexifprm cell 

only if .horizontal and bipolar cells are known not to 

accumulate the ammo acid, and the mterplexiform cell 

processes in both plexiform layers have been identified by 

electron microscopy. 

5) Ganglion Cells. A great deal of evidence suggests 

that retinotectal transmission m goldfish (Oswald and 

Freeman, 1980; Scflvjar^at al., 1980; Schmidt atal., 1980) 

and frog (Oswald and" Freeman, 1979) , is mediated by way of 

cholinergic nfurons, and some evidence suggests that the 

same is true for birds and reptiles (Oswald and Freeman, 
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1980") . In the newt retina, acetylcholinesterase is 
i 

associated with some cells in the ganglion cell layer and 
i 

optic nerve fibres (Dickson, personal communication)H 

However, it has been suggested that the uptake of 

(3H)-cholme by ganglion cells in the rabbet retina is due 

to the incorporation of choline into phospholipids and not 
ft 

acetylcholine (Masland and Mills, 1979) . 
* t 

Glutamate has also been suggested as a -transmitter m 

ganglion cells, but the studies supporting glutamate as a 

ganglion cell transmitter are open to other interpretations 

(Oswald and Freeman, 1980). 

Taurine has been reported to be taken up by ganglion 

cells and transported along the optic nerve axons m young 

animals. However, it is believed that taurine functions m 

the young optic nerve to stabil-ized electrical properties of 

optic nerve axons, prior to their becoming functional 

(Politis and Ingoglia, 1979). 

Ganglion ce4ls have been reported to accumulate most 

ammo*acids. However, neurons with long axons, such as 

retinal ga$<jlion cells, may accumulate ammo acids more 

rapidly because of higher protein requirements (Ehinger, 

1972) . Uptake of arnirio acids by ganglion cells therefore 

dc/es not necessarily imply that ganglion cells utilize them . 

as neurotransmitter substances. 

Studies on the uptake of (3H)-taurine into neurons of 
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newt retina has indicated that taurine is accumulated not 

only tby photoreceptors, but by cells in the. inner retina as 

-well (Chapter 2). The purpose of this chapter, is to y 

further explore the possible use of taurine as a 

neurotransmitter in the inner retina of the newt. Although 

the general accumulation of taurine has been demonstrated by 

cells of the inner nuclear layer in other species, no study 
# 

has been undertaken to localize (3H)-taurine to specific 

processes within the inner nuclear layers Therefore, by 

localizing taurine^ to specific presynapti-c processes, it is 

hoped that taurine can be implicated as a true 

neurotransmitter and not ]hst as a general modulator of "* 

synaptic function. This will also verify if the 
» 

stfatification of the inner plexiform layer by (3H)-taurine 

uptake represents nerve terminal uptake (Voaden at Al., 

1977). In addition to taurine, the uptake of the inhibitory 

amino acid transmitters, glycine and GABA, by newt retina * 

will be studied using autoradiograhic techniques. Amino 

acid analysis of newt retina (Chapter 2) indicates that 

these substances may be utilized as inhibitory 

neurotransmitter substances in the retina as well. 
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MATERIALS AND METHODS 

To_determine the uptake pattern of amino a£ids which 

are suspected of being neurotransmitters in the inner retina 

of the newt, retinas were incubated as m Chapter 2,-m 

media containing (3H)-taurine, (3H)-L-glycine, and / 

(3H)-Y-aminobutync acid ((3H)-GABA). Tritiated ammo acids 

were purchased from New England Nuclear (Bo3ton)v 

Massachusetts)- with the following specific activities: 

(3H)-taurine: 23 Ci/mmol; (3H)-glycine: 8.6 Ci/mmol; and 

(3H)-GABA: 28.2 Ci/mmol. Five, 10, 20, and 40 pi 

quantitities of these amino acids were evaporated with dry 

nitrogen m a fume hood at 20 °C and ijesuspended in 100 ul of 

unsupplemented*tissue culture media\(M-199 with glutamine; 

GIBCO, Grand, Island, New York) in a sm&ll 200 pi chamber. 

Final concentrations of the ammo acids for the 20 pi 

.dilution were: (3H)-taurine, 8.63 pmol; (3H)-glycine, 23.2 

pmol; (3H)-GABA," 7 .22 pmol. These .concentrations were 

chosen since they would allow equal amounts- of radioactivity 

{20 pCi) to be available for uptake, while at the same time, 

providing sufficiently low enough concentrations to ensure 

the activation of high affinity transport systems for each 

of these amino acids (Lake at Al., 1978). 

Following decapitation, newt eyes were enucleated, the 

corneals removed, and the eyecups placed in the incubation 

chambers. The media was oxygenated with 98% oxygen during 

incubation. After 15 and 30 m m incubation periods, the 

eyecups were rinsed in tissue culture media without label 
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for 5 min. The eyecups were then fixed in -a 

cacodylate-buffered glutaraldetvyde-formaldehyde fixative 

(Chapter 1) and processed for electron microscopy as 

previously described (Chapter 1). Light microscopic 

autoradiogr'aphy was performed on 0.5 pm̂  plastic sections as 

previously described (Chapter 2). Electron microscopic 

autoradiography was performed on thin sections cut fsom 

blocks containing tissue which was incubated in (3H)-taurine 

and (3H)-GABA. The procedure was carried out as described 

by Ball at Al. (1981). 
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RESULTS 

1) Glycine. • When newt retina was incubated in media 

containing (3H)-glycine, two patterns" of labelling were 

observed;' 1) a generalized uptake over the whole retina and, 

2) specific labelling of selected neuronal cell bodies and 

their processes. A number of neurons m the inner half of 

the-̂ ifiner nuclear layer accumulated glycine (Fig, 1). 

Although their identity cannot be assured from this light 

microscope autoradiograph, they likely belong to a class of 

amacrine cell. The cells which accumulate (3H)-glycine in 

the middle of the inner nuclear layer are probably a class 

of bipolar cell. This uptake of (3H)-glycine by a 
t 

population of bipolar cell is verified by the labelling of 

Landolt's clubs (apjuJaJ processes of bipolar cells ) near f1 

the outer limiting\membranel The outer plexiform layer was 

also heavily labelled with (\3H)-glycine (Fig. 1, arrows) as 

was the inner plexiform layerfxhowever, the density of label 

in thej outer plexiform layer was\much heavier. 

Because there was a generalized uptake of label by the 

whole retina, which terminates at the outer limiting 

membrane, it is likely taj|fc Mflller cells accumulate 

t\ - •» • 

'(3H) -glycilte as yell. The presence of dense label over the 

region of,r.heSj/etina occupied by the foot processes of the 

Mflller. cells, anikthe lightly labelled elliptical nuclei 

near the middle of the'inner nuclear layer, further suggests 

that ^3H)-glycine has/been accumulated by Mflller cells. 

Ther-e were no cellsi in the ganglion cell layer which 

file:///membranel
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accumulated (3H)-glycine, and the inner plexiform layer was 

not divided into sublaminae by the processes of the labelled 

amacrine and bipolar cells. 

2) Taurine. . When newt retina was incubated in media 

Containing (3H)-taurine, photoreceptors, a few cells in the 

inner nuclear layer, and cells in the ganglion cell layer 

accumulated (3H)-taurme (Fig. 2). • 

The uptake of (3H)-taurine by photoreceptors has been 

completely described in Chapter 2. The labelled cells at 

the outer and inner margins of the inner nuclear layer are 

probably populations of horizontal cells and amacrine cells 

respectively. The perikarya in the middle of the inner 

nuclear .layer which were lightly labelled with (3H)-taurine 

(Fig. 2, arrows) are likely those of Mflller cells, since the 

foot processes of the Mflller cells at the inner limiting 

\jnembrane were also labelled. The cells m the ganglion cell 

layer which accumulated/(3H)-taurine were more numerous in 

the outer(half of the /ganglion cell layer. A large number 

of cells in the inner half of the ganglion cell layer did 

not accumulate (3H) -̂ taurine at all. 

The (3H)-taurine accumulating cells lining the inner 

margin of the inner nuclear layer and the outer margin of 

the ganglion cell layer appear to give rise to processes 

which course laterally along the outer and inner margins of 

the inner plexiform layer. The labelling of these amacrine 

and ganglion cell processes divides the inner plexiform 

file:///jnembrane
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•layar into three layers, the middle layer being wider and 

less densely labelled than the other two layers (Fig. 2). 

The bulk of the processes from the-amacrine cells, appear to 

be confined to sublamma a of the mneryplexiform layer, 

while the bulk of the processes from̂ /th-e ganglion cells are 

confined to sublamma b. 

, The cells in the position of the amacrine and ganglion 

cells which accumulated (3H)-taurine, could be identified by 

electron microscope autoradiography. In' Fig. 3, an amacrine 

cell adjacent to the outer margin of the inner plexiform ' 

\ layer is labelled, while two nearrfy amacrine perikarya and a 

Mflller cell are unlabelled. In Fig. 4, a cell body m the 

outer margin of the ganglion cell layer is heavily labelled, 

while two adjacent ganglion cells did not accumulate 

(3H)-taurme. Figs. 3 ̂ Kd-4 demonstrate the 

effectiveness of the elecVron microscope autoradiographic 

technique for identifying theperikarya and processes which 

accumulate (3H)-taurine in the^hewt retina. , * 

Some of the processes from the taunne-labelled cells 

m the inner nuclear layer and the ganglion cell layer, 

which ramify throughout the inner plexiform layer, have been 

identified by electron microscope autoradiography; they are 

shown in Figs. 5 to 12. In Fig. 5, an amacrine cell process 

in the inner plexiform layer is clearly labelled. This 

terminal contains numerous, small electron-lucent vesftles 
* 

measuring an average of 46 nm in diameter. Profiles of 

smooth endoplasmic reticulum and microtubules are present in 
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the terminal as well. In- Fig. 6, a labelled amacrine cell 
k 

process forms a junction with an adjacent, unlabelled 

amacrine cell (Fig. 6, arrow).* The labelled terminal 

contains numerous synaptic vesicles and two large, 

dense-cored vesicles which measure 96 nm? m diameter. A 

small, dense mitochondrion is located near the centre of the 

terminal. In Fig. 1, a labelled amacrine cell terminal, 

containing numerous small vesicles, a single large 

dense-cored \|esicle, and numerous microtubules, is seen to 

be postsynaptic to an adjacent unlabelled amacfme cell 

process (Fig. 7, arrow). In Fig. 8, a labelled amacrine 

cell process forms a junction with an adjacent, unlabelled 

amacrine cell process (Fig, 8, arrow)t The labelled * 

terminal contains numerous small vesicles measuring an 

average of 45 nm m diameter. 
t 

Although synaptic connections between labelled amacrine 

cells and other, unlabelled amacrine cells were very common, 

only rarely were labelled amacrine cell processes observed 

making synaptic contact with ganglion cell processes. 

Ganglion cell dendrites were identified as such if they were 

small (le. < 0.75 pm in diameter), and did not contain 

organelles, such as synaptic vesicles (Dubin, ̂ J,970) . In 

Fig. 9, a labelled amacrine cell process is seen forming "a 

junction with a process which is presumed to be a ganglion 

cell dendrite (arrow). 

Amacrine cell processes which accumulated (3H)-taurine 

were observed receiving synaptic input from bipolar cells at 
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ribbon synapses (Figs. 10 and 11) and they were 'also 

observed making feedback synapses onto bipolar cells 

(Fig. 12). In Fig. 10 a bipolar cell forms a ribbon synapse 

with two amacrine cell processes (arrows), one which is 

labelled, and one which is not labelled. The labelled* 

process contains scattered elytron-lucent vesicles 

averaging 46 nm in diameter, A similar configuration can be 

observed m Fig. 11; The labelled amacrine cell process 

which is postsynaptic to the bipolar cell terminal (arrows) 

contains numerous small, electron-lucent synaptic vesicles 

and a single, large dense-cored vesicle, in Fig. 12 a 

labelled amacrine cell process containing numerous" small 

electron-lucent vesicles and a single dense-cored vesicle, 

makes (.synaptic contact with a bipolar cell terminal (single 

arrow), which in turn makes synaptic contact with two 

unlabelled wiacrme cells at a ribbon synapse (two arrows). 

I 
3) GABA. When newt retina was incubated in media 

containing (3H)-GABA, a number of neurons in the position of 

the horizontal, bipolar, amacrine cells accumulated, and 

nearly all ganglion cells accumulated (3H)-GABA (Fig. 13). 

The uptake of (3H)-GABA by horizontal and bipolar cell 

processes resulted in heavy labelling of the outer plexiform 

layer as well. Because there was little identifiable uptake 

of (3H)-GABA by Mflller cells, the labelled nuclei in the 

middle of the inner nuclear layer are presumed to be bipolar 

cells. This is further corroborated by the labelling of 

Landolt's clubs near the outer .limiting membrane. When 
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thick, 10 pm sections of GABA-labelled newt retina were 

examined at the light microscope level, processes extending 

from the bipolar oerikarya to the inner and outer plexiform 

layers, and also to Landolt's clubs could be observed 

(Fig. 14). 

t The uptake of (3H)-GABA into ganglion cells was often 

variable and in some preparations, labelling of ganglion 

cells was minimal, Unde/r these conditions, the labelling 

attributed to amacrine, bipolar, and a small population of 

ganglion cells, divided the inner .plexiform layer into 

distinct sublaminae (Fig. 15). The labelled amacrine and 

ganglion cells appear to give, rise to processes which are 

densely labelled at the outer and inner margins of the inner 

plexiform layer respectively (Fig. 15). It is not possible 

to determine the origin of the processes giving rise to the 

\ band of lpbel in the middle of the inner plexiform layer. 

When (3H)-GABA was accumulated by most ganglion ctfStsf 

sublammation of the\mner plexiform layer was not apparent 

(Fig. 13) . 

a# 
The horizontal cell bodies which accumulate (3H)-GABA 

r 

can also be identified by electron microscope \ 

autoradiography. In Fig. 16, a horizontal cell at the/outer 

margin of the inner nuclear layer is labelled, while •"—* 

adjacent horizontal cells are unlabelled. The processes of 

the labelled horizontal cell can be seen to pass laterally 

along the inner margin of the outer plexiform layer 

(Fig. 16, arrows). Labelled horizontal cell processes were 
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rarely observed in close proximity to photoreceptor' 

terminals. (When labelled processes could be positively 
\ 

identified within the photoreceptor terminals, they were 
-» 

always associated with cone terminals (Figs. 17A and 17B). 

In Fig. 17A, the lateral element of a cone triad, which is 

probably a horizontal cell process, is labelled. In 

Fig. 17B, a process not involved in a ribbon synapse, 

receives synaptic input (arrow) from a cone terminal. 

jc Silver grains are also associated with small (< 0.4 pm in 

diameter) processes which do not mvagmate deeply within 

the photoreceptor terminal (Fig. 17B, asterisks). The 

identification of' labelled postsynaptic elements in the 

outer plexiform layer is hampered by the small size of these 

processes. It is further complicated by the fact that the 

processes of both bipolar and horizontal cells accumulate 

. (3HJ-GABA in the newt retina. However, because the"labelled 

processes in Fig. 17A occupy a lateral position in the 

ribbon synapse triad, it is likely that it is a horizontal 

cell process. 

« 

The perikarya of the labelled bipolar cells which are 

located in the middle of the inner nuclear layer (Figs. 13, 

14 and 15) can also be identified by electron microscope 

autoradiography. In Fig. 18A, two bipolar cell bodies are 

shown to have accumulated (3HJ-GABA and as a result, are 

labelled with silver grains. These cells are surrounded by 

other neurons and Mflller cell cytoplasm, which has not 

accumulated (3HJ-GABA. The Landolt's club processes of 

4 
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these bipolar cells can clearly be identified by electron 

microscope autoradiography as well. In Fig. 18B, a labelled 

Landolt's club is situated between photoreceptor cells and 

the apical terminations of the Mflller cells, at the outer 

limiting membrane. v 

The cells m the ganglion cell layer which accumulate 

(3H)*GABA can be identified by electron microscope 

autoradiography as well. In Fig. 19A, a neuron in the 

ganglion cell layer near the inner limiting membrane is 

labelled, while an adjacent cell is unlabelled. Some silver 

grams are lqcated over a nearby fascicle of ganglion cell 

axons. At higher magnification, it is evident that these 

silver grains are associated with only some of the axons, 

presumably the axons of the ganglion cells that have 
{ 

accumulated (3H)-GABA (Fig. 19B). * ' 

Cells m the position of the amacrine cells, which were 

demonstrated in Figs. 13 and 15 to have accumulated 
< 

(3H)-GABA are( identifiable at the electron microscope level 

as amacrine cells. In Fig. 20, two amacrine cells at the 

inner border of the inner plexiform layers are labelled, 

while two adjacent amacrine cells, and a Mflller cell have 

not accumulated appreciable founts of (3H)-GABA and are 

therefore unlabelled. 

Because the perikarya of amacrine cells (Fig. 20) , 

bipolar cells (Fig. 18A), and ganglion cells (Fig. 19A) were 

identified by electron microscope autoradiography, the 
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labelled] processes of these cells*withm the inner plexiform 

layjsf/'were expected to be labelled as well. Despite thtf 

fact that the bipolar cells and ganglion ceJLls accumulate 

(3H)-GABA, silver, grams were rarely associated with bipolar 

cell synaptic terminals or ganglion cell dendrites. On the 

•y-
other hand, labelled amacrine cell processes were easily 

identified (Figs. 21 to 26). In Fiĝ , 21, an amacrine cell 

process from a cell which has accumulated (3H)-GABA is 

y 
clearly labelled by silver grains. This amacrine cell 

process contains numerous electron-lucent vesicles measuring 

an average of 44 nm in diameter, mitochondria and smooth 

endoplasmic reticulum. Labelled amacrine cell terminals-

frequently contained large, dense-cored vesicles measuring 

an average of 79 nm in diameter (Fig. 22). The terminals of 

cells which accumulated (3H)-GABA were observed to make 

frequent synaptic contact with other amacrine cells, and 

also with ganglion cell dendrites. In Fig. 23 three 

amacrine cell terminals are located next to a ganglion cell 

dendrite. Two of the amacrine cell processes arise from 

neurons which have accumulated (3H)-GABA because silver 

grams are located over the terminal. Two of the three 

amacrine cell processes, only one of which is labelled, make 

synaptic contact (Fig. 23, arrows) with the ganglion cell 

dendrite. 

Fig. 24 (A and B) is a serial section autoradiograph 

showing an amacrine -cell process containing small, 

electron-lucent synaptic vesicles, a single dense-cored 
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. vesicle, and. a mitochondrion. Three ganglioit cell dendrites 

are adjacent^to the labelled amacrine cell process" 
i 
(Fig, 24A) and one of bhese dendrites forms a junction 

(arrow).with the labelled amacrine cell m a subsequent 

section (Fig, 24B). In Fig, 25 a labelled amacrine cell 

process containing numerous small electron-lucent vesicles 

and dense-cored vesicles (small arrows) forms a junction 

wjth a nearby, unlabelled amacrine cell process (large 

arrow). , 

A further indication that complex synaptic relations 

occur between different types of amacrine cells is 

illustrated in Fig. 26. In Fig. 26 a labelled amacrine cell 

process -receives synaptic input from an adjacent, unlabelled 

amacrine cell which in turn, receives synaptic input from 

another amacrine cell. - Synaptic relationships between 

amacrine cell processes which accumulate (3H>-GABA and 

bipolar cells were never observed, nor were silver grains 

associated with bipolar cell terminals and ganglion cell 

dendrites. This is surprising, considering that the 

parikarya of these cell types were labelled m both light 

and electron microscope autoradiographic preparations. 
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FIGURES 

Figure 1. Light microscope autoradiograph (bright 

field, unstained 0.5 pm section) showing the uptake pattern 

of (3H)-glycine by the newt retina. There is a small amount 

of label present m the region of the foot processes (mf) 

and nuclei of the Mflller cells near the middle of the inner 

nuclear layer (m), together with a general low level of 

uptake extending from the inner limiting membrane (llm) to 

the outer limiting membrane (olm), indicative of the 

distribution of Mflller cell cytoplasmic processes within the 

retina. Silver grains are densest over the nuclei m the 

inner nuclear layer (ml) . These include the perikarya of 

some bipolar cells (b) and their extensions m the form of 

Landolt's clubs (lc) at the outer limiting membrane (olm). 

The outer plexiform layer (white arrows) is heavily labelled 

as well. A large number of cells m the position of the 

amacrine interneurons (a) are also labelled. onl= ou^er 

nuclear layer, opl= outer plexiform layer, gcl= ganglion 

cell layer, bar= 25 pm 
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Figure 2. Light microscope autoradiograph (bright 

field, unstained 0.5 pm section) showing the uptake of 

(3H)-taurime by newt retiha. Photoreceptor cells (p) and a 

small population of cells Jin the position of the horizontal 

cells (h) are heavily labelled. There is a small amount of 

label associated with the foot processes of the Mflller cells 

(mf) and their nuclei near the middle of the inner nuclear 

layer (ml, arrows). Amacrine cells (a) which lirte the 

outer margin of the inner plexiform layer, and some cells in 

the ganglion cell layer (g) are heavily labelled. The 

uptake of (3H)-taurine by the processes of these amacrine 

(a) and ganglionv(g) cells causes a subdivision of the inner 

plexiform layer (ipl) into sublaminae. Two heavy, narrow 

bands of label (ipl, arrows) are located at the inner and 

outer margins of the inner plexiform layer. A wide band of 

lighter label is located between these two heavy bands. 

olm= outer limiting membrane, onl= outer nuclear layer. 

opl= outer plexiform layer, gcl= ganglion cell layer, 

bar= 25 um 
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Figure 3^ Low power electron microscope 

autoradiograph showing the uptake of (3H)-taurine by an 

amacrine cell (a) near the pouter margin of the inner 

plexiform layer (ipl) of the newt retina. Two adjacent 

amacrine cells (a) and a Mflller cell (Mfl) are unlabelled, 

bar= 2.0 pm , 

Figure 4. Low power electron microscope 

autoradiograph showing the uptake-of (3H)-taurine by a 

ganglion cell (g) near the inner margin off the inner 

plexiform layer (y»i) of the newt retina. Two nearby 

ganglion cells (g) are unlabelled. bar= 2.0 pm 
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Figures 5 to 8. High power electron microscope 

autoradiographs showing processes in the inner plexiform 

layer of the newt retina which hava**teccumulated 

(3H)-taurine. 

Figure 5> A labelled amacrine cell process (a) 
/ 

contains numerous small, electron-lucent vesicles (46 nm .in 

diameter^. A profile of smooth endoplasmic reticulum and 

microtubules are present m the labelled terminal as well. 

bar= 0.25 pm 

Figure 6. The labelled terminal (a1), which 

contains numerous, small, electron-lucent vesicles and two 

large, dense-cored vesicles, forms a junction- (arrow) with, 

and is presynaptic to an unlabelled amacrine cell terminal 

(a). g= ganglion cell-dendrites, m= mitochondrion, 

bar= 0.25 pm 

Figure 7. The labelled terminal (a1), which is 

morphologically similar to the labelled terminals in Figs. 5 

and 6, forms A junction (arrow) with an adjacent, unlabelled 

amacrine cell (a). The labelled terminal is postsynaptic to 

the unlabelled amacrine cell terminal. bar= 0.25 pm 

Figure 8. The labelled amacrine cell terminal (a) 

forms a junction (arrow) with an adjacent, unlabelled 

amacrine cell process (a). bar= 0.25 pm 
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Figures 9 to 12. Electron microscope 

autoradio'graphs showing labelled amacrine cell terminals m 

the inner plexiform layer of a newt retina which has been 

incubated m (3H)-taurine. 

Figure 9, The labelled terminal (a) forms a 

junction (arrow) with a process which is most likely that of 

a ganglion cell dendrite (g). bar= 0.25 pm 

Figure 10. A bipolar cell terminal forms a ribbon 

synapse (arrows) with two amacrine cell processes in the 

inner plexiform layer of the newt retina. One of the 

postsynaptic amacrine cell processes is labelled, indicating 

that it has accumulated (3H)-taurine. bar= 0.25 um 

/, 

(/Figure 11, A bipolar cell terminal (b) forms a 

ribbon synapse (arrows) with two amacrine cell processes 

(a). The labelled amacrine cell process which is 

postsynaptic to the bipolar cell terminal is morphologically 

similar to the labelled terminals shown m Figs, 5 to 8. 

bar= 0.25 pm 

Figure 12. The labelled amacrine cell terminal 

(a) is presynaptic to a bipolar cell terminal (b) which 

forms a ribbon synapse with two unlabelled amacrine cell 

processes (a). g= ganglion cell processes, bar= 0.25 pm 
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Figure 13. Light microscope autoradiograph 

(bright field, unstained 0.5 pm section) from a newt retina 

incubated m (3H)~GABA, A population of horizontal cells 

(h), bipolar cells (b) and their Landolt's club processes 

(le), amacrine cells (a), and a large number of ganglion 

cells (g) are labelled. A small population of cells near 

the inner border of the inner plexiform layer (ipl) do not 

accumulate (3H)-GABA (asterisks). Labelled cell processes 

.-are evident m both the outer (opl) and inner (ipl) 

plexiform layers. The inner plexiform layer is evenly 

labelled throughout. olm= outer limiting membrane, 

onl= outer nuclear layer, inl= inner nuclear layer, 

gcl= ganglion cell layer, bar= 25 pm 
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Figures 14 and 15. Light microscope 

autoradiographs (bright fieldjf unstained* 10 pm section) from 

a newt retina incubated m (3H)~GABA. 

Figure 14. Processes of the bipolar cells (b) are 

heavily labelled and extend from the inner plexiform layer 

(ipl) to the outer plexiform layer (opl), terminating at the 

outer limiting membrane as Landolt's clubs (1c). The 

labelling which occurs within the outer plexiform layer 

(opl) is due to the lateral expansion of horizontal cell (h) 

and bipolar cell (b) processes within this layer. 

bar= 25 pm 

Figure 15. The labelled processes in the inner 

plexiform layer (ipl) are derived from bipolar cells (b) and 

amacrine cells (a) m the inner nuclear layer (ml), and a 

few heavily labelled cells (g) at the outer border of the 

ganglion cell layer (gel). The uptake of (3H)-GABA by 

ganglion cells in this autoradiograph is much reduced when 

compared with Fig. 13. Under these conditions, a 

sublamination of the inner plexiform layer (ipl) becomes 

apparent which is due to the labelled processes from 

amacrine cells, bipolar cells, and labelled cells m the 

ganglion cell layer. Two densely labelled bands are 

apparent at the outer and inner margins of the inner 

plexiform layer with a third, less densely labelled band 

near the middle of the inner plexiform layer. bar= 25 pm 
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Figure 16. Low power electron microscope 

autoradiograph showing the outer plexiform layer of the newt 

retina which has been mcubated m and accumulated 

(3H)-GABA. A labelled horizontal .cell (h) sends labelled 

processes laterally along the inner margin of the outer 

plexiform layer (arrows). Photoreceptor cells (p) and other 

horizontal cells (h) are unlabelled. bar= 2.0 pm 

Figure 17 (A and B). High power electron 

microscope autoradiographs showing labelled processes 

mvaginatmg deeply into cone terminals (ct) . In Fig. 17A a 

labelled process (arrow) is part of a triad and occupies a 

lateral position in the ribbon synapse. In Fig. 17B a 

labelled process (d) mvagmates deeply into a cone terminal 
a 

(ct) where synaptic contact is established with the 

photoreceptor (arrow). Other processes (asterisks) within 

the photoreceptor terminal are labelled as well. 

sr= synaptic lamellae, bars= 0.5 pm 
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Figure 18 (A and B). Low power electron 

microscope autoradiographs showing the uptake of (3H)-GABA 

by bipolar cells in the newt retina. In Fig. 18A, two 

bipolar neurons (b) in the middle of the inner nuclear layer 

are labelled. Adjacent cells and Mflller cell cytoplasm (Mfl) 

have not accumulated (3H)-GABA. The apical extensions of 

these bipolar cells, the Landolt's clubs (lc), can be identified 

at the outer limiting membrane between the apical processes 

of the Mflller cells (Mfl) and photoreceptor nuclei (p) 

(Fig. 18B). ov= optic ventricle, bars= 2.0 pm 

Figure 19 (A and B). Electron microscope 

autoradiographs showing the uptake of (3H)-GABA by ganglion 

cells (g) and their axons (a) in the newt retina. In 

Fig. 19A a labelled ganglion cell (g) is situated near the 

inner limiting membrane (ilm), beside an unlabelled ganglion 

cell. Silver grains are present over an adjacent fascicle 

of optic fierve fibres (onf) as well. (bar= 2.0 pm) 

Fig. 19B is a high magnification electron microscope 

autoradiograph of an optic nerve fascicle showing axons of 

ganglion cells which accumulate (3H)-GABA. bar= 0.5 pm 
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Figure 20. Low power electron microscope 

autoradiograph of newt retina incubated m (3H)-GABA. Two 

labelled a m a ^ r m e cells -fa) are seen near the outer border 
" m 

N of the inner plexiform l^yer (ipl). These two amacrine 

cells have accumulated (3H)-GABA, while two adjacent 

amacrine cells (a) and«a Mflller cell (Mfl) have not. 

bar= 5-. 0 pm 

; > 

Figures 21 to 23. Electron microscope 

autoradiographs showing labelled amacrine cell.processes in 
i 

the inner plexiform layer of a newt retina which has been 
«f 

incubated in (3H)-GABA. 

Figure 21. the labelled process contains numerous, 

small-, electron-lucent vesicles (44 nm in diameter). The 

terminal also contains two mitochondria (m) and a profile of 

smooth endoplasmic reticulum (ser). bar= 0.5 pm 

Figure 22. The labelled process is surrounded by 

unlabelled amacrine cell processes with similar morphology. 

Not only does this terminal contain numerous, small, 

electron-lucent vesicles but also a single, large, 

denae-cored vesicle (arrow). bar= 0.5 pm 

« figure 23. Three labelled amacrine cell processes 

(a) are located next to a ganglion cell dendrite (g). Two 

of these amacrine cell processes contain (3H)-GABA. A 
I 

labelled a m a o n n e cell terminal and an unlabelled amacrine 

cell terminal make synaptic contact (arrows) with the 
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ganglion cell dendrite. The labelled terminals are 

morphologically similar to other labelled amacrine cell 

processes (Figs. 21 and 22). b= bipolar cell, bar= 0.5 pm 
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Figure 24 (A and B). Electron microscope 

autoradiograph showing a labelled amacrine cell process m 

two serial sections. In Fig. 24A three ganglion cell 

dendrites (g) are adjacentjto a labelled amacrine cell 

process (a) which has accumulated (3H)-GABA. In Fig. 24B 

the labelled amacrine cell terminal (a) forms a junction 

(artow) with one bf the ganglion cell dendrites. f 
bar= 0.5 pm 

Figure 25. Electron microscope autoradiograph of 

the inner plexiform layer of a newt retina which has been 

incubated in (3H)-GABA. A labelled (amacrine cell process 

(a) containing numerous, small, electron-lucent vesicles and 

large, electron-dense vesicles (small arrows) forms a 

junction (arrow) with an adjacent amacrine cell. 

bar= 0,5 pm 

Figure 26. Electron microscope autoradiograph of 

the inner plexiform layer of a newt retina which has been 

incubated-in (3H)-GABA. A labelled amacrine cell process 

(a) receives synaptic input (arrow) from an adjacent, 

unlabelled amacrine cell which in turn, receives synaptic 

input (arrow) from a third amacrine cell. bar= 0.5 pm 
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DISCUSSION 

The results of the uptake studies using (3H)-glycine, 

(3H)-taurine, and (3H)-GABA have shown that each of these 

inhibitory ammo acids could be ultilized as a 

neurotransmitter substance m the inner retina of the newt, 

1) Glycine. The uptake of (3H)-glycine by newt retina 

differs from that reported for other animals (Bruun and 

Ehinger, 1974) m that here, (3H)-glycine is accumulated by 

Mflller cells. The reason for Mflller cell uptake of 

(3H)-glycine in the newt retina is probably not due to a 

species difference or to the method of administration, but 

rather due to the high concentration of (3H)-glycine used m 

the incubation medium. Therefore, concentrations of more 

than 20 pmol appear to activate low affinity uptake systems 

in the newt retina. However, such nonspecific uptake of 

(3*0-glycine by the newt retina makes this tissue unsuitable 

for examination by electron microscope autoradiography. 

This high uptake also makes the identification of retinal 

neurons which accumulate (3H)-glycine more difficult at the 

light microscope level. 

Because the horizontal cells of the newt retina did -not 

accumulate (3H)-glycine, the labelling observed within the 

outer plexiform layer must be due to the accumulation of 

(3H)-glycme by cells m the inner half of the inner nuclear 

layer. Labelling of Landolt's clubs near the outer limiting 

membrane suggests that the labelled neurons near the middle 
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of the inner plexiform layer are probably bipolar cells 

which give rise to labelled processes m the outer plexiform 

layer. In most of the animals studied to date,, glycine 

labelling has not been observed within the outer plexiform 

layer. In the toad retina however, labelling of the outer 

plexiform layer has been observed and it is believed to be 

due to the ramification throughout the outer plexiform layer 

of processes derived from a population of glycmergic, 

mterplexiform cells (Rayborn at al,, 1981), In the newt 

retina however, bipolar cells have been shown to accumulate 

(3H5-GA8A, and because bipolar cell dendrites ramify within 

the outer plexiform layer, it is likely that these same 

bipolar cell' processes are responsible for most of the 

labelling which occurs within the outer plexiform layer. 

The existence of a population of glycmergic mterplexiform 

cells on the othervhand, with labelled cell bodies located 

amongst the amacrine cells and processes-ramifying 

throughout both plexiform layers, is difficult to 7 

demonstrate in the newt retina because of the simultaneous 

uptake of (3H)-glycine by both bipolar and amacrine cells. 

Although the uptake of (3H)-glycine by cat bipolar cells has 

recently been reported (Kong atal., 1980; Pourcho, 1980), 

Kong at Si' (1980) suggest that glycine is unlikely to be a 

neurotransmitter substance of these cells. Rather, it has 

been .suggested that bipolar cells pick up glycine from 

diffuse amacrine cells, through gap junctions which have 

been identified between these neurons. This could explain 

the labelling of bipolar cells in the newt retina as well. 
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If the above hypothesis is correct, then at least one 

cell type, if not all of the labelled cells in the inner 

half of the inner nuclear layer of the newt retina, belong 

to a population of diffuse amacrine cell. Silver 

impregnation,studies of diffuse amacrine cells m amphibian 

retina (Cajal, 1893) showed that the perikarya of these 

cells are located near the middle of the inner nuclear 

layer. The labelled cells in the newt retina which are 

located just scleral to a row of lightly labelled Mflller 

cell nuclei, probably correspond to the diffuse amacrine 

cells of Cajal. The second population of labelled amacrine 

cells located at the'inner margin of the inner nuclear layer 

may also belong to this class of diffuse amacrine cell, but 

because of the position of their cell bodies, they are more 

likely to be a type of polystratifled amacrine cell 

described by Cajal (1893). The uptake of (3H)-glycme by 

amacrine cells and their processes, never seems to result in 

a division of the inner plexiform layer into sublaminae, as 

would be expected if a population of stratified amacrine 

cells were involved. It could be argued however, that the 

uptake of (3H)-glycine by glial processes in the inner 

plexiform layer masks any subtle stratification patterns 

that might exist. This is unlikely though, because there is 

little, if any reported stratification of the inner 

plexiform layer caused by (3H)-glycine uptake in other 

animals (Bruun and Ehinger, 1974; Pourcho, 1980). Because 

the processes of the glycmergic neurons are distributed 

evenly throughout the inner plexiform layer of the newt, it 
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is likely then that they are involved m the modulation of 

both ON and OFF-channel activity, 

2) Taurine. The pattern of (3H)-taurine uptake by newt 

retina differs significantly from the uptake of (3H)-glycine 

by newt retma. The uptake of (3H)-taurme by a very small 

population of cells in the position of the horizontal cells 

has been reported m the retinas of other amphibian species, 

including frog (Lake atal., 1978). However, electron 

microscope observations of the outer plexiform layer of the 

newt have not provided evidence supporting the existence of 

(3H)-taurme labelled horizontal cell processes. This does 

not necessarily imply that they do not exist, however, 

because: 1) both the number of cells and labelled processes 

is small compared to the total number of horizontal cells 

and processes in the newt retina; and 2) the size of the 

labelled processes in the outer plexiform layer is so small 

(<0,75 pm in diameter) that they are not easily detected by 

an autoradiographic technique with a total error of about 

1,0 pm. 

a 

The cells in the middle of the inner plexiform layer of 

the newt retma which are lightly labelled with (3H)-taurine 

are probably Mflller cells, since a similar low level of 

labelling is present over the foot processes of these cells, 

at the inner limiting membrane. Although some taurinergic 

neurons m the middle of the inner nuclear layer of other 

species have been identified as bipolar cells (Lake e£ al., 

1978; Pourcho, 1981), whether some of the cells which 
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accumulate (3H)-taurine in the middle of the inner nuclear 

layer of the newt retina belong to a population of bipolar 

cells is unknown. If in fact there is a population of 

bipolar cells in the newt retina which accumulate 

(3H)-taurine,; then they accumulate taurine for some other 

purpose than its use as a neurotransmitter substance. It is 

possible that these bipolar cells receive the label by 

diffusion through gap'junctions formed between these cells 

and certain amacrine cells which accumulate (3H)-taurine. 

In the newt retina, there is significant uptake of 

(3H)-taurine by a population of cells m the position of the 

amacrine interneurons. Since the perikarya of 

mterplexiform cells are located among those of the amacrine 

cells, it is possible that some of the cells lining the 

inner margin of the inner plexiform layer which accumulate 

(3H)-taurme, are mterplexiform cells as well. The 

existence of a population of taurinergic mterplexiform 

cells is difficult to demonstrate by present methods 

however, because of the uptake of (3H)-taurine by both 

horizontal and bipolar cells in the newt retina. It is 

certain though, that some amacrine cells accumulate 

(3H)-taurine in the newt retina, as they do m most other 

species (Lake at al., 1978; Pourcho, 1981). Electron 

microscope autoradiography of the taurine-accumulating 

amacrine cells has not permitted classification of these 

cells into a morphologically distinct population of cells, 

as has been possible in the retma of the cat (Pourcho, 



- 194 -

1981). This is because the neurons of the newt retina, with 

the exception of the photoreceptor cells, are 

mdxphologically indistinguishable. 

Electron microscope autoradiography has, however, been 

successful m localizing (3H)-taurine to the processes of 

those amacrine cells which divide the inner plexiform layer 

into three sublaminae. Sublamination of the inner plexiform 

layer after the uptake of (3H)-taurine has also been 

observed in the retinas of pigeon (Lake at al., 197<8) and 

cat (Pourcho, 1981). In the pigeon retina, three bands of 

dense label are observed, the widest band being located in 

the inner half of the inner plexiform layer (Lake at Al., 

1978). In the cat retina, a single wide band of dense 

labelling is located in the inner half of the inner 

plexiform layer (Pourcho, 1981). In the newt retina, two 

heavy bands of label are observed at the inner and outer 

margins of the inner plexiform layer. At the light 

microscope level, the outer band, in sublamma a 

(Famiglietti at Al., 1977), appears to be due to the 

processes which arise from the amacrine cells and course 

laterally along the outer margin of the inner plexiform 

layer. The inner band, in sublamma b, appears to be due 

to the processes which arise from the ganglion cells and 

course laterally along the inner margin of the inner 

plexiform layer. This implies that these heavy bands are 

due to label in amacrine and ganglion cel̂ L processes, which 

course laterally along the margins of the inner plexiform 
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layer, and is not necessarily due to label which is 

restricted to the synapses formed in these regions. In 

fact, these banding patterns may have little to do with the 

synaptic organization 'of these labelled cells in the inner 

plexiform layer (Yazulla, 1981). The uptake pattern of 

(3H)-taurine by the newt retina, therefore does not 

necessarily imply that the processes arising from the 

labelled amacrine cells synapse exclusively in sublamma a 

and that the processes arising from the labelled ganglion 

cells synapse exclusively m sublamma b. Synaptic binding 

or electrophysiological studies would seem to be more' 

appropriate techniques to determine the function of 

taurinergic cells in the newt retina. However, the position 

of the labelled amacrine cell nuclei does confirm that 

(3H)-taurine is taken up by a population of stratified 

t 

amacrine cells. 

Electron microscope autoradiography is useful for 

demonstrating synaptic relationships which the labelled 

amacrine cell processes make with other cells in the inner 

plexiform layer. The results show that the processes of the 

amacrine cells which accumulate (3H)-taurine are 

postsynaptic to amacrine cells and bipolar cells, and are 

presynaptic to other amacrine cells, bipolar cells, and 

possibly ganglion cells. Whether or not these synapses are 

involved exclusively in the OFF channel as has been 

suggested for the taurinergic amacrine cells of the mudpuppy 

retina (Cunningham and Miller, 1980b), is unknown. However, 
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if the bands of label observed in sublamina a and b of the 

newt inner plexiform layer are both due to processes of 

labelled amacrine cells, it would appear that taurinergic 

amacrine cells m the newt retina are involved in both the 
4 

ON and OFF channels. In addition, (3H)-taurine labelling of 

the inner plexiform layer was always associated with 

amacrine cell terminals containing small, clear synaptic 

vesicles and a few large dense-cored vesicles, indicating 

that (3H)-taurine uptake is probably restricted to a single 

amacrine cell population, and further implicating this ammo 

acid as a true retinal neurotransmitter. 
i 

Uptake of (3H)-taurine by ganglion cells has been 

previously reported m other species (Lake at Al., 1978; 

Pourcho, 1981) where it has been presumed to be of a 

nonspecific nature. However, the pattern of (3H)-taurine 

uptake by ganglion cells in the newt retina differs from 

other species m that there are two levels of (3H)-taurine 

uptake. One population of ganglion cells lining the inner 

margin of the inner plexiform layer exhibits high levels of 

(3H)-taurine uptake, which is equivalent to the uptake of 

(3H)-taurine by the amacrine cells lining the outer margin 

of the inner plexiform layer. This subpopulation of 

ganglion cells also resembles the labelled^amacrine cells in 

the inner nuclear layer, m the lateral spread of their 

processes along the margins of the inner plexiform layer. 

Other cells .in the ganglion cell layer, as well as the 

fascicles of optic nerve axons, demonstrate minimal uptake 



of (3H)-taurine in the newt retina. These observations 

suggest that the cells in the ganglion cell layer which 

exhibit high levels of (3H)-taurine uptake are not ganglion 

cells, but rather are displaced amacrine cells. This 

suggestion is further substantiated by the finding that no 

labelled ganglion cell dendrites were observed in the inner 

plexiform layer of the newt retina in electron microscope 

autoradiographs. The possibility that such a large 

population of displaced taurinergic amacrine cells exists in 

the ganglion cell layer of the newt retina is further 

explored in Chapter 4. 
* 

3) GAM. The results of (3H)-£A£A. labelling show that 

there is specific uptake of this amino acid by a population 

of horizontal, bipolar, and amacrine cells, and by nearly 

all ganglion cells of the newt retina. Uptake of (3H)-GABA 

by a population of retinal horizontal cells has been 

previously reported for other lower vertebrates such as frog 

(Voaden at Al., 1974; Hollyfleld at Al., 1979), catfish (Lam 

at al., 1978) , and goldfish (Marc at al., 19787 Lam at al., 

1980). The perikarya of the labelled horizontal cells could 

be easily identified by electron microscope autoradiography, 

but the processes were less easily identified because of 

their small size. However, when labelled horizontal cell 

processes which penetrated deep into the photoreceptor 

terminals could be identified, they were always associated 

with the lateral elements of cone triads. This implies that 

the horizontal cells labelled by (3HJ-GABA in the newt 
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retina may be equivalent to the Hi horizontal cells of the , 

goldfish^ retina (Marc at Al., 1978). If this is true, then 
\ 
i 

GABA-ergic horizontal cells in the newt may subserve an 

equivalent role in the colour pathway in "trtese two species. 

Verification of this speculation must await identification 

of photoreceptor and horizontal cell -subtypes m the newt 

retina and their role in the colour pathway. 

The uptake of (3H)-GABA by bipolar perikarya and their 

Landolt's club processes has been demonstrated in the newt 

retina, by bpth light and electron microscope 

autoradiography. Why such a population of bipolar cells 

accumulates (3H)-GABA is unknown^ but it may be for the same 
s 

reasons that bipolar cells of the newt netma accumulate 

(3H)-glycine. If the labelling of bipolar cells is due to 

diffusion of label into these cells through gaptjunctions 

formed with amacrine cells which have a high affinity uptake 

system for these ammo acids, then the presence of gap 

junctions between bipolar cells and amacrine cells must be 

more widespread than was previously thought. This is not 

likely since the only cells which form extensive gap 

junctions with each other in the cat retina are cone bipolar 

cells and diffuse amacrine cells (Kolb and Famiglietti, 

1974; Famiglietti and Kolb, 1975). It seems more likely that 

there is a population of bipolar cells in the newt" retina 

which is capable of accumulating a number of ammo acids for 

some reason, other than the use of these amino acids as 

neurotransmitter substances. The suggestion that bipolar 
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and amacrine cell uptake of (3H)-GABA is an independent 

process, is substantiated by the finding that many more 

bipolar cells accumulate (3H)-GABA than amacrine cells. 

However, it cannot be ruled out that the bipolar cells 

receive the label through gap junctions formed between 

bipolar cells and the horizontal cells which accumulate 

(3H)-GABA. -

Light and electron microscope autoradiography has also 

localized (3H)-GABA uptake to a population of amacrine cells 

in the newt retina. Uptake of (3H)-GABA by amacrine cells 

has been reported in most species studied thus far. 

Problems associated with Mflller cell uptake, masking the 

uptake of (3H)-GABA by neurons, was not encountered with 

(3H)-GABA localization in the newt retina, presumably 

because of the brief postincubation in media not containing 

label. However, the uptake of (3H)-GABA by all ganglion 

cells masked inner plexiform layer sublammation. Only when 

ganglion cell labelling was minimal, did a division of the 

inner plexiform layer into sublaminae become apparent. The 
i 

heaviest bands, at the inner and outer margins of the inner 

plexiform layer, are similar to the bands observed with 

(3H)-taurine uptake. These two bands probably represent the 

extension of GABA-ergic .amacrine cell processes which course 

latera-Tlŷ cilong the inner and ,outer margins of the inner 

plexiform layer.- Unlike the pattern of (3H)-taurine uptake, 

a tnird band, near the middle of the inner plexiform layer, 

is observed in autoradiographs of (3HJ-GABA uptake by newt 
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Retina. It is impossible to determine which of the labelled 

neuronal types gives rise to this band. If it is the 

labelled amacrine cells, then this pattern is similar to the 

lamination pattern m goldfish retina (Marc at Al,» 1978) in 

which depolarizing (ON) amacrine cells terminating in 

sublamma b are probably GABA-ergic and are involved in the 

red colour pathway. 

The pattern of inner plexiform layer sublamination by 

(3H)-glycine, (3H)-taurine and (3H)-GABA uptake indicate 

that the neurons which accumulate these ammo acids belong 

to different classes of amacrine cellg. Although the 

morphology of the amacrine cell terminals which accumulate 

(3H)-taurine and (3H)-GABA in the newt retina is similar, 

the types of synaptic connections that they make with other 

processes in the inner plexiform layer are different. 

Unlike the terminals of (3H)-taurine accumulating cells, the 

terminals of the (3H)-GABA accumulating cells in the newt 

retina were never observed to be either pre- or postsynaptic 

to bipolar cells in electron microscope autoradiographs. 

The terminals of (3H)-GABA accumulating amacrine cells were 

most frequently observed to be postsynaptic to other 

amacrine cell processes and presynaptic to the dendrites of 

ganglion cells. These results provide evidence for a 

difference m the function of amacrine cells which 

accumulate (3H)-taurine and (3H)-GABA. A complete 

statistical analysis is necessary to determine the frequency 

with which silver grains are associated with synaptic 
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profiles in sublamma a and b of the inner plexiform layer 

ore any valid comments about the possible function of the 

taurinergic and GABA-ergic amacrine cells m the newt.retina 

can be made. 

The results show that the uptake of (3H)-GABA by 

ganglion cells of the newt retina is generally uniform and 

involves all cells, except a small number of neurons lining' 

the outer border of the ganglion cell layer. It is possible 

that these unlabelled neurons may be the suspected displaced 

amacrine cells which accumulate (3H)-taurine. The reason 

'why, m some preparations, the uptake of (3H)-GABA by 

ganglion cells was minimal is unknown, but it may be due to 

longer postincubation times in media not containing label. 

When most ganglion cells do not accumulate appreciable 

amounts of (3H)-GABA, a very small population of cells 

lining the inner margin of the inner plexiform layer label 

as intensively as the amacrine cells which accumulate 

(3H)-GABA. The processes of these cells appear to course 

laterally along the inner margin of the inner plexiform 

layer, in a manner similar to that observed for the cells in 

the ganglion cell layer which accumulate (3H)-taurine. It 

is possible that these cells belong to a population of 

displaced GABA-ergic amacrine cells, a possiblity which is 

further considered in Chapter 4. 

In conclusion, these results show that the newt retina 

possesses a high affinity uptake system for the putative 

inhibitory ammo acid neurotransmitters glycine, taurine, 

be-f 
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and GABA. All threg transmitter candidates are accumulated 

by amacrine cells which, on the basis of uptake patterns, 

belong to different subpopulations of this cell type. . 

Electron microscope autoradiography has localized 

(3H)-taurine and (3H)-GABA to specific amacrine cell 

processes, further implicating both of these compounds as 

neurotransmitters in the vertebrate retiril^ 
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CHAPTER 4 

DISPLACED CJELL5 M IBE NEWT EE1IHA 

INTRODUCTION 

t 

It is .generally considered that the inner nuclear layer 

of the retina contains the perikarya of the horizontal : 

cells, bipolar cells, interplexiform cells, and the amacrine 

cells; and that the ganglion cell layer contains the 

•perikarya of the ganglion cells. In some instances, during 

th^ formation of the inner and outer plexiform layers, the 

perikarya of these cell types become displaced to layers in 

which they are not normally found (Rodieck, 1973). Although 

the perikarya of these displaced cells change position, the 

kinds of synaptic contacts which they make with other cells 

do not (Rodieck, 1973). 
4 

Displaced bipolar cells have been occasionally found in 

the outer nuclear layer in all vertebrate classes except 

birds (Cajal, 1893 as cited in Rodieck, 1973) and teleost 

fishes (Munk, 1968). 

>» 

Retinal ganglion cells which are.displaced to the inner 

portion of the inner nuclear layer were first described by 

Dogiel (1891) and were considered to be few in number 

(Rodieck, 1973). fhey have subsequently been described in 

most vertebrate species studied, including frog (Cajal, 1892 

as cited in ROdieo*, 1973), lizard (Cajal, 1892 as cited in 
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Rodieck, 1973), turtle (Reiner, 1981), dogfish (Stell and 

Witkovsky, 1973), fish (Finger and Karten, 1977), bird 

(Heaton at al., 1979; Reiner at al., 1979; Fite at Al«, 

1981), mouse (Drager and Olsen, 1981), rat (Bunt atal., 

1974), rabbit (Honrubia and Cfijalbo, 1967), and primate 

(Boycott and Dowlmg, 1969; Bunt and Mmkler, 1977). In the 

mouse, displaced ganglion cells constitute about 2% of the 

ganglion cells in the retina (DrSger and Olsen, 1981). 

Notwithstanding the fact that the displaced ganglion cells 

are most distinctive in birds because of their large size 

(Reiner atal., 1979; Fite atal., 1981), they have only 

been estimated to constitute about 0.125% of the total 

number of ganglion cells in the pigeon retina (Binggeli and 

Paule, 1969). 

Although displaced ganglion cells were first identified 

by silver impregnation techniques, a great deal of new 

information concerning these cells has arisen from studies 

employing the retrograde transport of horseradish peroxidase 

(HRP) along retinal afferents. These studies show that 

displaced ganglion cells are concentrated around the optic 

disc of the primate (Bunt and Mmkler, 1977) and rat retinas 

(Bunt at al., 1974), but are located mainly at the periphery 

of the pigeon (Karten at Al,, 1977; Fite at Al., 1981), 

chicken (Reiner at Al., 1979) and mouse (Drflger and Olsen, 

1981) retinas. Although the designation "displaced ganglion 

cells" implies that these cells differ from other ganglion 

cells only in position, they differ functionally"!rom 
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"true"* ganglion cells as well (Stell and Witkovsky, 1973) . 

Tracer studies have shown that most, if not all, of the 

displaced ganglion cells in pigeon (Fite at al«, 1981), 

chicken (Reiner at al. , 1979) and monkey (Bunt and Mmkler, 

1977) retinas project to accessory optic nuclei which are 

involved in optomotor reflexes such as visual field 

stabilization (Reiner, 1981). However, in the turtle retina 

only 14% of the cells which labelled with HRP after 

injection of the accessory optic nuclei were displaced 

ganglion cells (Reiner, 1981) , and none of the cells which 

labelled with HRP* after injection of a portion of the 

accessory optic nucleus in the rabbit were displaced 

ganglion cells (Oyster at Al., 1980). The reason for such 

species differences is not yet clear. 

The displaced ganglion cells are thought to be the 

"transient" neurons of the inner plexiform layer that 

generate spike activity in physiological studies (Fite at 

al., 1981). The dendrites of the displaced ganglion cells 

have been observed in sublamma a of the inner plexiform 

layer (Boycott and Dowlmg, 1969) , indicating that displaced 

ganglion cells would be characterized by OFF-centre 

responses. It has further been suggested that some of the 
\ 

myelinated fibres\ observed radiating from the optic nerve 
i 

and running horizontally near the amacrine cell layer in 

* "true" ganglion cells are those classically described 
cells whose perikarya lie in the ganglion cell layer and 
whose axons project to the brain. 
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goldfish, carp and dogfish retina, are the axons of 

displaced ganglion cells. These studies show that the 

displaced ganglion cells are not ganglion cells which find 

themselves in the inner nuclear layer by some developmental 

accident, but rather are a subset of specialized neurdns in 

the vertebrate retina which have a unique physiological role 

in the visual pathway. 

Cajal (as cited in Rodieck, 1973) found that in all 

vertebrate classes studied, the monostratifled amacrine 

cells whose dendrites ramified in the innermost portion of 

the inner plexiform layer, had their perikarya displaced to 

the ganglion cell layer. These cells were first identified 

m Golgi preparations, but have recently received more 

attention since studies now suggest that there are many more 

of these displaced amacrine cells in the ganglion cell layer 

than was previously thought. After comparing the number of 

cells in the ganglion cell layer to the number of axons m 

the optic nerve, Bingelli and Paule (1969) determined that 

12.5% of the cells in the ganglion cell layer of the pigeon 

retina were glial cells, 50% were "true" ganglion cells, and 

37% were attributed to displaced amacrine cells. A major 

problem in determining the "true" ganglion cell distribution 

in the retinas of higher vertebrates is in determining which 

cells are ganglion cells, which are glia, and which are 

displaced amacrine cells (Drflger and Olsen, 1981). Hughes 

(1975) has estimated that the number of neurons (excluding 

glia, which could be characterized morphologically) in the 
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cat retina is between 217,000 and 260,000; but there appears 

to be only 128,000 to 180,000 axons in the cat optic nerve 

(Stone, 1978; Hughes and W3ssle, 1976). This implies that 

between 31% and 41% of the cells in the ganglion cell layer 

of the cat retina are either glia or displaced amacrine 

cells. However, when the neurotoxin kainic acid is applied 

to cat retina, some of the small cells in the ganglion cell 

layer, which were presumed to be glia, were lesioned (Hughes 

and Wiemawa-Narkeiwicz/1980) . These studies now estimate 

the number of cells in the ganglion cell layer at 10,000,000 

and suggest that the displaced amacrine cells of the cat 

retina may account for up to 86% of the total number of 

cells in the ganglion cell layer (Hughes and * 

Wiemawa-Narkiewicz, 1980). 

t> 
Hughes (1977) has also compared the number of ganglion 

cells in the rat ganglion cell layer to the number of axons 

in the optic nerve and found that 37% of the neurons in the 

rat ganglion cell layer do not send an axon to the optic 

nerve. These neurons survive optic nerve transection and do 

not transport HRP in the severed optic nerve (Cowey and 

Perry, 1979). It was once thought that the smallest cells 

in the rat ganglion cell layer were a type of microglia, 

however immunofluorescent techniques (Bignami and Dahl, 

1979) and Golgi studies (Perry and Walker, 1980) indicate 

that these cells are displaced amacrine cells, and that the 

only neuroglia present in the rat retina are the Mflller 

cells. Although rarely impregnated with silver, these 
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displaced amacrine cells have been successfully visualized 

in Golgi preparations of rat retina by Perry (1979) and 

Perry and Walker (1980). Six morphologically distinct types 

of displaced amacrine cells have been identified in the rat 

retina, including a type of diffuse amacrine cell and five 

types of unistratifled cells (Perry and Walker, 1980). A 

number of cells in the ganglion cell layer of the rat retina 

are immunoreactive for somatostatm-like activity. Since 

the optic nerve is devoid of immunoreactive material, it is 

highly probable that these immunoreactive cells belong to a 

population of displaced amacrine cells (Krisch and * 

Leonhardt, 19794^ 

When horseradish peroxidase was injected into the 

macerated lateral geniculate nucleus of the mouse, only 69% 

of the cells in the ganglion cell layer transported HRP 

(DrSger and Olsen, 1981). It was considered that the 

remaining 31% of the cells in the ganglion cell layer which 

did not transport HRP were displaced amacrine cells (Drflger 

and Olsen, 1981). 

In 1979 Masland and Mills found that the only cells in 

the rabbit retina which synthesized acetylcholine comprised 

two small groups of morphologically similar cells lining 

both margins of the inner plexiform layer. These 

acetylcholine synthesizing cells were shown to make up more 

than 20% of the total number of cells in the ganglion cell 

layer (Masland and Mills, 1979) , and their ability to 

synthesize acetylcholine was not affected by severing the 
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optic nerve (Hayden at Al., 1980a). Furthermore, ̂ hen 

"true" rabbit ganglion cells were labelled with a 

fluorescent dye, which they transported from the lateral 

geniculate nucleus, a population of cells corresponding in 

position to the acetylcholine synthesizing cells were not 

labelled (Hayden at al., 1980). Vaney (1980a) has suggested 

that these acetylcholine-synthesizmg cells, in the ganglion 

cell layer of the rabbit retina, correspond to that 

morphologically distinct population of cells known as 

"coronate" cells. Coronate cells appear to be the same size 

and have the same distribution as the cells which synthesize 

acetylcholine in Masland and Mill's (1979) experiments 

(Vaney, 1980a). Furthermore, the coronate cells do not 

transport HRP from the distal end of a severed optic nerve 

and are lesioned by low concentrations of kamic acid 

(Hughes and Vaney, 1980). Vaney and Hughes (1976) have 

estimated the number of ganglion cells in the rabbit retina 

(including the number of coronate cells, but not glia) at 

547,000 and ±he number of-axons in the optic nerve at 

394,000. This implies that 28% of the neurons in the rabbit 

ganglion cell layer are displaced amacrine cells. Later 

estimates by Hughes and Vaney (1980) have now determined 

that the number of ganglion cells in the rabbit retina 

(excluding the number of coronate ceMs and glia) is about 

373,500 cells, and show that only 56% of the cells in the 

peripheral rabbit ganglion cell layer are ganglion cells, 

15% are glia, and 29% are coronate or unclassified cells 

(Hughes and Vaney, 1980; Vaney, 1980b). 

N 
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In addition to Bingelli and Paule's (1969) 

determination that 37.51 of the cells in the ganglion cell 

layer, of the pigeon retina were displaced amacrine cells, 

similar numbers of displaced amacrine cells have Been shown 

to exist in other avian retinas as well. When the optic 

nerve of the Japanese quail was severed, 20-30% of the cells 

in the ganglion cell layer did not degenerate (Muchnick and 

Hibbard, 1980). When the axons of chi,ck retinal ganglion 

cells were lesioned, a population of*1 neurons which accounted 

for 30-35% of the ceils in the ganglion cell layer, remained 

intact (Ehrlich and Morgan, 1980). These cells, which were 

resistant to axotomy, could also be destroyed by intraocular 

injection of kainic acid, while ganglion cells and glia we're 

unaffected by this neurotoxin (Ehrlich and Morgan, 19^0). 

Recent studies have consistently- shown-that the* actual 
- *. - . ' 

number of ganglion cells in the retinas of higher 

vertebrates is only about 60% of the total number of cells 
> 6-, 

in the ganglion cell layer. F.ew studies, however, have 

shown that such large numbers of displacedvAmac.rine cells 

are present ia,*iower vertebrate retinas, ' The purpose* of the 
work outlined in this chapter was to determine *hf such" 

I 
populations of displaced cells exifeted ift the rettyna of the 
newt 

- r . 

In Chapter 3, it wad pointed out that the ganglion 

cells which accumulated (3H)-taurine in the newt retina were 
r / " 

/located near the outer border of the ganglion cell layer and 

their dendritic processes extended laterally along *the inner 

border of the inner plexiform layer. The pattern "of. . '. 



p̂ v* ̂  -"• «7 p 

- 227 -

(3H)-taurine uptake by these cells was strikingly similar to 

the uptake of (3H)-taurine by amacrine cells in the inner 

nuclear layer. Furthermore, the results of Chapter 3 have 

shown that a small population of cells, also lining 

the outer margin of the ganglion cell layer in the newt' 
# 

retina, accumulate (3H)-GABA, even when most ganglion cells 
f 

and the optic nerve axons do not. These taurine and 

GABA-labelled cells correspond in position to the cells in 

the newt ganglion cell layer which do not respond to optic 

nerve lWions (Turner at Al, 1978) , suggesting that 50-60% 

of the cells in the ganglion cell layer are displaced 

amacrine cells. Through the use of cell and axon counts, 

horseradish peroxidase transport experiments, and the uptake 

of radioactive putative neurotransmitters, this chapter 

attempts to determine if displaced amacrine and ganglion 

cells exist in the retina of the newt. 

<T 
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MATERIALS AND METHODS 

1) AjLina Aaid ilfitAka fcy Ganglion Calla* Tritiated 

taurine and ( 3H) - \-ammo butyric acid ((3H)-GABA) were 

purchased from New England Nuclear (Boston, Massachusetts) 

with the following specific activities; (3H)-taurine: 23 

Ci/umol and (3HJ-GABA: 28.2 Ci/urtiol. Twenty microlitre 

quantities of these amino acids were evaporated with dry 

nitrogen in a fume hood at 20°C and resuspended in 100 ul of 

unsupplemented media (M-199 with glutamine, GIBCO, Grand 

Island, New York) in a small 200 pi chamber. Final 

concentrations of amino acids in the incubation media were: 

(3H)-taurme, 8.63 pmol and (3H)-GABA, 7.22 umol. 

Newt eyes were enucleated, the anterior eye segments 

removed, and the resulting eyecups were placed in the 200 ul 

chambers containing media, and either (3H)-taurine or 

(3HJ-GABA. The media was oxygenated with 98% oxygen during 

incubation. After 20 min of incubation, the eyecups were 

washed in media without label for 5 mm. The retinas were 

then fixed in a cacodylate buffered 

glutaraldehyde-formaldehyde fixative and dehydrated as 

described in Chapter^l. Tissues were either embedded in 

plastic or paraffin prior to sectioning, and processed for 

light microscope autoradiography as previously described 

(Chapter .2) . 
t. 

Counting of Labelled Cells. To determine the percentage 

of cells in the newt ganglion cell layer which acdumulatfi*^ 

each of these amino acids, the total number of cells in the 
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ganglion cell layer and' the number of cells which 

accumulated either (3H)-taurine or (3HJ-GABA were counted on 

autoradiographs of 0.5 um retinal sections stained with 

toluidine blue. Approximately 1800 ganglion cells were 

counted in about 20 sections taken from 10 randomly 

sectioned blocks of tissue from 5 retinas labelled with 

(3H)-taunne and 5 retina's labelled with (3H)-GABA. 

Peroxidase Transport b_y Ganglion 

Newts were anaesthetized in a solution of 0.5% 

(wt/vol) MS-222 (Tricanemethansulfonate, Syndel 

Laboratories, Vancouver, B.C.). The mandible was removed 

and major vessels were cauterized immediately. The palatine 

epithelium and the .connective tissue covering the right 

orbit was incised and the extraocular .muscles reflected to 

reveal the optic nerve. The optic ner'̂ e was severed with 

fine spring scissors, taking care not to damage the ciliary 

arteries entering the globe. Ten mictolitres of a 30-50% 

solution of horseradish peroxidase (HRP Gcade I, Boehringer 

Mannheim, Dorval, Quebec) in 0.9% NaCl was Injecteti over a 5 

m m period infco the orbit around the severed optic n#rve 

with a Hamilton microlitre syringe, mounted in a 

micromanipulator. The animals were then returned to a small 

aquarium containing distilled water^ Animals were 

sacrificed after periods of 12,.24 and 48 fcjours after 

axotomy and the right eye was fixed irt a cacodylate-buffered 

glutaraldehyde-formaldehyde fixative-, as previously ' 

described (Chapter 1). Atter fixation, the $orrtecis and 
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lenses were removed and the resulting eyecups were washed 

for 15 m m m 0.05 M tris (trishydroxyaminomethane) buffer 

(pH 7.6) containing 5% sucrose and then incubated in 0.05% 

diaminobenzidme tetrahydrocliloride (DAB, St. Louis, 

Missourri) in .05 M tris buffer (pH 7.6) for 30 m m at 20 °C. 

Hydrogen peroxide (30%, BDH Chemicals, Poole, England) was 

then added (final concentration, 0.01%) and the tissue was 

further incubated for 30 rain at 20°C. After incubation, 

each eyecup was washed in tris buffer, the sclera removed, 

and the retina was dehydrated and embedded in TAAB resin as 

previously described (Chapter 1), or embedded in paraffin 

(Chapter 2). Ten micrometer sections of paraffin-embedded 

tissue werie c'ounterstained with eriochrome cyanin (Chapman, 

1977). 

i 
Counting of Labelled Cells. To determine the percentage 

,of cells in the newt ganglion cell layer which transported 

HRP, the total number of cells in the ganglion cell layer 

and the number of cells which transported HRP, were counted 

on. slides containing Q.5 um sections which were 
.- » * * 

counterstained w>ith tolttidfine blue. ^Approximately 1000 
\ ' - ' \ 

ganglion cells were counted from sections obtained from,15 

randomly selected blocks of ti-ssue from 17 HRP labelled 

retinas. - <• * . 

• 3) QOjitla Labelling a t CjeJJLŝ  i n tfce. Ganaliqn Call *' v 

Laver. •- To determine if some of *the c e l l s whiph 
—————— \ * ' df " ' 
acclemula^e (3H)-taurine" $re the same .cells which we r,e 

• * - 4 
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labelled with HRP, the optic nerve of the right eye of five 

animals was severed and flooded with HRP as previously 

described. Forty-eight hours after axotomy, the right eye 

of these animals was enucleated, the cornea removed, and the 

resulting eyecups were placed in a 200,ul chamber containing 

(3H)-taurine in unsupplemented media, as previously 

described. After 20 mm of incubation, the eyecups were 

washed in media without label for 5 min and then fixed in a 

cacodylate-buf fered glutaraldehyde-f ormaldeHfyde fixat-ive, as 

previously described (Chapter 1). After fixation, the 

eyecups were washed in 0.05 M tris buffer (pH-7.6) 

containi-nq 5% sucrose for 15 min. The tissue was processed 

for horseradish peroxidase histochemistry with DAB, in the 

presence of hydrogen peroxide, as previously described. The 

tissue was then dehydrated, embedded in TAAB resm or 

embedded in paraffin and processed for light microscope 

, autoradiography as previously described (Chapter 2). 

4) Determination at tna immaai cj. calla in taa JSawt Ganglion 

Call Layer. To determine the actual number of cells in 

the ganglion cell layer of the newt retina, the eyes of 6 

animals were enucleated and pierced behind the , 

corneal-scleral junction. Two hundred microlitres of a 

c^.codylate-buffered glutaraldehyde-formaldehyde fixative 

y 

(Chapter 1) was injected Over a 5.min period ii\to each globe 

with a tuberculin syringe, fitted with a 30-gauge needle. 
* * 

The eyes were then placed in freah fixative for 8 hours. 
• J '̂s «- * 

After fixation, the lens was removed through an incision lh 



. - 232 -
« 

the cornea and the eyes were dehydrated in an acetone 

series. The eyes were then double embedded in celloidm and 

paraffin (Peterfi, 1921 as cited in Steedman, 1960) and 

serially sectioned at 10 um on a Jung rotary microtome. The 

number of ganglion cells in one of these eyes was determined 

by direct counting with the aid of a Zeiss microscope fitted 

with a drawing tube. 

a) Determination of the Volume of the Ganglion Cell 

Layer: The total volume of the ganglion cell layer was 

determined in each of 10 newt eyes prepared as described 

above. This was done by measuring the area of the ganglion 

cell layer in each serial section of all 10 eyes, with the 

aid of a semiautomatic image analysis computer (Zeiss 

Videoplan, Zeiss Canada Ltd., Don Mills, Ontario) and then 

by.multiplying the total area of each section by the section 

thickness. 

b) ̂ Determination of the Number Of C,ells per Cubic Micrometer 

in thev̂ Sanglion Cell Layer: Diameters of 817 cells in 

the ganglion cell layer, together with the total area 

occupied by these cells, was calculated with the aid of a 

Zeiss Videoplan, from randomly selected 10 pm serial 

sections of newt retina. The corrected diameter of cells in 

the ganglion cell layer (D) Was calculated using the method 

of Henning and Elias (1970). The corrected number of* 

ganglion cells was determined using the formula: 

Nv= Nat/B+T where: 
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Nv» number of cells per cubic micrometer 

Nat= number of cells counted per square micrometer 

D= mean diameter of cells 

T«= section thickness 

(Abercrombie, 1946; Henning, 1967 as cited in Weibel and 

Bolender, 1973). 

c) Determination of the Total Number of Cells in the 

Ganglion Cell Layer: The average number of cells in the 

ganglion cell layer was then calculated by multiplying the 

average number of cells/um3 by the average volume of the 

ganglion cell layer. 

5) Determination a t jtna Humbax a t Ajtana in tba Hawt Optic 

Nerve. To determine the number of axons in the optic 

nerve of the newt, the right orbit of 6 anaesthetized «, 

animals was injected with 200 pi of a cacodylate-buffered 

glutaraldehyde-formaldehyde fixative (Chapter 1) using a 

tuberculin syringe fitted* with a 30-gauge needle. The optic 

nerves were then exposed and excised at the sclera and the 

optic foramen using fine spring scissors and each optic 

nerve was removed with a pipette and placed.in fresh 

'fixative for 2 hrs. The tissues were then processed for 

electron microscopy as previously described (Chapter 1). 

Semi-thm ((K5 pm) cross sections of each optic nerve were 

stained with toluidine blue for light microscope 

observations, and thin sections (80 nm) were examined by 

. ' . ' 7 -
electron microscopy. A large photomontage of electron 

* > -
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micrographs from one optic nerve was prepared, and the 

photograph was divided into six pie shaped segments. All of 

the axons in three of these segments were counted (about 

half of the number in the optic nerve), and the area of the 

segments, as well as the area of the entire optic nerve, was 

measured using a Zeiss Videoplan. The number of axons per 

square micrometer in the three segments was calculated and 

multiplied by the area of the optic nerve to determine the 

total number of axons in this optic nerve. 

The cross-sectional areas of the remaining five optic 

nerves (excluding-the area occupied by the central glia) was 

determined from G.5 pm semi-thin sections with the aid of a 

Zeiss Videoplan. The average number of axons/pm' in each of 

these nerves was determined -by countmgV the number of axons 

within a specific area in random transmission electron 

micrograph samples taken from these 5 optic nerves. The 

average number of axons in each of these optic nerves was 

then estimated by multiplying the average number of optic 

nerve axons per square micrometer by the average area of 

each optic nerve. 
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RESULTS 

l) Ammo. Aaid Uataia ay Ganglion Calla* when newt 

retinas were incubated in (3H)-taurine, a number of cells 

lining the inner margin of the inner nuclear layer 

accumulated (3H)-taurine (Fig. 1). These cells accounted 

for 65% of the cells at the inner margin of the inner 

nuclear layer. 

All ganglion cells accumulated (3H)-taurine to some 

extent, however, certain cells lining the outer margin of 

the ganglion cell layer labelled as heavily as the amacrine 

cells in the inner nuclear layer (Fig. 1), These heavily 

labelled cells made up 24% of the cells in the ganglion cell 

layer and resembled the labelled amacrine cells, not only in 

their uptake of (3H)-taurine, but also'in the proximity of 

their perikarya to the inner plexiform layer and the 

distribution of their processes within the inner plexiform 

layer. In addition, these cells appeared to occupy the same 

position as the cells which Turner at al* (1978) reported do' 

not undergo chromatolytic changes in response to optic nerve • 

axotomy. 

When newt retina was incubatei_j.n (3HJ-GABA, a small 

number of amacrine cells lining the inner margin of the 

inner nuclear layer accumulated large quantities of 

(3HJ-GABA (Fig. 2). These labelled cells accounted for 29% 

of the cells at the inner margin of the mnet nuclear layer. 
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A large number of cells in the inner portion of the 

ganglion cell layer also accumulated (3H1-GABA. These 

labelled cells accounted for 73% of the cells in the 

ganglion cell layer. The remaining 27% of the cells, which 

were unlabelled (Fig. 2, large arrows), were located in the 

same position as the (3H)-taurine-accumulating cells in 

Fig. 1. Because the optic nerve fibres were also labelled 

with (3H)-GABA, it is likely that the cells which accumulate 

(3H)-GABA are "true" ganglion cells. The dendrites of the 

labelled ganglion cells (Fig. 2, arrowheads) can be seen 

passing between the perikarya of the unlabelled cells and 

projecting into the inner plexiform layer. 

; 

In some experiments, the labellirfg of the ganglion 

cells was minimal (Fig. 3). In such cases, a small 

population of cells lining the outer margin of the ganglion 

cell layer labelled almost as heavily as the amacrine cells 

lining the inner margin of the inner nuclear layer. In 

these instances, the labelled cells in the ganglion cell 

layer accounted for approximately 15% of the cells in £he 

ganglion cell layer. They resembled £he labelled amacrine 
9 v 

cells both in numbers and in the proximity of their 

perikarya and processes, relative to the inner plexiform 

layer. 

2) Horseradish Eat J2y Ganglion Calls... 

i' 

When the optic nerves of anaesthetized newts were severed 

and exposed to HRP, ganglion cells transported the HRP back . 
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to their cell bodies through their severed axon (Fig. 4). 

Forty-eight hours after axotomy, 19% Of the ganglion cells 

transported HRP. There was no statistically-significant 

difference between the number of ganglion cells which 

transported HRP 48 hrs, as compared with 24 hrs after 

axotomy; however, 12 hrs after axotomy, only 11% of the 

ganglion cells had transported HRP. It was considered that 

a survival time of at least 24 hrs-was necessary for maximal 

labelling of ganglion cells with HRP. The homogeneous 

colouration of ganglion cell perikarya and their processes, 

resulting in Golgi-like impregnations, is due to the 

mtraxonal bidirectional diffusion of the enzyme taken up 

from the severed optic nerve (Colman at Al*, 1976). 

The dendrites of the ganglion cells (Fig. 4, 

arrowheads) could be -observed extending from the ganglion 

cell perikarya upwards between the perikarya of unlabelled 

cells and into the inner plexiform layer. In some cases, 

the dendrites of the ganglion cells could be traced to 

various sublaminae of the inner plexiform layer. In Fig. 5, 

a labelled ganglion cell near the outer margin of the 

ganglion cell layer sends a thick dendrite through the inner 

plexiform layer; it bifurcates and travels horizontally 

along the outer margin of the inner- plexiform layer. The 

labelling of ganglion cell dendrites results in a 

subdivision of the inner plexiform layer into five 

sublaminae. Three dense bands of labelling are evident at 

the inner and outer margins of the inner plexiform layer 

and in the ^ 
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middle of the inner plexifarm layer.' The sublamma nearest 

the inner nuclear layer usually contained the densest 

concentration of label (Fig. 5, arrows). 

Horseradish peroxidase-labelled cells could also be 

observed within the inner portion of the inner nuclear layer 

(Fig. 6), but their occurrence was rare, except near the 

periphery of the newt retina (Fig. 7), The dendrites of 

these displaced ganglion cells likely contribute to the 

dense band of label lining the outer margin of the inner 

plexiform layer. Since they number about 8 cells per 

retinal section, it is estimated that there are about 2000 

of these displaced ganglion cells in the newt retina. 

3) paafrla Labelling al Calls, in ta£ Ganglion Call 

Layer. The uptake of (3H)-taurine by cells in the 

ganglion cell layer (Fig. 1) and the labelling of ganglion 

cells with HRP (Fig. 4) implies that there are two distinct 

populations of cells in the ganglion cell layer of the newt 

retina; "true" ganglion cells and displaced amacrine cells. 

To determine' if the unlabelled cells in Fig. 4 belong to the 

same population' of cells which accumulated (3H)-taurine 

(Fig. 1), both labelling techniques were performed on the 

same tissue. Figure 8 is a light microscope autoradiograph 

(unstained) showing the (3H)-taurine accumulating cells 

(labelled with silver grains) and the "true" ganglion cells 

(homogeneously filled with HRP) in the same tissue. It is 

*"^ evi dent that the cells which accumulate (3H)-taurine are not 
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the saae cells which transport HRP. They are therefore 

displaced aaacrine cells. Although aoae uptake of , 

(3H)-taunne by all cells in the qanglion ceils can be 

observed, appreciable amounts of (3H)-taurine were 

accumulated by only 41 of the ceils whicn also transported 

HRP. 

4) Dct-eiainflUan oj, ih& Mumaax al Calls in tba litxt Gang lion 

Cell Layer. HRP transport studies showed only 191 of 

the cells m the ganglion cell layer to be "true" ganglion 

cells and therefore suggests that 81% of the cells in the 

ganglion cell layer are displaced amacrine cells. To verify 

if such unusually large numbers of displaced amacrine 'cells 

exist in the newt retina, the total number of cells in the 

ganglion cell layer of the newt retina was estimated anck 

compared to an estimation of the number of axons in the newt 

optic nerve. Each of these estimations was carried out by 

two different methods so that results of each method would 

verify those of the other. 

When one newt eye waAserially sectioned at 10 pm and 

all of the cells in the ganglion cell layer were counted, it 

was discovered that there were 169,590 cells. The cost of 

counting in this way is prohibitive. However, to account 

for individual variation in retinal size amongst'animals, 

the volume of the ganglion cell layer was estimated and 

multiplied by an estimation of the number of ganglion cells 

per cubic micrometer in the retina. The volume of the 
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ganglion cell layer was determined from 10 pm serial 

sections (Fig. 9) using a Z,eiss Videoplarf. The total volume 

of the ganglion cell layers from 10 eyes, of 5 animals, was 

calculated to be -136/292,226 ± 18,863,163* pm3. The number 

of ganglion cells per cubic micrometer measured on randomly 

selected 10 pnv*retinal sections from these same 10 eyes was 

determined to be 0.0009673 ± 0.0001833* cells/pm3. These 

measurements show that on the average, there are 131,835 

cells Iif the ganglion cell layer of the newt retina, a value 

which is not signiflcJntly different from the'direct 

gancjlion cell count. 

5) petermination a t tna Number a t Man& in t M Newt optic 

Nerve. Figure 10 is a photomontage of T\ low-power 

electron micrographs of the newt optic nerve as it passes 

through the sclera (actual working size*' 45 x 55 cm) . The 

area of this optic nerve is 7,511 pm2. The sum of area a, 

b, and c was calculated to be 3,775 pm2a'nd contained 36,972 

axons. The entire optic nerve therefore can be estimated to 

contain .73,562 axons. Th^' cost of sampling such large areas 

of optic nerve prohibits the sampling of many nerves in this 

manner. 

To account for possible variations amongst individual 

animals, a-riother sampling approach was used. The areas of 

five optic nerves from five animals were determined to be 

* 95% Confidence Interval of the Mean. 
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11,627 + 1,581* )im2 . . Figure 11 is a light micrograph of a 

0.5 pm toluidine blue-stamed cross section through, one of 

the 5 newt optic nerves. The area occupied by the central 

glaa (Fig. 11), which makes up as much as 20% of the total 

area of the optic nerve area, was not included in the optic 

nerve area measurements because few optic nerve axons are 

located in this region. Electron microscope samples, from 

which the number of axons per squajfe micrometer was 

calculated, were not taken from this region either. Figure) 

12 is an electron micrograph which; is typioal of the samples' 

taken from the five optic nerves in which the number of 

axons/pm were.calculated. It was estimated that there were 

6.95 ± 1.3* axons/pm in the five optic nerves which were 
. t 

sampled. Of these axons, 2.4% were -large and possessed a 

myelin sheath. These estimates then show that there are 
t . ' « r* 

about 80,844 axons m the newt opt ic nerve, a valine which i s 
* . 

not significantly different from the number of axons counted 

directly from the electron microscope photomontage. 

Although there are about 1940 axons in the optic nerve 

which posses a myelin sheath, no myelinated axons were 

observed m samples of the optic nerve taken* at the optic 

nerve head (Fig. 10),. It must be assunfed then, that these 

axons aquire their myelin sheath after leaving the globe 

(Figs. 11 and 12). It was also noted that the nuclei of the 
"i 

ependymoglia in the region of the optic nerve head were 

* 95% Confidence Interval of the Mean. 
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scattered randomly throughout the optic nerve (Fig. 11), but 

' wlthm the orbit, the ependymoglia were located centrally in 

the nerve (Fig. 12). 

When ganglion cell counts are compared with the optic 

nerve axon founts, it is apparent that 61% of the cells in 

the ganglion cell layer send an axon into the optic nerve. „ 

The remaining 39% of the cells m the ganglion tell layer of 

the newt retina are displaced "amacrme cells. This finding 

corroborates the observation that 40-50% of the ganglion 

cells in the newt retina do not degenerate following 

severance of the optic nerve (Turner at al,r 1978). 
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FIGURES 
I . • 

.Figure 1. Light microscope autoradiographt(bright 

field, 0.5 pm unstained section of/a fiewt retina which has 

been incubat,ed in 8.63 pmol (3H)-taurine. Certain cells in 

the inner nuclear layer (ml), in the position of the 

amacrme cells (a) , as well as many cells (da and g) in the 

ganglion cell layer (gel) accumulate (3H)-taurine. Some 

cells (da) are labelled as heavily as the amacrine cells 

(a). These heavily labelled cells make up 24% of the cells 

in the ganglion cell layer of the newt .retma. ipl= inner 

plexiform layer, da= putative displaced amacrine cells, 

g= "true" ganglion cells, bar= 25 pm 

i 

Figure 2. Light microscope autoradiograph (bright 

fieldr 10 pm unstained section) of a newt retina which was 

mdubated in 7.22 pmol (3H)-GABA, A small number of cells 

m the position of the amacrme cells (a) have accumulated 

the label. Many cells (g) m the ganglion cell layer (gel), 

and the nerve fibre layer (nfjl) , accumulate (3H)-GABA as 

well. Of the cells m the ganglion pell layer, 27.4% are 

unlabelled (arrows). These cells line the outer margin of 

the ganglion cell layer (gel), and are in the same position 

as the cells which accumulate (3H)-taurine (Fig. 1). The 

dendrites of the ganglion cells (g) pass upwards towards the 

inner plexiform layer (ipl) between the perikarya of the 

unlabelled cells in the ganglion cell layer (arrowheads). 

bar= 25 pm -
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Figure 3. Light microscope autoradiograph (bright 

I field, 10 pm unstayed section) of a newt retina which was 

incubated m 7.22 pmol (3H)-GABA. In this experiment there 
n 

was minimal uptake of (3H)-GABA by cells m the ganglion 

cell layer (gel), but cells which did accumulate (3H)-GABA 

(da) were located along the outer margin of the ganglion 

cell layer. These cells were similar in numbers to cells at 

the inner margin of the inner nuclear layer (ml) which also 

accumulate (3HJ-GABA (a), and are probably displaced , 

amacrine cells. The labelled cells-(da) make up 15% of the 

cells in the ganglion cell layer of the newt retina. 

a= a'macri'ne cell*, da= putative displaced amacrme cells, 

bar= 25 pm ,**• 

Figure 4. Light micrograph (10 pm section, 

eriochrome cyanm counterstam) showing retinal ganglion 

"cells (g) which have transported HRP through their severed 

axons. Only 19% of the cells in the ganglion cell layer 

transported HRP. Most labelled cells were located m the 

lower portion of the ganglion cell layer (gel) . The axons 

of the,labelled ganglion cells are seen within the nerve 

fibre layer (nfl) while their labelled dendrites 

(arrowheads) terminate within the inner plexiform layer 

(ipl). This labelling pattern is similar to the labelling 

of ganglion cells by (3H)-GABA (Fig. 2). m"l= inner nuclear 

layer, bar= 25 pm 
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Figure 5. Light micrograph (10 pm section, 

enochrome cŷ riin counterstam) showing HRP labelled 

ganglion cells in the newt retina. The dendrites of one 

ganglion cell (g) can be observed passing through the inner 

plexiform layer dpi) where it bifurcates (arrowheads) .to. 

pass laterally along the outer margin of the inner plexiform 

layer. The labelling of ganglion cell (g) dendrites by HRP 

divides the inner plexilorm layei into 5 sublaminae. Dense 

bands, due Lo the concentration of labelled dendrites, are 

located at the inner and outer margins and near the middle 

of the inner plexiform layer. The densest band was usually 

located nea_r the outer margin of the mner plexiform layer 

(large arrows). gcl= ganglion cell layer, bar= 25 pm 

Figure 6, Light micrograph (10 pm section, 

eriochrome cyanm counterstam) showing HRP labelled 

ganglion cells in the retina of the newt. The labelled cell 
i 

(dg) irr the amacrine cell region of the inner nuclear layer 
0* 

(ml) is a displaced ganglion cell (Dogiel cell). This cell 

appears to send its dendrites along the densely labelled 

band (arrows) near the outer margin of the inner plexiform 

layer (ipl). Displaced ganglion cells were not frequently 

observed in the central retina. g= ganglion cells, 

dg= displaced ganglion cell , ipl= inner plexiform layer, 

gcl= ganglion cell layer, bar= 25 pm 
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Figure 7. Light micrograph (10 pm sect-ion, 

enochrome cyanin counterstam) of peripheral newt retina 

showing HRP-labelled displaced ganglion cells (dg) in the 

inner plexiform layer (ipl). Displaced ganglidn cells were 

more frequently observed near the periphery of the r-etma 

(arrows indicate narrowing of inner plexiform layer). Since 

there are about 8 displaced ganglion cells observed per 

retmal section, it is estimated that they npmber about 2000 

cells, or 2.5% of the total number of "true" ganglion cells 

in the retma. d<j"= displaced ganglion cells, g= "true" 

ganglion cells, bar= 25 um 

Figure" 8. Light microscope autoradiograph (bright 

field, 0.5 pm unstained section) of a newt retma which was 

incubated m 8.63 pmol"T3H)-taurine prior to backfilling of 

ganglion cells with HRP through their severed axon. The 

population of cells in the ganglion cell layer (gel) which 

accumulate large quantities of (3H)-taurine rar,ely transport 

HRP, and so are likely displaced amacrine cells (da). Some 

"true", HRP-transportmg,* ganglion cells also label lightly 

~v J 

with (3H)-taurine (g"). g= "true" ganglion cells labelled 

with HRP, da= displfifced amacrine cells - which have 

accumulated (3H)-taurine, inl=̂  inner nuclear layer, 

bar= 25 pm 



\\ 
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Figure 9. Low power light micrograph (10 pm 

section, eriochrorrte cyanin) of a celloidin-paraffin embedded 

newt eye. Area mesurements of the ganglion cell layer (gel) 

and the number of retinal ganglion cells/pm3 were made on 

serial sections such as "this. It was estimated that there 

are about 131,835 cells in the ganglion cell layer of the 

newt retina. v= vitreous body, bar= 0.5 mm 

Figure 10. 'Reproduction of a photomontage of 

electron micrographs (actual working size 45 x 55 cm) of a 

newt optic nerve on which direct counts of optic nerve axons 

were made. The optic nerve was divided into six segments, 

and all of the axons in three of these areas teross hatched 

regions) were counted^ The area of segments a, b, and c was 

calculated and the number of axons/pm2 determined. ' The 

number of axons/pm was then multiplied by the area of the 

optic nerve. e= ependymoglial cell, bar= 20 "pm 
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Figure 11. Light micrograph (0.5 pm section, ^ 

toluidine blue) Of a cross section through the optic nerve 

of the newt retina. The average area of the newt optic 

nerve,-was determined on sections such as this. Because 

electron microscope samples for the determination of the 

numoer of axons/pm2 were chosen from the periphe&p of the 

optic nerve, the central area containing the ependymoglia 

(cross hatched area) and the few optic nerve axons contained 

within this area, were excluded from these measurements, 

e? ependymoglia cells, r= radial processes of ependymoglial 

cells, bar= 10 pm „ ~ 

yy "J 
Figure 12. Electron micrograph of a cross section 

. \ y \ ^ — 

through the optic nerve, similar toVsamples from which the 

number of axons/py were calculated. ""Both myelinated (ma) 

and unmyelinated axons (a) are present lh the pptM; nerve. 

The myelinated axons made up 2.4% of the total number of 

axons,in the newt optic nerve. r= radial processes of 

ependymoglia cell, bar= 1.0 pmv 
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4-

DISCUSSION i 

i 
Double labelling of cells in the newt ganglion*cell 

r 

layer with (3H)-taurine and HRP has shown that the cells 

which line the outer margin of the gangliojr cell layer are 

not true ganglion cells, but rather are displaced amacrine 

cells. If the displaced cells use taurine as a 

..neurotransmitter substance, they probably have a similar 

function to the taurinergic amacrine cells in the inner 

nuclear layer. 

Amphibian retinas are characterized by large numbers of 
\ 

amacrine cell synapses which are formed with other cell 

types and with each other, within the inner plexiform layer 

(Dubm, 1970) . To account for this complexity, the* 

amphibian retina must possess large numbers of amacrine 

cells with extensive dendritxic .arborizations. The numerous 

amacrine cells must be accomodated in the retina so that 

their processes effectively ramify throughout both sublamma 

a and sublamma b (Famiglietti ez al. , 1977) . It makes !~ 

perfect sense that the perikarya of the putative taurinergic 

amacrine cells, which modulate the OFF response, should be 

located m the inner nuclear layer, and that the taurinergic 

amacrme cells, which modulate the ON response, should be 

located in the ganglion cell layer. Such an"organization 

permits the processes of the amacrine cells in the inner 

nuclear layer to pass laterally along the outer margin of *" 

the inner plexiform layer, m sublamma a and the processes 

of the amacrine cells in the ganglion cell layer to pass 
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latecally along the inner margin of the inner plexiform 

layer,'m sublamma b. This hypothesis is verified by the 

labelling pattern of*inner plexiform processes in retinas 

which were incubated in (3H)-taurine. The number of 

(3H)-taurine accumulating cells in the ganglion cell layer 

is similar to the number of (3H)-taurine accumulating cells 

in the inner nuclear layer, implying that the ON and OFF 

channels have similar signal processing requirements. 

The (3H)-taurine accumulating, displaced amacrine cells 

ake up 23.9% of the cells in the ganglion cell layer, and 

account -for 61% of the displaced amacrine cell population. 

The remaining, unidentified population of -displaced amacrine 

cells may belong to the population of cells which accumulate 

(3H)-GABA. Of the cells in the ganglion cell 

layer, 72.6% accumulate (3H)-GABA, while ganglion cell 

versus optic nerve axon counts indicate that only 61% of the 

cells in the ganglion cell layer are "true" ganglion cells. 

This implies that 11.6% of the (3H)-GABA accumulating cells 

are not true ganglion cells at all, but rather displaced 

amacrine cells. In fact, in experiments when the uptake of 

(3H)-GABA is minimal, a small population of cells making up 

15% of the cells in the ganglion cell layer, label*" just 

about as heavily as amacrine cells in the inner nuclear 

layer. If 61% of the cells in the ganglion cell layer are 

"true" ganglion cells, 23.9% of the cells are taurinergic 

amacrine cells, and 15% are GABAergic amacrine cells, then 

99% of the cells m the ganglion cell layer of the newt 
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retina can be accounted for. / 

Although the displaced amacrine cells which accumulate 

(3H)-GABA are*J:ewer in number than the cells which 

accumulate (3H)-tauriner they are organized m a similar 

manner. Like the (3H)-taurine accumulating amacrine cells, 

(3H)-GABA accumulating amacrme tells are similarly disposed 

along both margins of the inner plexiform layer. The 

processes of the (3HJ-GABA accumulating amacrme cells in 

the inner nuclear layer pass laterally along the outer 

margin of the inner plexiform layer and the processes of the 

(3H)-GABA accumulating amacrine cells in the ganglion cell 

layer pass laterally along the inner margin of the inner 

plexiform layer. The putative GABAergic amacrine cells in 

the inner nuclear layer probably modulate the OFF channel, 

by sending processes to sublamma a and the GABAergic 

amacrine cells in the ganglion cell layer probably modulate 

the ON channel, by sending professes to sublamma b. 

It is,surprising that the cells which accumulate 

(3H)-taurine and (3H)-GABA would account for the entire 

population of displaced amacrine cells in the ganglion cell 

layer of the newt retma. If displaced amacrine cells use 

taurine and GABA as neurotransmitters, this implies that 

other displaced amacrine cell neurotransmitter systems play 

a minor role in information processing in the inner retina. 

.Although (3H)-taurine and (3H)-GABA accumulating cells in 

the inner nuclear layer also account for 94% of the cells 

lining the inner margin of the inner nuclear layer, at least 
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some of the unidentified cells have been demonstrated to 

belong to a population of displaced ganglion cells. 

Although most of the amacrine cells which accumulate 

(3H)-glycine (Chapter 2) are located near the middle of the 

inner nuclear layer, it is likely that some of the 

unidentified amacrme cells which are located along the 

inner margin of the inner nuclear layer also belong to this 

population of glycmergic aryfcr me-cells. Nevertheless, 

like the amacrine cells in the ganglion cell layer which 

accumulate (3H)-taurine and (3H)-GABA, most of the amacrme' 

cells m the inner portion of the inner nuclear layer of the 

newt retina also accumulate (3H),-̂ taurme and (3H)-GABA. The 

extent to which other neurotransmitter systems are involved 

m information processing by amacrme cells in the newt 

retina remains to be determined. If GABA and taurine are 

actually use<S as neurotransmitter substances by amacrine 

cells, it would appear that other neurotransmitters pky a v 

minor role in the processing of visual information within 

the inner plexiform layer of the newt retina. 

The possiblity that centrifugal fibres (fibres carrying 
T 

impulses from the brain to the retina) exist in the op±ic 

nerve of the newt could result in an over^estimation of the/ 
f 

number of "true" ganglion cells m the retina when the ' 

number of "true" ganglion cells are estimated from optic 

nerve axon counts. The centrifugal fibre system of birds 

has been extensively studied, and it has been determined 

that only 0.4% of the axons in the optic nerve are 
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centrifugal (Rodieck, 1973). Although most species are 

considered to have a similar system, centrifugal fibres have 

* not been identified in the frog or toad retina (Scalia and 

Teitelbaum, 1978). However, Fritzsch and Himstedt (1981) 

i have identified an average of 28 labelled cells in the 

midbrain of three species of salamanders which send 

efferents to the retina. There are therefore, only about 12 

centrifugal axons in the salamander optic nerve. Because 

ttfese fibres would only make up 0.015% of the axons m the 

newt optic nerve, they contribute a negligible error to the 

estimation of "true" ganglion cells in the newt retina. 

j -Ganglion cell versus optic nerve axon counts 

corroborate degeneration studies (Turner atal., 1978) which 

' suggest, that 61% of the cells in the ganglion cell layer of 

the newt retina are "true" ganglion cells. However, HRP was 

transported by only 19% of the cells in the ganglion cell 

layer. The reason for such a discrepancy between the number 

of cells which transport HRP and the actual number^f 

ganglion cells is probably due to the degeneratioirpf newt 
« 

optic nerve axons immediatly after axotomy/ so .that they are 

incapable of transporting HRP. Turner and Singer (1975) 

have shown that the rate of progress of Wallerian 

degeneration following optic nerve section in J:he newt, is 

one of the swiftest among vertebrate central nervous system 

tissues. Significant degeneration of newt unmyelinated 

optic nerve axons occurs as soon as 6 hrs after axotomy and 

is complete within 48 hrs (Turner and Glaze, 1977). 
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Nevertheless, HRP transport has proved useful for 

distinguishing between populations of "true" ganglion cells • 

and displaced amacrine cells in the newt retina. Because of 

the Golgi-like impregnations achieved with HRP transport by 

a severed axon, the dendritic arborizations of ganglion 

cells can be clearly observed as well. The reason why the 

bulk of ganglion cell dendrites extend laterally along the 

outer margin of the inner plexiform layer is unclear. 

However, the three dense bands of label due to the 

concentration of ganglion cell dendrites at the margins and 

middle of the inner plexiform layer may represent the 

respective dendritic arborizations of ON, OFF and ON-OFF 

ganglion cells in these regions. 

If HRP transpoliL^nly labels a portion of the "true" 

.ganglion cell population m the ganglion cell, laŷ er, does 

this then.mean that the number of displaced ganglion cells 

demonstrated byrHRP transport is underestimated as well? 

HRP labels about 2000 displaced ganglion, which is about 

2.5% of the total number of "true" ganglion cells in the 

newt retina. This number is similar to the number of 

displaced ganglion cells in the mouse retina (DrSger and 

Olsen, 1981) . It is unlikely that a higher percentage of 

displaced ganglion cells could be present in the retina of 

the newt. Boycott and Dowlmg (1969) have suggested that 

the myelinated axons in the fish optic nerve correspond to 

the axons of the displaced ganglion cells. The newt refina 

contains about 1940 myelinated axons, or about 2.4% of the 
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total numbers, of axons in the newt«optic nerve. The number 

of myelio*eed*axons in the optic n«rve corresponds closely , 

to the number of displaced ganglion cells m'the newt 

retina, implying that the myelinated axons may be the axons 

of the displaced ganglion cells. Since fibre myelination 

begins at the optic nerve head, it is impossible to make a 

definite correlation between the myelinated axons and 

displaced ganglion cells. However, if the myelinated axons 

are the axons of the displaced ganglion cells, '*t helps to 

support the thesis that HRP fills all of the displaced 

ganglion cells and only a portion of the "true" ganglion 

cells in the ganglion cell layer. Since it has been shown 

that the myelinated axons of the newt retina degenerate much 

later tha'n the unmyelinated axons (Turner and Smger* 1975) , 

it is reasonable to suggest 'that myelinated axons' remain 

intact longer, for transport of HRP by displaced ganglion 

cells. It edn^therefore be concluded that HRP labels nearly 

all of the displaced g"anglion cells of the newt retina and 
v 

does not underestimate their numbers. 
f 

In conclusion, these studies show that, like the ' 

retinas of certain higher vertebrates, in the newt'retina, 

only 61% of the cells in the ganglion cell layer are "true" 

ganglion cells. The remaining cells are displaced amacrine 

cells which may use taurine or GABA as their 

neurotransmitter substances. The newt retina, like the 

retinas of other vertebrates, also contains a small number 

of displaced ganglion cells. These cells are more numerous 
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near the periphery of the retina, and their axons may ' 

correspond to the myelinated axons of the optic nerve.. 

Whether these cells project, exclusively to accessory optic 

• nuclei or not, remains to be determined. 



- 257 -

REFERENCES 

Bignami, A, and Dahl, D. • 1979. The radial glia of Mflller 

in the rat retma "and their response to injury. An 

immunbfluorescence study with antibodies to the glial 

fibrillary acidic (GFA) protein. Exp. Eye Res. 28: 

63-69. 

Binggeli, R.L. and W.J. Paule. 1969. The pigeon retina: 

-quantitative aspects of the optic nerve and ganglion 

cell layer. J. Comp. Neurol. 137: 1-18. 

Boycott, B.B. and J.E. Dowlmg. 1969. Organization of the 

primate retina: light microscopy. 

Phil. Trans. Roy. Soc. London B. 255: 109-184. 

.Bunt, A.H., R.D. Lund and j.s. Lund. 1974. Retrograde 

axonal transport of horseradish peroxidase by ganglion 

cells of the albino rat retina. Brain Res. 73: 

215-228. 

Bunt, A.H. and D.S. Mmkler. 1977. Displaced ganglion 

„ cells in the retina of the monkey. 

Invest. Ophthalmol. Visual Sci. 16: 95-98. 

Chapman, D.M. 1977. Enochrome cyanin as a substitute for 

haemotoxylin and eosm. Can. J. Med. Technol. 39: 

65-66. 



- 258 -
* 

Colman, D.R., j. Scalia arid E. Cabrales. 1976. Light and 

electron microscopic observations on the anterograde 

transport of horseradish peroxidase in the optic 

pathway in the mouse and rat. Brain Res#/ 102:, 15&-163. 

Cowey, A, and V.H. Perry. 1979. The projection of the 

temporal retina in rats, studied, by retrograde 

transport of horseradish peroxidase. Exp. Brain Res. 

35: 457-463. 

Dogiel, A.S. 1891. Uber die nervosen elemente in der 

retina des menschen. Arch. Mikr. Anat. __ 40: 29-38. 

Drager, U.C. and J.F. Olsen. 1981. Ganglion cell 

distribution in the retina of the mouse. 

Invest. Ophthalmol. Visual Sci. 20: 285-293. 

Dubin, M.W. 1970. The inner plexiform layer of the 

vertebrate retina: a quantitative and comparative 

electron microscopic analysis. J. Comp. Neurol. 140: 

479-506. 

Ehrlich, D. and I.G. Morgan. 1980. Kamic acid destroys 

displaced amacrine cells.in post-hatch chicken retina. 

Neurosci. Lett. 17: 43-48. 



- 259 -

Famiglietti, E.V., A. Kaneko, and M. Tachibana. 1977. 

Neuronal architecture of on and off pathways to 

ganglion cells in carp. Science 198: 1267-1269. 

Finger, T.E. and H.J. Karten. 1977. The accessory optic 

system in teleost fishes. Neurosci. Abstr. 3: 90. 

Fritzsch, B. and W. Himstedt. 1981. Pretectal- neurons 

project to the salamander retina. Neurosci. Lett. 24: 

13-17. 

Fite, K.V., N. Brecha, H.J. Karten and S.P. Hunt. 1981. 

Displaced ganglion cells and the accessory optic system 

of pigeon. J. Comp. Neurol. 195: 279-288. 

Hayden, S.A., J.A. Mills and R.H. Masland. 1980. 

Acetylcholine synthesis by displaced amacrine cells. 

Science 210: 435-437. 

Heaton, M.B., I.M. Alvarez and J.E. Crandall.\̂  1979. The 

displaced ganglion cell in the avian retina: 

developmental and comparative considerations. 

Anat. Embryol. 155: 161-178. 



4 260 -

Henning, A. and H. Elias. 1970. A rapid method for the 

visual determination of size distribution of spheres 

from the size distribution of their sections. 

J. Microsc. 93: 101-107. * 

Honrubia, F.M. and M.P. Grijalbo. 1967. Estudios de las 

celulas ganglionares de la retina. - " 

Arch. Soc. Oftal. Hisp. Amer. 27: 796-80-4. 

/ 

Hughes, A. 1975. A quantitative analysis of the cat 

Retinal ganglion cell topography. J. Comp. Neurol. 

^163: 107-128. 

/ 

Hughes. A. 1977. The pigmented rat optic nerve: fibre 

count and fibre diame-ter spectrum. J. Comp. Neurol. 

176: 263-268, 

Hughes, A. and D.I. Vaney. 1980. Coronate cells: the 
4 

displaced amacrines of the rabbit -retina? 

J. Comp. Neurol. 189: 169-'189. 

Hughes, A. and H. WSssle. 1976. The cat optic nerve: fibre 

total count and diameter spectrum. J. Comp. Neurol. 

169: 171-184. 



- "261 -

Hughes, A. and E. Wieniawa-Narkiewicz. 1980. A newly 

identified population of presumptive microneurons in 

the cat retinal ganglion cell layer. Nature 284: 

468-470. 

2 

Karten, H.J., K.V. Fite and N. Brecha. 1977. Specific 
* * „ 

projection of displaced retinal ganglion cells upon the 

accessory optic system in the pigeon (.Columba livia) . 

Proc. Nat. Acad. Sci. 74: 1753-1756. 

Krisch, B. and H. Leonhardt. 1979. Demonstration of a 

somatostatm-like activity in retinal cells of the rat. 

Cell Tiss. Res. 204: 127-140. 

I 

Masland, R.H. and J.M. Mills. 1979. Autoradiographic 

identification of acetylcholine in the rabbit retina. 

J. Cell Biol. 83: 159-178. 

Muchnick, N. and E. Hibbard. 1980. Avian retinal ganglion 

. cells resistant to degeneration after optic nerve 

1 lesion. Exp. Neurol. 68: 205-216. 

Munk, O. 1968. The eyes of Ami a and Lepisos'teus (Pisces, / 

Holostei) compared with brachioptergian and teleostean 

eyes. Vidensk. Med. Dansk. Foren 131: 109-127. 



262 

Oyster, C.W., J.I.. Simpson, S. Takahashi and R.E. Soodak. 
\ 

1980. Retmal ganglion cells projecting to the rabbit 

accessory optic system. J. Comp. Neurol. 190: 49-61. 

Perry, V.H. 1979. The ganglion cell layer of the retina of 

the rat: a Golgi study. Proc. Roy. Soc. London B. 

204* 363-375. 

/ M . Walker. YL980. Perry, V.H. and(M. Walker. \1980. Amacrine cells, displaced 

amacrine cells and interplexiform cells in the retina 

of the rat. Proc. Roy. Soc, London B. 208: 415-431. 
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CONCLUSION 

For nearly 100 years fcmce the. extensive studies of the 

vertebrate retma by Cajal, few studies provided much 

insight into the structure and function of the retema. 

However, in the past 15 years, basic research in this area 

has blossomed. These studies have shown that the vertebrate 

retina is much more complex than previously thought, and 

have raised new questions concerning the processing of 
* i 

visual information by the cells of the retma. * This thesis 

has attempted to explore some of the aspects of 

neurotransmission in the retina of the newt. 

Changes in newt synaptic terminal morphology have been 

observed over a 24 hr (LD 12:12) cycle. Dense-cored 

vesicles were found to increase in number as the light phase 

progressed, supporting the hypothesis that synaptic vesicles 

may become "supercharged" with transmitter substance when 

photoreceptors are inactive with respect to transmitter 

release. During the dark phase, the dense-cored vesicles 

decreased in number, while profiles of smooth endoplasmic 

reticulum increased in frequency. Although synaptic 

terminal volume was shown to increase near the end of the 

dark phase, no difference in the total number of synaptic 

vesicles per photoreceptor terminal was observed throughout 

the day-night cycle. Morphometric analysis and qualitative 

observations showed that endocytosis and exocytosis were 

occuring at a very rapid rate toward the end of the dark 
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phase. Taken together, these observation^ suggest that when 

photoreceptors are actively releasing neurotransmitter 

substance during the dark phase, transmitter packaging 

cannot/keep pace with transmitter release. As a result, 

synaptic vesicles become "undercharged" with transmitter 

substance toward the end of the dark phase, requiring 

increased rates of exocytosis and endocytosis. The rapid 

exocytosis 3&$ endocytosis, rates resulted in considerable 

changes in synaptic terminal morphology toward the"end of 

the dark phase. These studies imply that the "quanta" of 

transmitter contained withm the synaptic vesicles varies 

over a natural day-night cycle. 

This thesis has also attempted to identify possible 

candidates for the neurotransmitter substance of 

photoreceptor cells. Although acetylcholine has been 

suggested as the photoreceptor transmitter, nicotinic and 

muscarinic acetylcholine receptor sites could not be 

unequivocally localized to photoreceptor postsynaptic 

membranes. Amino acid analysis of long-term light and 

dark-adapted newt retinas suggested that glutamate,.or 

certain sulphur-containing ammo acids are more likely 
ii 

candidates for the photoreceptor transmitter. However, • 

autoradiographic studies showed that glutamate is not 

accumulated by photoreceptors. Photoreceptors do accumulate 

labelled aspartate, indicating that aspartate may be the 

photoreceptor transmitter. But because histochemical 

studies localized high concentrations of -SH groups in 
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photoreceptor synaptic vesicles, the sulphur containing 

ammo acids cysteate and cysteine sulphinate should be 

considered as likely candidates as well. 

Light and electron microscope autoradiographic 

localization of glycine, taurine and GABA withm cells m 

the inner retina indicates that these inhibitory ammo acids, 

may be used as neurotransmitters by distinct populations of 

amacrme aqd ganglion cells in the inner retma of the newt. 

These studies also showed that the inner nuclear layer 

and ganglion cell layer of the newt retina contain taurine 

and GABA accumulating cells which are located immediately 

adjacent to the inner plexiform layer. The bulk of the 

processes from the labelled cells in the inner nuclear layer 

were confined to sublamma a of the inner plexiform layer, 

while the bulk of the processes from the labelled cells in 

.the ganglion cell layer were confined to sublamma b of the 

inner plexiform layer. "These observations suggest that 

these two populations of labelled cells have equivalent 

functional roles in the ON and OFF channels of the newt 

retina. 

Autoradiography combined with HRP-transport.studies, 

have indicated that the faurine-accumulating cells m the 

ganglion cell layer of the newt retina are not "true" 

ganglion cells, but are actually displaced amacrme cells. 

This finding is corroborated by optic nerve axon versus 

ganglion cell counts, which showed that only 50-60% of the 
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cells in the ganglion cell layer of the newtretina were 

truly ganglion cells. 


