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Taurine in Developing and Adult Rabbit Retina 
and Optic Nerve 



ABSTRACT 

The retina of a newbofl1 rabbit is not fully mature in tCltllS ('If morphology. chcmil:al 

composition or capabilities. Taunne is the predominant cOI1lpon~nt of the l'rce allllno acid 

pool of vertebrate retinas. In the rabbit il lS present at birth and incrcasl's foul-roid by 

maturity reaching levcls close to 50l11M in the adult. llowevcf, ulllil thc I)[c~l'nt studics ilS 

cellular localization was unknown. This stully confinnl'd the postnatal (PN) illL'I'l':ISC \11 

retinal taurine levels and examined PN changes III the imlTIUl1ocyll.lchemical localilution of 

retinal and optie nerve taurine. 1 have localized taunlle imlllunoreactivity (taurinc-IR) of 

developmg and adult retinas and optie nerves \Ising a highly specifie antihody that \Vas 

developed in our laboratory. 

In the immature rctma taurine-IR expression was associatcd with thc onsct 

differentiation of neuroblasts which slmwed a sequential ordcr of devclopment flOlll central 

to peripheral, and ;nner to outer retina. Tht: prcl~ocious devclopmc'l1t of hori/OllWI œil, was 

matched with early taurine· IR. In some œil types taurine-IR wa 'i a tran'\ll'nt phenollienon 

while others retain,;!d taurine-IR to adulthood. Taurtnc-IR III thl' adult rahhll relllla was 

localizcd to (i) photl)feceptor cell ollt,~r segments. the myoid Icglun of thelr inner segllll'Ilts 

and their ~ynaptlc tt'rminals, (ii) a sllb~ct of bipolar all1..1 hori70lllal cells, and (iii) a sm ail 

sub-population of alllacnne cclls. Several ~ynap1.lc lamina of the IIlIlCr plcxif(J1 111 layer 

(contall1l11g bipolar and aInacnnc tCIll11nals) wcrt: also taurlllc-IR Olle stllklllg localllalloll 

of taurine-IR was in ,ganglion ccli axons lying within the r~tina, dllIlng thl' 11I'i1 PN week 

When 1 examined the developing op tic nerve, the bundles (,f ~.llIall axons hau hlgh kvcls of 

taurine-IR, while the largt; intervening glial cdl bodies were Ilcgative or ollly wcakly 

stained. In contrast, in ~tdu1t optic ncrve. taunne-IR was most promim:nt !!l glta 

My localizution results indlcalc tha'. ttll: PN <.Juadrupling of tallllllC cOlltellt IS duc not 

only to photoreccptor ccII devclopmcnt but also to the tramienl alld/or ~tablc cxprcs~ioll of 

taurine-IR in other cell types as they ùlffercntiate. Parllcularly strikillg is the locallï'atlon in 

horizontal cells where it is a candidate for a trophlC factor in carly PN synaptic 

organization, and in aduIt retina~, as the yet unidcnUrlCd inhiblwry tranSllllllcr. The 

transient localization of taurine-IR in ganglion ccli axon'i withlfl the rctina and optÎC nervc 

corresponds in timing to the "critical period" for the formation of retinogcniculat\; 

connections. 
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RESUME 

La rétine d'un lapin nouveau-né n'est pas complètement mature quant à sa 

morphologie, sa composition chimique ou de ses possibilités. La taurine est chez les 

vcrtébrés la composante majeure des acides aminées libres de la rétine. Chez le lapin, elle 

est présente dés la naissance et augmente jusqu'à quatre fois sa quantité initiale pendant la 

matura.ion, atteignant des niveaux de près de 50 mM chez l'adulte. Cependant, jusqu'ici, 

son sile cellulaire était inconnu. La présente étude continne l'augmentation post-natale 

(PN) de la taurine rétinienne et examine les changements PN dans la localisation 

immullocytochimique de la taurine au niveau de la rétine et du nerf optique durant leurs 

dévélopcmcnts cn utilisant un anticorps fortement spécifique mis au point dans notre 

laboratoirc. 

Dans la rétine immature, l'expression de l'IR-taurine était associée avec le début de 

la différentiation des neuroblastes qui montrent une sequence de dévélopement débutant de 

la région centn:1e vers la périphérie et de la rétine interne vers la rétine externe. Le 

dévélopement précoce des cellules horiLOnlales coincide avec la première présence de 1 'IR­

taurine. Dans certainS type de cellules, l'IR-taurine se manifeste d'une façon transitoire 

alors que d'autres types dc cellules retiennent l'IR-taurine jusqu'à la maturité. L'IR-taurine 

a été localisée dans la rétme du lapin adulte aux endroits suivants: (i) dans les segments 

cxtcllles des photorecepteurs, dans la région myoidale des segments internes et leurs 

terminaux synaptiques, (ii) dans un sous-ensem ble de cellules hipolaires et horizontales et 

(iii) dans une petite sous-population de cellules amacrines. Plusieurs couche synaptiques 

de la couche plexifollne interne (comprenant des terminaisons bipolaires et amacrines) 

démontraient aussi de l'IR-taurine. L'observation la plus remarquable est sans aucun doute 

la présence d'IR-taurine dans les axones des cellules ganglionnaires de la rétine interne 

durant la première semaine PN. Lorsque j'ai examiné le nerf optique en dévélopement, un 

groupe de petits axones a demontré une forte quantité d'IR-taurine tandis que de larges 

cellules glIales adjacentes avaient une coloration faible ou négative. En comparaison, dans 

le nerf optique adulte, l'IR-taurine était plus proéminente dans les cellules gliales. 

Mes résultats sur la localisation immunocytochimique de la taurine indique que le 

l]uadruplagc de sa quantité PN est due non seulement au dévélopement des photorecepteurs 

mais aussi à sa présence de nature transitoire ou permanente dans certains types de cellules 

lors de leur lhfférentiation. Toutefois ce qui est particulièrement remarquable est sa 

l 
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présence dans les cellules horizontales où la taurine est candidate pour un rôle de factl!ur 

trophique au début de l'organisation synaptique PN et, dans les rétines adultes, comme 

transmetteur inhibiteur, dont la modalité n'a pas encore été idenlliïéc. La plésenœ 

transitoire de l'IR-taurine dans les axones des cellules ganglionnaires de la rétine interne ct 

du nerf optique correspond chronologiquement à la "période critique" de formation des 

connections rétino-géniculées. 
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1. INTRODUCTION 

A) Physical Characteristics of Taurine 

Taurine is a metabolically inert sulfur-containing amino acid with a ll10lccular 

weight of 125 dalcons. At physiological pH, it cxists as a zwittcrion which givcs it 

high water sollibility and low lipophilicity, making it difficult for taurine to diffuse 

through membranes (Huxtable, 1992). It is not present in cclls as a substratc for 

energy production or peptide synthesis since it does not contain the rcquilcd carboxylic 

r.cid group, but has a sulfonic aeid group instead. Taurine exists in the frec form in the 

cytoplasm (Hayes, 1976 ; Gaull, 1989) and i~ not evenly distributed throughollt ail 

tissues but is particularly concentrated in millimolar amounts in excitable tissues sllch 

as skeletal muscle, myocardium, brain and retina, whcrcas intraccllular or plasma 

levels are in the low micromolar range (Jacobsen and Smith, 196H). 

B) Biochemical Functions of Taurine 

One of the weIl ':'Icumented biochemical funclÏons of taurine in man is in the 

liver where it conjugates bile acids, to form tUlirocholic acid, which is important in 

lipid and fauy acid absorption. Bile acids conjugated with taurine are more effective 

th an glycine conjugates in aiding intestinal absorption and metabolism of lipids. The 

excretion of bile acids conjugated with taurine constitutcs an important mcans of 

removing cholesterol from the body (Jacobsen, 1980). 

Recently taurine has been shown in vitro to inhibit the enzyme 

methyltransferase that is involved in the metabolism of phosphatidylethanolamine to 

phosphatidylcholine (Hamaguchi et al, 1991). This would rcgulate the phospholipid 

composition of membranes if it occurred in vivo, but that has not yct bccn directly 

demonstrated. However Huxtable et al (1989) have shown that therc is a tight 

correlation between the taurine content and the phosphatidylethanolaminc : 

phosphatidylcholine ratio of brain synaptosomes (isolatcd ncrvc terminaIs) during the 

normal course of postnatal development. 
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C) Actions of Taurine at the Cellular Level 

Cell volume regulation in response to changes in osmolality is an important 

blOloglcal function ln aIl animal species. In mammals, brain osmoprotection is 

dcsigncd to maintain cerebral cell volume constant (and hence ion gradients and 

cxcitability) when disturbances in serum tonicity occur. Taurine has been shown to act 

as an osmoprotcctive molecule in the cat and mouse ie. it moves to preserve ceU 

volume, and is important in the defense against brain dehydration during chronic 

hypernallcmia (Trachtman et al, 1988). Chronic hypernatremic dehydration induced in 

devcloping IllICC by water deprivauon and salt loading for four days, increased sixteen 

of the ninctecn amino acids measured in the brain. Taurine accounted for over one half 

of the total incrcase. ThiS would maintain osmotic equilibrium and limit the loss of œIl 

water (Thurston et al, 1(80). This phenomenon may also be causally related to the 

cerebral edcma that develops during too rapid rehydration of infants and children with 

chronic hypernatremic dehydration. 

There is abundant evidence that cytoplasmic taurine modulates the entry of 

calcium into the celI. There seems to be a three way interaction of taurine, calcium and 

membrane phospholipid cOlllponents. Zwitterionic taurine is analogous 10 the charged 

head groups of the neutral phospholipids, phosphatidy1choline and 

phosphatidylethanolamine. It binds to the neutral phospholipids in both biological 

proteolipid and artificial phospholipid membranes via a low affinity process. This 

rC~Ht1ts in the alteration of the high affinity binding of calcium to acidic phospholipids, 

and the bmding of taurine modifies calcium binding sites so as to reduce the number of 

sites (somc calcIUm binding sites are masked due to the conformational changes 

induced by membrane expansions, leading to a reduction in binding capacity) and 

markcdly increa~e the affinity of the remaining sites. The direct effects of taurine on 

the phosphollpid mem branes modify other lipid-dependent phenomena, such as the 

operation of ion channels, regulation of membrane bound enzymes and protein 

phosphorylation processes (Huxtable, 1989). Changes in the phospholipid content of 

the membrane would modify the binding profile of taurine therefore altering its effect 

on calcium binding. A linear relationship between the phosphatidylethanolamine 

/phosphatidylcholine ratio of the synaptosomal fraction of developing rat brain and 

taurine content has been reported (Huxtable et al, 1989). 
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D) Taurine in the Central Ner\'ous System (CNS) 

It has been suggested that taurine may be a neurotransmitter or neuromodulator 

in the CNS. That is, in the CNS, taurine satlsfles many of the criteria essential for a 

neurotransmitter role, but the findings are sOl11ctimes ambiguolls : Il] It has bccn 

found within nerve endings and associated with synaptic vesic1es, but it is co-Iocalized 

with many other putative transmitters. 121 It has a pote nt depressant glycllle-like action 

when applied 10 CNS neurons and is antagonized by strychnine, and \11 somc regions 

by bicuculhne, suggesting that it acts at glycme and GA BA reccptors. However S011lC 

evidence suggests that there are also separate taurine receptors (Simmonds. !9X3). 

The receptor isolation work is not yel very convincing (Fredenckson ct al. 197X; Haas 

and Hosli, 1973 ; Wu et al, 19(0). [31 High afflllity uptake mechalllsms capable of 

removing taurine from the synaptic site have been demonstratcd (Borg ct al. 1979 : 

Huxtable, 1981). A high affinity transport system for taurine exists 111 brain and the 

transport is sodium-dependent, energy-requiring and specifie (Collins, 1977 ; llrus\...a 

et al, 1978). 141 The enzyme that syntheslzes taurine, cystcine slllflllic acid 

decarboxylase (CS AD), is found within some nerve end1l1gs, but the distribution of 

enzymic aCllVlty correlates poorly with the distribution of taulllle. In many instances, 

taurine levels and functlons are maintained more by transport than by local synthesis, 

and marked abnonnalities can occur when transport is curtailed even when synthesis is 

maintained. The major pathway for taurine synthesis in the brain is plObably the 

cysteine sulfinic acid pathway whereby cysteine is transformed to cystcinc sulfinic 

acid, which is decarboxylated by CSAD to hypotaurine, and the latter is finally 

oxidized to taurine (Madsen, 1990). 

E) Taurine in Development 

Taurine is present in fetal and newborn mammalian brain in high concentration 

and decreases slowly after birth reaching the concentrations found ln the adult animal 

by the time the offspring is weaned. This reduction in the concentration of taurine 

during postnatal development is in contra st to the pattern for most transmitter amino 

acids in the brain. That is, they euher increase, or change very httle during 

development. It should be noted that during the period of postnatal dcvclopmcnt, 

although the concentration of taurine is decreasing, the total brain content of taurine is 
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increasing rapidly. That is, during the period of very rapid brain growth, the brain 

conserves whatever taurine is present and supplements this with taurine accumu1ated 

from the mothcr's milk, from other parts of the body an(i with increased de nova 

synthcsis of taurine to supply the taurine pool during thls period of deve1opment. 

These mechanlsms result ln a rapid increase in total taurine in the brain during the 

nconatal pcriod but at the saille time, there is a more rapid increase in brain weight thus 

resulting in a ùecrease in taurine concentration during neonatallife. 

Taurine is found in and released from growth cones (Taylor and Gordon­

Wceks, 1989 ; Taylor et al, 1990) and is also found in developing synaptosomes 

(Huxtable et al, 1989). In vitro, exogenous taurine enhances neurite outgrowth and 

the proliferation of cytoskeletal components in neuroblastoma la tumour ecU line] 

(Spocrri et al, 1990a,b) and neurite outgrowth from regenerating ganglion ecIl axons 

following crulih (Lllna et al, 1988). 

It is a common featun:~ of brain development that neurons are produced in a 

germinative zone and migrate to lheir final functional position. Taurine corrects the 

granule cclI migration deficit in weaver mutant 111ice (an autosomal recessive mutation 

rcsuIting in an almost complete loss of cerebellar granule cells that fail to migrate and 

(lIe in the gCl111inative zone). In a nO/mal co-culture of granule ceUs and Bergmann 

glia the granule cells migrate along the glia. If the granule ceUs and glia are From the 

weavcr mutant Illouse, the granule ceUs do nOl approach the glia. If one adds taurine 

10 this system, then the granule cells wil! migrate along the glia (Trenkner, 1990). 

In the liver and brain from [etuses and newborn monkeys and man, taurine 

biosynthcslS is lill,!\~ù ~1y I~xtremely low or absent CSAD activity. How does one 

explain the high taunlle cOlltent found in developing brain when !ittle taurine is being 

synthcslzcd carly 111 developmcnt? A) Transport of dietary derived taurine: Several 

stu(hcs have shown that taurine passes slowly through the blood-brain barrier of adult 

rats whereas it passes rapidly through the fttil rat blood-brain barrier. When 35S 

taurine is injected intrapentoneally into pregnant rats, the maximum speclfk aeùvity in 

fetal brain is reached WIthlll 24 hours. In maternai brain the specifie activity reached is 

one third that in the fetal brain and occurs after one week. After birth, when the 

concentration of tl.urine is decrcasing dl/ring development, the total brain taurine is 

increasing, apparently by a combination of reduccd turnover, increased synthesis and 
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uptake From the circulation. 35S taurine inJecteù inu'lIperitoneally into lactating rats a 

few hours after birth is secreted in the milk and is transfened to the pups. This 

suggests that the neonatal rat brain undergoes changes in taurine coneentIation, total 

taurine content, taurine turnover and taurine uptak.c ùuring dc"clopmcnt, and that 

separate pools of taurine may exist in neonatal rat bram that dlffcr 1'10111 those in mature 

brain (Sturman, 1979; Lake, 1983). 

B) Ax( nal transpOi t : Studles in the rabbit have shown that exogenous taurine 

injected into the eyc is transporteJ to the lateral gcnielliate axonally in optie axons lO il 

greater extent in developing nerves than 111 mature ncrves (Stu1111an, 1978). Thal is, 

more taurine is transportcd axonally during development, prior to :lI1d during the 

period of synapse fonnation, than is transportcd at a latcr tlllle. 

Studies ofaxonal taurine transport have lIsed the visual system whieh is suited 

for such studies because the eye IS very aeœssible for lIlJcetion of substances into the 

vitreous ehamber whleh then has easy access to the ccli bodies of the retinal ganglion 

eells, the axons of which f011n the optic nerve. ThiS clcarly defll1ed bunLilc of fibers 

terminates in easily recognized brai Il nuclei, in the optie tectum in lower vertebrates, 

and in the lateral geniculate nucltm (LGN) or superior colliclIlus (SC) in mammals. 

Radioactive taurine may be mjected il1to one eye of. for example, the goldfish, rabbit 

or rat. Sinee the optic axons of goldfish cross corn pletely al the OpliC chiaslll and ail 

but a few of the optic axons of the rabblt and rat CIOSS al the chiasm to rcaeh the 

eontralateral optle tract, LGN and SC, the all1011nt of radioactivity Illigrating via thl~ 

optie nerve ean be calculated by subtractlng the rathouctivity present in the ipsilateral 

optie tract, LGN and SC, from thm present in the contralateral components, 10 correct 

for radioaetivlty arriving by the general circulation. 

In hddition, in the visllal system of the dcveloping rabbi t, estimated rates of 

transport were intermediate between those of the fa~t and slow eomponents of protcin 

transport thus suggesung that axonul taurine transport is Ilot dllcctly linkcd to the 

axonal transport of proteim (Sturman, 1978). Taurine IS plesent in the frc~ fonn in 

the eytoplasm and is transported "free", not as a constituent of protein. 

Taurine dcficicncy during dcvcloprncnt 

Stlldies of taurine deflciency during pregnancy have rcvcaled in the eat an 
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increased reproductive loss, fetuses are frequently resorbed or aborted, kittens at tenn 

are stillborn or of low binh weight, and the live kittens have poor survival rate, grow 

slower, have photoreceptor dcgeneration and exi1lbit neurological abnormalities such 

as spastic gait and poor motor control (Hayes et al, 1975 ; Sturman et al, 1985). 

Morphologlcal studlcs of the cerebellum of such taurine-deficient kittens show 

that the granule cells fail to migrate from the site of neurogenesis to the cortex, 

reminisccnt of the weaver mutant ffi.Juse. Many mitotic figures are present in the ceUs 

in the external granule ce Il layer of 8 week old kittens indicating that cell division is 

still occurnng, a process WlllCh in normal kittens ends at 3 weeks. The persistence of 

eclls in the external granule celllayer of cerebellum observed in such kittens suggests 

thm taurine participates in the postnatal ontogeny of cerebellar maturation, however no 

mechanisms have been dernonstrated. 

The visual cortex of kittens is also affected by taurine-deficiency. One sees 

structural abnonnalities in the dendritic arbors in visual cortex. At birth, neuroblasts at 

both the ventricular and pIaI zones have failed to complete their differentiation and have 

not migratcd into the cortical plate. Subsequent arborization is poor and much 

organizLition IS lo~t (Wright et al, 1986; Palackal et al, 1988; Stunnan et al, 1987). 

These studics indicate that taurine is an esscntial nutrient for developing cats but its 

location or precise mode of action remain unknown. 

Taunne is essential for normal visual development in primates also. There is 

evidencc of a functionally sigl1lficant loss of vision in tuurine-deficient infant primates 

(Ncuringer and Stunnan, 1987). Impalrments in visual acuit) were observed as early 

as 4 wecks of age and cone photoreceptor structure was disorganized in the foveal 

region of the retina of such primates. The retina and visual system of human infants 

are less developcd at birth than in rhesus monkeys. and therefore they might be 

cxpectcd to be even mOle vulnerable to the effects of taurine deficiency. Another study 

provides evidence that dietary taurine is essential for maximum growth, as measured 

by weight gain, of infant nonhuman primates fed a soy protein milk formula (devoid 

of taurine and low in its metabolic precursors) for 5 months (Hayes et al, 1980). 

These findings indicate that the feeding of commercially available synthetic fonnulas, 

which contain little or no taunne. to human infants may result in similar delayed 

cerebellar maturation, as hllman lI1fants also rcquire exogenolls taurine to maintain 
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their body taurine pools (Stunnan et al, 1985). 

Concern about the possible taurine depletion of human infants fed commercial 

infant formula containing much lower leve1s of taurine than bœast milk was laised by 

the evidence that taurine depletlon of cats and kittens results in a number of 

neurological disorders, includlllg visuai dysfunctlon, rctinal and tapetal dcgenerations 

and impairment of cerebellar and vü,ual COI tex development. lIuman infants and 

children nourished totally by parenteral nutrition. with the usual solutions containing 

no taurine, indeed have low plasma taunne concentrations accompamcd hy ERG 

abnormalities and granularity of the pigment epilhelillm 1 PE 1 (Gaull, 19X1». Thcse 

symptoms can be corrected by taunne supplements. Thcse fllldings led a 1l1lll1her of 

manufacturers of human infant formulas in the U S, Canada, Japall and EllIopc 10 "dd 

taurine to their products, up to the level found 111 human blcast 11111l.. (30 mM). 

These studies and others point 10 the importance of tallllnc dllllllg devdojlmcnt 

but few mechanisms haye been proposed. Wc do Ilot CYCIl I..1l0W Il:; œllular locati<1I1, 

since until recently there has been no histochcmical technique for taurine. 

F) Taurine in the Rctina 

Taurine IS present in relina in large amollnts and in matllle rclina IS lhe free 

amino acid present in the greatest concentration. The taurine conccntrations range 

from 10 mM in the l'rog retina to abOlit 50 mM 111 the rat and rabbit leUna (Voadcn ct 

al, 1981). The concentration of taurine in retll1as from ail the species stlldlCU lhus rai 
(rats, cats and rabbits) increases during postnatal dcyclopmcnt. 

The enzymes rcsponsible for taurine biosynthcsis seem to be of low aCl1Yily or 

absent in the retina. Instead the leyels of taurine found in the retina appear to be 

mainly dependent on the transport of preformed taurine out of the blood and across the 

PE. In theory the source of blood taurine is l'rom cndogenous biosynthcsis, the diet, 

or both. In rats, blood taurine can be supplicd by endogcnous blO'iynthe~i~ !"rom 

precursors in the liver. However, cats, monkeys and man depend on preformed 

taurine from the diet because their liver capacities for taunnc synthesis are very low 

(Rassin, 1981). 

In the marnmalian retina, taurine appears to play an important role in 

maintaining the integrity of the retina and the viability of photorcccptor cells. The 
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ab~ence of dietary taurine in cats or blockade of taurine transport in rats leads to a 

rcduction in the concentratIon of taurine in the retina, followed by defects in the ERG, 

the degcncrauon of the photoreceptors and eventual blindness (Hayes et al, 1975 ; 

Lake, 19X6; Lake and Malik, 1987). 

G) General descriptions of the functional anatomy of the adult retina, the 

dcveloping retina, the dcveloping and adult optic nerve 

A general descnptIOn of rctillal morphology is given here to facilitate 

intcrprctation of the immunocytochemical studies. 

The Adull I{etina 

The mature retina is a mllitilayered neural structure at the back of the eye which 

cxhibits a high degree of order and organization (see Figure 1). In addition to the light­

sensitive photorcccptor ncurons (PR), the rctma eonsists of flve classes of nellrons and 

thrcc types of glial cciI. These neurons are organizcd into three cellular layers [outer 

nllclear (ONL), inner nuclear (lNL) and ganglion cell layers (GCL)], which are 

separatcd by two synaptlc layers [outer plexiform (OPL) and inner plexiform layers 

(JPL) J. As seen in rlgure l, the ONL eonsists of the cell nuclei of the rod and cone 

PRs. The INL contains the horizontal, blpolar, amacrine and interplexiform perikarya. 

The ccII bOlhcs of the ganglion cells are found along the lI1ner margll1 of the retina and 

ma"-c up the GCL. Some amaerine cells (displaced) are also found in this layer. The 

axons of the ganglIon cells run along the inner portion of the retina forming the nerve 

liber layer and exit the eye through the optic dise to fonn the optic nerve. 

Pigment Epithelium (PE) 

The retinal PE is a single celI layer which separates the retina from the blood 

eapilJaries of the choroid. The PE serves multiple functions essential for proper retinal 

fllnctiol1 : III It IS vital to the integrity of rod and cone PRs and it participates in the 

plOCCSS of contlllllous renewal of their outer segments by phagocytosis of their shed 

discs. 12J Its tlght JlIl1ctions (zona occludens) aet as a barrier to free diffusion from the 

chOlOldal blood supply and control the composition of fluids present in the extracellular 

spacc. 131 A major portion of the reqllired substrates sueh as taurine, other amino 



• 

acids, glucose and vitamin A, reach the retma from the bl(x)ù through specifie transp0l1 

processes located in the retmal PE. 141 It is involved in the visual cycle whkh 

isomerizes the all-trans form ("If the vltamin A chromophorc (made non-functional as li 

result of light absorption) back to the ll-cis fonn which combines with opsin protCIIl to 

remake the light sensitive visual pigment cg. rhodopsin. The PE also serves as a 

storage depot for the chromophore. 151 The PE synthesizcs mclanin granules which 

absorb excess light energy and reduce light scatter, resulting in better Icsolution of 

visual images. 161 The PE is involved in the synthesis of glycosaminoglycans, round 

in the subretinal space that are thought to contribute to the adhesion of the Ictina tn the 

PE (Marc, 1986), necessary for retinal survival. 

Outer Nllclcar Laycr (ONL) 

A) Photoreccptor eclls (PR) 

The PR cells, lying outermost, are adjacent 10 the retinal PE. Two major types 

of PRs transduce a light stimulus on the rl'tina into an clcctrieal signal: III lOds 

respond to dlln light and mediate scotopic vision and 121 cones opcrate in brightlight 

and are respons:ble for color vision. The rabbit retina is a rod-dominated rclina. Thc 

rod cell is an elongateù ccli whose outer segment IS connected to the inl1l:r segment by a 

ciliary process (figure 2). The roll outer segment conslst~ of thc plasma memhlanc 

enclosing a ~tack of tlattened disk membranes that cOIHain the visllal plgmcnt, 

rhodopsin. The inner segment contains the major metabolic m:tchlJ1ery of the cell. The 

ellipsoid (closest to the outer segment) contains mitochondl ia which proviùcs enel gy 

for both the inner and outer segments. The myoid region (proximal pOltion of the inner 

segment) consists of bundles of actin fIlaments and microtllblllc~. ROllgh and slllooth 

endoplasmic rctJcllllll11 and the Golgi complex (sites of protein synthc'il'i) Ile adjacent to 

the nucleus 111 the myOlù. The PR axon procecd'i to the ccli sYllaptic tenlllllai the sIte of 

synaptic conllectlons with second-order blpolar and horizontal neurons. Cones oftcn 

have a shorter outer segment, a thlckcr lI1ncr segment and a largcr terminal than rods 

(Marc, 1986) . 
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Figm'c 1 : Â schematic replesentation of an adult vertebrate retina. The pigment 

epitheliuIl1 lies betwecn the photoreceptors (PRs) and their major blood supply, the 

choroid capillaris. The neural retina is comprised of 3 cellular layers (the outer nuclear 

layer COI1Sistlllg of roù [RJ and cone [Cl nuclei, the inner nuclear layer consisting of 

horizontal IHL l1lpolar IBI amacrine [A] and interplexiform III neurons and the 

ganglion œil 1 G 1 layer, and 2 synaptIc layers (outer plexiform layer and inner plexiform 

layer. The a:-..ons of the ganglion cells (0) form the nerve fiber layer along the vitreal 

border of the retina and together exit the eye as the optie nerve. Muller eeUs (M) [glial 

span the retina. 
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Figure 2 : A schematic diagram of the structure of a vertebrate rod ccli (mo(l1l'wd l'rom 

Adler and Farbcr, 1986). Further description is found in the text. 
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Outer Plexiform Layer (OPL) 

Synaptic contacts occur in defined layers of the retina. The OPL contains 

synapses of the PR<.; mentlOned above, and those horizontal eeUs onto bipolar eeUs. 

The axons of interplexiform cells which tenninate on horizontal cells are also found in 

this layer. 

(nner Nuclear Layer (lNL) 

A) lIori:wntal Cells 

1 lori zontu 1 cells are neurons whose ceU bodies sit along the outer margin of the 

INL and that extend processes laterally in the OPL. Many mammalian retinas, such as 

l'rom rabbit<.; or cats, contain two types of horizontal ceUs : fI] an axonless ceU [large or 

type-A horizontal ccIII and 121 a cclI with a short axon [small or B-type horizontal celI] 

(Dowling and Boycott, 1966). Electron microscopy has shown that the proeesses of 

the axonless cell and the proximal dendritic processes of the short axon cell contact 

Cxcluslvely COlles, whereas the axon terminal proeesses of the short axon cell receive 

1Ilput t'rom the rod terminaIs (Dowling, 1991). 

B) nip()l~lr CeUs 

Bipolar cells are neurons whose ceIl bodies lie in the INL and extend processes 

bnth III the OPL and IPL. They are the output neurons of the OPL carrying information 

tn the IPL. There are two major types of bipolar cells in the mammalian retina : [1] rod 

bipolar and 121 cone bipolar cells. Both types have their dendritic tree in the OPL 

whcre thcy receive input signais From rods and eones, respectlvely, and an axon in the 

IPL tlwt provides output onto amacrine or ganglion ceUs. In the Golgi-impregnated 

rabbit retillu, two different types of bipolar ceUs have been shown. The first type has a 

dense bush of short dendrites fannmg out from the cell body through the OPL while an 

unbranched vitreal process extends to the innermost portion of the IPL (sublamina b). 

Thcrc Il cnds 111 a conical arborization consisting of a few large terminal expansions. 

These endings are approximately 3-5 Ilm in diameter and appear to lie close to the 

ganglion ccli somata. This type of bipolar cell c10sely resembles the rad bipolar eeUs of 

Cajal's classification. These endings have been identified in the electron microscope as 

the terminal expansions of the rod bipolars according to their size, location and synaptic 
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ribbon content (Raviola and Raviola, 1967). The rod bipolar endings are rarely found 

in contact with the ganglion celI somata. Their prevalent synaptic output is onlO 

narrow-fIeld, bistratified (Ali) amacrines (Raviola and Ravinla. 1967; Sirettoi et al, 

1990). 

The dendrites of the second type of bipolar cell spread oui fIOm the cclI body at 

an obtuse angle and at the vitreallimit of the OPL adopt a langenlial course, while in the 

IPL, their vitreal processes give rise to many branches. Their arborizalions sprcad at 

different levels but they have never been observed in the inncmlOsl portIOn of thc IPL. 

This type of bipolar cell closely rcscmbles Cajal's cone blpolars (Raviola and Raviola. 

1967; Strettoi et al, 1990). Cone bipolars show a physiological dichotomy in thal onc 

class (ON celIs) depolarize and the other (OFF celIs) hypcrpolarize to a I1ght stimulus 

projected onto their receptive field center. ln rod-dominatcd relllla~, suclt as those of 

rabbits and cats, the majority of the bipolar cells are rod bipolar relIs. ln rabbit relina, 

an individual nxi bipolar cell can receive input from as many as 1 ()() rods. 

C) Amacrine Cells 

Amacrine cells are axonless ncurons whose proccsses lie in the IPL, maklllg 

synapses with the processes of bipolar, ganglion and other amacrinc eclls. Therc arc 

two populations: III one with perikarya at the inncr margin of Ihe INL and 121 anolhcr 

with perikarya in the ganglion œIl layer (GCL) known as dlsplaccd amacrinc cells. 

There may be as many as thirty types of amacrine cells in mammalian retina on the basis 

of differential morphology and immllnohistœhemical characterizatiol1 ([)owling, 19R7). 

D) Interplexiform Cells 

The interplexifornl cell is u retinal interncuron. The'ic cells arc arrangcd wilh 

their dendrites in the IPL und thcir axons in the OPL. Thc~c cells exlcnd proccsses to 

the INL where the y make synaptic contacts with horizontal and bipotar rells. They may 

feedback to control honzontal cell cOllpling and participatc in light adaptive rcsponscs 

(Dowling, 1987). 

Inner Plexiform Layer (WL) 

The IPL of the vertebrale relina is the region of synaplic inlcrplay of lhe bipolar, 
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ganglion and amacnne eclls. A plOminent feature of the IPL in the rabbit is a row of 

large nerve endings, 2-4 ~m in diameter, lying at the boundary between the inner 

plexifonn layer and thl! ganglion celllayer. 

The IPL is subdividcd into a distal (sublamina a) and a proximal (sublamina b) 

portion, proximal meaning doser 10 the optie nerve and the brain. In marnmalian 

rctina, photopic (cone) and scotopic (rod) vision are served in part by different neuronal 

pathways. Therc IS a direct pathway from the cone PRs to the cone bipolar eeUs ta the 

ganglion cells. Ali cone~ depolarize at light OFF and this signal is transmitted to OFF­

center or ON-center bipolar cells. The axonal arbors of the OFF-center bipolars stratify 

In sublamina a (the OFF layer) of the IPL where they synapse with the dendrites of 

OFF-center ganglton cells. The ON-center bipolars synapse with ON-center ganglion 

cells in slIblamina b (the ON layer). The rod PRs connect ta one type of rod bipolar 

cell. The synapses of the rod bipolars contact AIl amacrine ccli processes in sublamina 

b (VOlney ct al, 1991), and via them influence the dendrites of ganglion cells. 

Rctinal (ma 

The vasclIlarized retina of adult vertebrates contains three macroglial eeU types: 

Muller cells, oligodendrocytes and as troc y tes. The predominant type of glial cell in the 

rctina is the Muller cclI. Muller cell nuc1ei are found in the INL and their proeesses are 

oric nted radially belwecn the outer retina, where lhey form tight junctions with each 

othcr and PR cells al the level of the inner segments in an arrangement known as the 

outer IlIlliting membrane (OLM), and the inner retina (inner limiting membrane) where 

thcir endfeet bOlder the vitreous cavity (see Figure 1). The nuclei and processes of the 

astrocytes are uSlIally found closely associated with the ganglion ceIl bodies or their 

axons in the Herve fiber layer (NFL) [Lewis et al, 1988]. Oligodendrocytes myelinate 

axons within the CNS, and peculiar ta the rabbit, are found in the NFL of the retina. 

The astrocytes and oligodendrocytes are confined to the medullary ray region of the 

rctina and are absent from the greater part of the NFL (Schnitzer, 1985 ; Robinson ar.d 

Oreher, 19R9). 

ln the rabbit, the central part of the retina consists of the medullary ray and 

visual strcak regions, and the peripheral part refers ta the rem"inder of the retina. The 

visual streak (belnw the optie nerve head) con tains the highest density of retinal 
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ganglion cells [comparable to the fovea in primates). These regions are specialized for 

high visual resolution (Vaney and Hughes, 1976). The rctinal rncdullary ray arca is a 

region in the posterior pole, superior to the optie nervc he~t\.i throllgh WlllCh the 

ganglion cell axons leave the letina. The rabbit is ul1uslIal among ma:umals in that the 

ganglion cell axons are mye:inated within the nerve fiber layer (NFL) of the retina. 111 

the medullary ray area, whereas in most other mammals, myelination of the optic nerve 

occurs only external to the eye. 

The Developing Retina 

The retina is a thin layer of neural tissue lining the back of the eye. Il dcrives 

From the neural tube and has the same embryol1ic origin as the brain. The neur al tube 

evaginates to form two OptlC veslcles in the head rcgion of the embryo (Figure 3). 

Each optie vesicle subsequently invaginates to form an optic cup that eventually 

becomes the rctina. 80th walls of the ortie Clip are one ccli thick, but the eclls of the 

inner wall divide to form a neuroepithelial layer many cells thick. These cells or 

neuroblasts differentiate into ail of the retinal cclls (Dowling, 19X7). 

The vertebrate retina provldes an appropriate CNS tis-;uc for developmental 

studies. As a model of neural dcvelopment, the retina has been popular bcc:luse it is 

accessible and, in many experimental .mimals such as the rabbi t, l1luch of its structure 

is fonned postnatally (Barn~table et al, 1988). 

Retinal Thiel'Hess and Layering 

With the exception of the myelinated rcgion, in gcneral, IlIlmature retinae alC 

thicker than more mature ones. The thickness of the retina decrcascs with postnatal 

development becausc the eye incrcascs in size and the rctinal cells do not continue tn 

increase in number with the exception of the ncrve fibcr layer a~trocytes (sec bclow), 

but instead spread out. ThIS decrease in thickness is more pronounccd in the pcnphcry 

than in the center: the visual streak retains higher cellular denslties and highcr visual 

acuity than the periphery. It is known that the first axons to rcach the ortie chiasm 

come from ganghon cells in this region of the retina, and they lay out the crossing and 

non-crossing paths for sub~eqllcnt flbas (Stone ct al, 19S5). The mature rctina may 

be divided into a "central" area of the retina which refers to the visual strcak 
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Figure 3 : Embryollic (a, b) and postnatal (c) development of the mammalian retina. A 

schcmatic diagram showlIlg (a) the optic vesicles which develop from the neural tube, 

(b) the invagination of an optic vesicle to fonn an optie eup, and the layers of the retina 

that develop from the cells of the limer wall of the optie eup, (e) the fully differentiated 

rctina in which the ventricle space between the neural retina and the pigment epithelium 

has disappcarcd. 
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(characterized by a horizontally oriented concentration of ganglion cells spanning mosl 

of the width of the retina and a matching concentration of cones 1 Hughes, 1971) ) und 

medullary my region (a region superior to the optic nerve head through which the 

ganglicn cclI axons leave the reuna), whereas the designatlon "peripheral", rders to 

the regions of the retina olltside the central area. 

The mammalian retina lIndergoes phases of mitotic activity : 11) an eiU Iy phase 

producing both neurons and glial cells and then 121 a late phase prodllcing glial cells 

(in the NFL, for instance). It seems likely that the lalc phase within the INL is glial as 

weIl, that is, consists ofdividing Muller cells (Reichcnbach ct al, 1991). In rabbits. 

two independent stlldies reached the conclusion that by the end of the first postnatal 

week, proliferation of stem cells is completcly finished. One of the se stlldies was 

based on counting mltotie figures in the ventriclilar layer (Stone et al, 19H5), a method 

which fails to detect cells in othel phases of Icplicat,on. However, there is massive 

astroglial proliferation within the rabbil rctll1al NFL, up to al least four wceks postnatal 

(Schnitzer, 1988a, 1990). 

Tritiated thymidine studies have detcnnined when ccli populatlons undcrgo thdr 

final mitotie diVision. Birth dales of horizontal cells are among the eallicst in the 

mammalian retina and they appear to differentlatc at the same time as ganglion eclls 

(Messersmith and Rcdburn, 1990). Next bipolar cclls arc produccd and finally PRs 

(Carter-Dawson and LaVaIi, 1979; Rapaport and Stone, 1983; Walsh and Polley, 

1985). Rod PR eell growth and differentiation begins alter that of the cones 

(Messersmith and Redburn, 1990). 

Autoradiographie analysis shows that in the PN day 1 rabbit rctma, horizontal 

eells are labeled with 3H-GABA but in the adult animal, the sc eclls arc no longer 

labelled (Redburn and Madtes, 1986). If GA BA is a honzontal ccli transnllttl:r at carly 

but not at late developmental stages, thls sllgge~ts that horizontal cells have the abihty 

to switch from one transmltter to another dllling ontogcncsl'i. Anothcr pos~lbility is 

that GA BA may not be a transmitter in thest inhibitory interneurons but may be 

playing a neurotrophic role during the devclopmcnt of the retina, promOl1ng 

organization and layering of neuronal clements (Schnitzcr and Rusoff, 1984). 

As mentioned for the adlllt, the rabbit is unlisliai among mammals in that the 

ganglion tell axons are myelinated within the NFL of the relina, whercas in most other 
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mammals, myelination of the optie nerve oeeurs only external to the eye. This 

mydination bcgin'i on PN day 10. 

The Devcloping and Adult Optic Nerve 

The optic nerve docs not contain any neuronal cell bodies but is eomposed of 

the axons of retinal ganglIon cells that projeet from the eye to the brain, two major 

classes of macroglial cclls (oligodendrocytes and astrocytes), microglia, vascular eeUs 

and Icptomeningeal cells that ensheathe the whole nerve. During postnatal 

development the oligodendrocytes extend processes that wrap around most axons to 

form an in~ulating 1I1yelin sheath. Less th an 5% of axons in the adult nerve are 

unmyehnated. The myellll sheath IS IIlterrupted by gaps called nodes of Ranvier, 

whcre excitation is contined : the action potential travels along the axon by jumping 

t'rom node to node, a process that increases the efficiency and rate of nerve impulse 

plOpagalion. The fUllctions of the astrocytes are less clear. They extend processes to 

the periphcry of the nerve forllling a glia limitans, and to blood vessels, forming a 

perivascular ~healh ; both structures are thought to participate in the blood-nerve 

barri cr. Pr<'jectlons to Ilodes of RanVier (Raff, 1989) are speculatively linked with 

modulation of conduction propertles (Figure 4). ln addition sorne astrocytes extend a 

process to the axon at the nodes of Ranvier, the gaps in the myelll1 sheath. 

Establishmcnt of the rctinal projection to the brain involves .ln overproduction 

und subsequent c1illlll1atIOn of large nUlllbers of retinal ganglion cells and their axons 

(ProVIS and Penfold, 1988). The flrst optie axons in the rat are generated and grow 

towmd the brain betwcen E14 and E15.5 (Horsburgh and Sefton, 1986) at the time of 

dosurc of the optie tissure. More axons are added to the developing optie nerve over a 

pcriod of days or wccks. The average axon diameter increases from 0.18 ~lll at birth 

10 O.SO!lm III the adult rat (Scfton and Lam, 1984) and the size, type and number of 

glial eclls illcrcases (Sturrock, 1975). The development of the rat's visual system 

during the first five days of life IS associated with a 10ss of 60% of the axons present 

in the optie nCI ve al birth (Crcspo ct al, 1985 ; Crespo and Viadero, 1989). In the 

rabbit, the pattern is similar. The num ber of optic nerve axons reach the maximum of 

750,000 al E23-24. By E31/PN day l, this number decreases by allllost half, to about 

350,000 axons. During the postnatal period, a further 15% decrease to adult numbers 



• • • 

1'1-

Figure al: Diagram of optic nerve and macroglia. The axons of retinal ganglIon cells (RGC) travel across the retina in the nerve fiber 

layer and exit through the optie dIse or opne nerve head area where they collectively form the optic nerve. The optic nerve comi~ts of 

these axons and two major types of macroglia, the oligodendrocytes (al that myelinate the majonty of axons 111 mature nerve, and the 

as troc) tes (A). Astroc)'uc processes fonn blood-nerve barner structures, the glia limitans (gl) at the nerve periphery and through their 

endfeet that surround blood vessels t V). They also send a process ta the axons at the nodes of RanvIer. the gaps In the myelin ~heath. 

ln mature animals the a..'\.on tenninals are thought to release glutamate omo neurons 111 hlgher \ i:.uai centers (HVC) such a~ the larerai 

geniculate nucleus and the supenor colhculus. 

~ 
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occurs, with adult values, about 294,000, being reached between PN day 30 and PN 

day 50 (Robinson et al, 1987). 

Two mechani'ims are postulated to account for the decrease in axon numbers 

during dcveJopment : III AxonaJJoss may be due to the "pruning" ofaxonal collaterals 

without the loss of the parent celI, as has been reported for developing callosal 

projections in mummalian neocortex (O'Leury et al, 1981). [2] Loss of axons may 

accompany the climination of those parent eells which have failed to establish 

sustaining connections with their target neurons. 

The reasons why axon Joss and celI death oeeur during the development of the 

CNS are not weil understood. It has been suggested that in the developing 

ne lIronlllscular system, ll1otornellron Hfferents may compete for a trophic factor which 

IS only avaliablc From target cell~. Motorneurons projecting to appropriate sites may 

have a competillve advantage over inappropriately projecting axons and those which 

fail to contact targct nClIrons may be eliminated. A similar suggestion has been 

advanced to account for the loss of ganglion cells and their axons during development. 

Axon loss in the devcloping rabbit op tic nerve is almost certainly due to the elimination 

of the parent ganglion œlls (Robinson et al, 1987) since the number of ganglion eelIs 

are sllllliar tn the number of axons during the period of axonalloss (Robinson et al, 

Dunng the first two postnatal weeks, the diameters of most axons in the rabbit 

optic nerve increases substantially From 0.3 /lm to 2.5 /lm exc1uding myelin ; glial 

proccsscs interdigitate between most axons. Thereafter the number of axons decreases 

to the adult number of 294,000. Axon diameters in the adult optic nerve range from 

about 0.3 J.!rn 10 4.5 /lm cxcluding the rnyelin sheath. The axons are unmyelinated at 

bll1h. Myclinallon bcgins at about day 10 in the epiretinal po[tion of the rabbit optie 

nerve and is complete by about day 22. 

Axol1al Transport of Taurine 

Experimcnts have shown that taurine is axonally transported in goldfish and 

1· . 1 F 1 35S ' .. d . h . mamma mil vlsua systems. o[ examp e, -taunne was Injecte mto t e vltreous 

humOl' of the eye in developing and young adult rabbits. Considerably more 35S_ 

taurine is transportcd axonally in the visual system of neonUlal rabbits th an in that of 



aduIt rabbits (Stunnan, 1978). ln a sinlliar study donc in the rat, the animais \Vere 

injected at 1, 4, 7, and Il days after birth (prior to and during the major period of 

synapse formation in the lateral geniculatcs), and the al110unt of taurine transport WOlS 

higher than that observed in young aduIts. ln contrast, the <l1110unt of taurine twnsport 

in rats injected 15 days after birth (after the period of synaptogcncsis in the lateral 

geniculates) \Vas not significantly different than that seen in adult animais. lt appears 

that the amount of taurine axonally transported along neonatal rat optic axons prtor to 

and during the formation of synaptic connections is sevcralfold highcr than along 

young adult axons (Politis and Ingoglia, 1979). 

The concentration of taurine in the op tic nerve is about two timcs gll'ater th an 

that found in the optie tract (post optie chiasma), lateral genieulate nucleus anô SUpCI ior 

colliculus, both in the developing and adult rabbtt. 

H) Question add.oesscd by this thcsis 

My thesis project has been to provide a description of the localilation of taurine 

in the retina and optie nerve in the adult, and during the postnatal devclopmcnt of the 

rabbit. Our laboratory has successfully developcd an antibody to taul ine wh ieh is 

useful for the immunocytochemicallocalization of retinal taurine (Lake and Verdonc­

Smith, 1989). This antibody was used to localize endogenous taurtne in 

glutaraldehyde-fixed retinas and optic nerves of developing and adult rabbits in ortler 

to delineate or map its distribution within the different cclls of the postnatal rabbit 

retina and the optic nerve, as a function of age. 
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Il. MATEIUALS AND METHODS 

Antibodies to taurine 

Taurine is a small molecule, and thus is not immunogenic. However, small 

moleculcs can be conjugated tu peptide carrier molecules and th us be rendered 

immunogcnic haptens. Synthesis of our immunogen was based on the method 

descnbed by Campistron (Campistron et al, 1986). In brief, taurine was coupled via 

glutaraldchyde (0) to carrier protcms, either poly-L-Iysine or bovine serum albumin 

mSA), by mixing the reactants together in test tubes. This gcnerated the hapten 

complexes taurine-G-poly-L-lysine or taurine-G-BSA which were isolated from the 

rcactants by a series of dialyses, reoxidation and centrifugation steps. The lyophilized 

imlllunogcn was reconstitutcd in sterile saline, emulsified in Freund's complete 

adjuvant and inJccted intramusclilarly into male New Zealand white rabbits. The rabbits 

were injected in rotation with taunne-G-poly-L-lysine and tallrine-G-BSA in incomplete 

adjuvant every tCIl days and 10 ml aliquots of blood were collected mOllthly via the ear 

vcin. The blood was refngerated overnight ; then the serum was separated by 

centrifugation, ahquotted in 0.5 ml volumes and frozen until needed. Prior to enzyme 

linked Illlmunosorbent assays (ELISA) testing or immunocytochemistry, an aliqllot of 

serum was mixcd with 1 mg cach of lyophllized G-poly-L-Iysine and G-BSA overnight 

at 4° C to absOl b ally camer-specifie reactivIty. In some cases the serum was absorbed 

overnight \Vith 2 mg OABA-G-BSA to remove rcactivity to GABA, when indicated by 

the initial ELISA. The primary antiserum was obtained as the supernate following a 

centri fugal10n step at 15,OOOg for 10 minutes. 

EUSA clwJ'(lctcnzatlOll 

The SpCClflClly of our primary antiserum was tested using ELISA. ELISA 

charactcnzation lIlvolved coating microtiter wells with lyophilized antigen-G-BSA, 

rccon~titlltcd in carbonate-bicarbonate buffer, pH 9.6, at concentrations ranging from 

0.01 Ilg/ml to Ion ~lg/l11l, or carrier only (O-BSA) blanks. The antigens used for 

cross-rcactivity testing included BSA-G conjugates of glycine, B-alanine, L-aspartate, 

GABA, cysteine sulfinic aciù (CSA), hypotaurine and taurine prepared as described 

abovc fOI taurinc. The wells were coateù with the targel antigen solutions overnight at 
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4° C, then rinsed 3 times with 0.05% Tween in phosphate buffercd salinc (PBS), pli 

7.4. To block non-specifie binding sites, the wells were treated with 1 % ilSA in PBS­

Tween for 1 hour at 37° C, followed by three PBS-Tween rinscs. Primat y <lntiscrllll1 

was diluted to 1: 10,000 in PBS-Twcen/BSA and prc-ilH.:ubatcd al :n° C for 1 hour and 

then was addcd to the wells and the plate was kcpt al 4° C ovcrnight. FollO\ving 3 

PBS-Tween rinses, the wells \Vere rdilled wlth goal anti-rabbit 111111l1l11Oglobulin 

coupled to horseradish peroxidase (GAR-HRP) al a conccntlatlon of 1 :5000 111 1 (l'tl 

BSA in PBS-Tween for 3 houfs at 37° C. Artcr rinslI1g the wells thOIoughly \Vith 

PBS-Tween, eolor formation was developed uSlIlg O.lM ABTS (2,2-allllo-dl-3-cthyl­

benzthiazolinsulfonate) and the plate was read arter 5 minutes at a wavelcngth of 410 

nm on a Dynateeh ElA reader. The same procedure was undertak.en Il> tl!st the 

commercially available taurine antiscrum. The ELISA chal acteri/ations have rcvcalcd 

that our sera are hrghly selective and reactive for t:tUllne comparcd to the othcl Idated 

amino acids such as glycine, B-alanine or GABA, which are also roumi 111 the letllHI. 

The eommercially available antiserum (SeraI ab AES 137, DimenSIOn Labs) has 

considerable cross-reactivity with GABA ami B-alanine and lower rcactivIty 10 CSA, 

aspartate and glutamate. The reactivity of our sera to GAllA whcn it is plcscnt, can be 

entirely removed without attenuating the reactivity te> taurine, by pre-incubating with 

GABA-G-BSA overnight. This method is Ilot flllancially feasrble with the COIllIIH!rcial 

antiserum that costs in excess of $5CX) for 250 Ill. 

Preparation ofretùzal and optic nerve .\cctioIlS 

Retinal tissue aIld optic ner ve were obtained from pigmentcd New ZealanJ 

white rabbit pups at postnatal days 1 (n=3), 3 (n=2), 7 (n=3), 10 (n=2) and 16 (n=2). 

Mature tissue was also exam1l1ed The pu p~ were adm Irllstercd an overdose 

intraperitoneal lI1jection of Nembutal (40 mg/kg body wcight). The eyeli were 

immediately cnucleated, the cornea was perforatcd with li needle and the cye ano 

attaehed optic nerve stump were iI11mer~ed al room temperatule III a fixative of 3.5% 

glutaraldehyde 111 0.1 M sodium cacodylate/0.06M MgCl2 at pH 7.2. The cyl;S and 

optic nerves were placeJ in aldehyde tÏxati vc in order Il J 10 creatc the an tlgen (taurinc­

G-protein) ta which the antrbody was raised, and 12] to prcvent tht.! loss or 

redistribution in the tissue of the soluble amino acios. Studrc'i havc shown that for the 
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latter, high concentrations of glutaraldehyde fixatives are required (Ottersen and Stonn­

Mathisen, 1985; Otler~en, 1988; Battista and Lake, unpublished). Following 15 

minutes of fIxation with constant agitatIOn, the cornea was cut away and the lens 

rcmoved. The eyecup was then placed back in fresh fixative for one ho ur. 

Subscquel1tly, the back of the eye with the retina was cut in small wedges and the optie 

ncrve isolated, lISll1g a ~harp razor blade and the pieces of tissue were returned to 

fixatIve for the rcmaining fixation time (a total of 3 hours). Following fixation, the 

picccs of tIssue were rinsed 111 a cacodylate-suclOse buffer and placed in 2% osmium 

tctroxide for 1 hour. After a buffer wash, the tissues were transferred to a solution of 

1 % uranyl acctate fOI 30 minutes and subsequently dehydrated in increasing alcohol 

concentrations and lIlfiltrated in Epon. Tite tIssues were embedded ln fiat molds and 

cured 111 a 60° C oven overnight. The blocks of tissue were hand-trimmed with a razor 

blade and sectioncd on a RClchcrt uitlallllcrotome. One !lm sections were mounted with 

a drop of dlstIllcd water on gla~s siIdes and dncd on a 40° C warming tray overnight. 

Somc sections wCle stalIled \Vith 1 % tolLudlne blue to permit observations concerning 

quality of fixation, onentation of the section etc. 

ImmwlOcytochcmÎstry 

For ltght 111Icroscope observations, 1 have used two visuulization methods : 

PAP and iml1llll1oflllorescence. The standard pcroxidase anti-peroxidase (PAP) method 

of ilH.hrect labclling (StCI nberger et al, 1970) Iclies on a bridging of antibodies and 

cnzymatically prodllces a chIOl11ogcn at the site of anugenic activity. 1 llsed this method 

less frcqucntly but it gcnelated pcrmanent shdcs. 1 have used the immunofluorescent 

l11ethod more freqllently bccallse it gcnerated bettcr (higher contrast) black and white 

photographs, howcvcr it docs not prodllce permanent slides. For either method, to 

increase penctratlon of the 11l11l1 ullochcnllcab, Epon was removed from the sections by 

lIlclIbaung the ~lide'î 111 a hc"hly preparcd solution of 8% sodium methoxide for 15 

minutes al room lcmperalure, followed by a 30 second incubatIon in 3% hydrogen 

pClOxidc 111 methallol The ~lidcs were nmcd III PI3S-0.1% Triton X-tOO, pH 7.4 and 

transfcncd to a humid chambcr where the ~ectIons wele eovered with 4% BSA in PBS-

0.1 % Triton X-IOO for 1 hour to reduce non-specifie labelling. Following this 

blod .. ing step, the sections \Vere exposed to the primm·y taurine antiserul11 at dilutions of 
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1 :500 ta 1 :1000 in 2% BSA in PBS-O.I % Tmon X-lOO ami Idt ovclllight at -l0 C. The 

following day, the slides were rinsed 3 times, 10 mlnutes eaC'h time, 111 PHS-O. 1 % 

Triton X-IOO. The slides were then incubatcd in goat anti-rabbit fluOIcsccin 

isothiocyanate (GAR-FITC) diluted 1: lO in PBS-O.I % Triton X-100, for 4 hours al 37 0 

C, shielded from hght \Vith a black clotho Following rinsing in PBS-O.I ('h) Ttiton X-

100, the slides \Vere mounted using 0.1% para-phcnylenediaminc III glyccrol-PllS 

mounting medium, pH 9.6. Fluorescence \Vas obscrvcd \Vith a Nikon fluorescence 

microscope using dichroic filters for blue excitation and cmission at -l50-490. 

Photomicrographs \Vere taken using Kodak Tmax 400 black and white film and an 

automatic exposure system. 

Control sections were processed in pawlleJ, but substituted ror the primary 

antiserum was elther taurine antiscrum pre-adsorbcd with the taurine conjugates 1 that IS, 

the antigen], or buffer containing 2% BSA. Thcse showcd a complete laek of leactivity 

indicating that our sera Iikely do not reaet \VIth anything other than taunnc in these 

sections. 

Biochemistry 

Biochemical analysis was earried out on retinas l'rom pups at 1 and 7 postnatal 

days of age. One eye from each animal was used ror 11l000phoJogy, llnd the ottwr for 

determinatlOn of DNA and taurine content. The letinas were hOll1ogenizcd 111 X5% 

ethanol, and placed in the freezer overnight. Artel' œI1lnfugation, the pellet was used 

for estimation of DNA content (Yates et al, 1974) whi\c the supelnatallt was dricd 

under a stream of nitrogen gas. and resuspcnded in 0.525 ml of dl"tilled water. A 0.5 

ml aliquot was passed over a dual bed ion-exchange colul11n (O.X x 2 cm of Dowex 50, 

H+ form, layered over 2 cm of Dowex 1, Cl- fonn). The column wa" wa~hed with 3 

ml of distilled water and the effluent assaycd for taurine Lll,ing ninhydrin (Troll and 

Cannan, 1953) and a spectrophotomctric method. IIPLC studics have ~howlI that 

amino acids other than taurine are retained by the column (Lar~en el al, 19XO). Ali 

samples were assayed in triplicate and compared to ~tandards. Sincc th<..:r<..: have been 

several published studles of the II1crea!'lC~ in rctll1altallrÎnc content OUI ing Oevcloprnent, 

these studies were inclllded mainly for thelr value in karnlllg the analytical techniques 

[taurine/DNA (nmol/mg): PNI , 1131.6 and PN7, 1561.H]. 
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III. RESULTS 

A) THE AOUL T RETINA 

Localization of taurine immunoreactivity (taurine-IR) in the retina of the 

adult rabbit 

ln the accompanying Figures (5-9) that are photomicrographs of sections of the 

adult rabbn retina, specifie taurine immunofluorescence appears white, and most 

attention is directed to reglOns of high reactivity. Control sections processed with 

taurine anliserull1 pre-adsorbed with the taurine conjugates (antigen) showed a complete 

lack of reactivity which photographs as dark grey or black (for example Figure 9). 

Di.Hal retillll 

There arc only low levels of taurine-IR in the pigment epithelium, except for 

some inclusion bodies which may be phagosomes (Figure 5). Phagosomes are the 

shed photoreceptor outer ~egmcnt tips phagocytosed by the pigment epithelium, and the 

outer segments when attached to the photoreceptor cells are indeed highly 

imJ11unolluorescent. 

The photorcceptor cells were the most numerous taurine-IR neurons found in 

the adult rclina (Figure~ 5-8). Marked taurine-IR was found in their outer segments 

and in the myoid, but not the ellipsoid, region of the inner segments. Taurine-IR was 

also very pronounced in the synaptic terminaIs of the photoreceptors (Figures 5-8). In 

some cone rich regions, the cones appear more immunoreactive than the rods (Figures 

5, 7, R). ft is known that cones are scarce oUlside the visual streak region (Raviola and 

Raviola, 19(7). 

Proximal retillll 

Taurine-IR was scen in a sub-population of the horizontal cells in the peripheral 

mea of the aduIt rahbit retina (Figure 5). 

Iml1lllnorca~tivity \Vas also seen in most bipolar cells (Figures 5, 7). Our one 

micron sections ülcilitalc resolution, but decrease the probability of seeing ail of a cell 's 

projections in one tield. However, 111 some sections, taurine-IR bipolar axons can be 
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followed into the region of their synaptic tenninations (Figures 5, 7). 

Taurine-IR was seen in a sub-population of amacrine cells in the inner nuclcar 

layer (Figures 5, 7, 8) and in displaced amacrine cclls present in the gnnglion cclI layer 

(Figure 5). 

The inner plexiform layer has many punctate depostts of taurine-IR which are 

likely to be the synaptic endings of taurine-IR bipolar and amacrine cells (Figures 5, 7, 

8). Numerous large taurine-IR processes resembling terminais are also seen close to 

the ganglion cell bodies (Figures 5, 7, 8). These are in the position of bipolar tcnninals 

to the ON ganglion ceUs. Taurine-immunOlcactive somata in the ganglion œil layer arc 

rare, and are most likely displaced amacrine cells (Figure 5). 

In general the glial Muller ceUs are devoid of taurine-IR throughollt most of 

their perikaryal cytoplasm and some appear as black silhouettes (Figures 5, H). in 

sorne sections, the Muller cells do show sorne background low levcls of taurine-IR 

(Figure 7). There are bright t1uorescent spots of taurinc-IR in the region of the tight 

junctions of the outer limiting membrane which Will require EM analysls 10 detcrmine if 

their origin is photoreceptor, glial, or bath (Figures 5, 6, 8). 

A surnmary of the distribution of taurine-IR in the aduh retina appears on Table 

1. 



Cel! Type 
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Rod 

Cone 

Bipolar 

Horizont.ù 

Amacrine 

Interplexifonn 

Ganglion Ccli 

Muller cells 

Astrocytes 

al igodendrocytes 

JW: 
PE 
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OS 
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IPL 

+++ 

++ 

+ 
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Table 1 : Taurine-IR in the Adult Rabbit Retina 

Taurine-IR leyel 

- ; but inclusions (PR OS) are +++ 

+++ especially OS, synaptic terminaIs 

+++ 
++ somma and synaptic tenninals 

small subpopulation (somata and OPL processes ?) 

sm aIl subpopulation (somata and IPL processes) 

'! 

usually - ; infrequently + 

'! 

'! 

pigment epithelium 

photoreceptor cell outer segments 

outer segments 

outer plexifonn layer 

inner plexifonn layer 

high 

moderate 

low 

ni! 

insufticient data 
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Figure 5 : Taurine-IR in a 1 !lm section of adult rabbit retina. There are only low levels of 

taurine-IR in the pigment epithelium (PE) except for sorne inclusion bodies, which may be 

phagosol11es (shed PR outer segment [OS] tips). PRs occupy the top half of this section. 

Thcir OS arc highly imm unofluorescent as are their IS myoids and synaptic terminaIs 

(small black arrows). Taurine-IR was seen in sub-populations of amacrine ceUs (a) in the 

inner nuclear layer and in displaced amacrine cells in the ganglion ce Il layer (GeL). Sorne 

bipolar cells Ch) were taurine-IR, while a subset of horizontal cells (h) showed reactivity 

outlining thcir plasma membranes. In this same layer can be seen many Muller cells whose 

ccli bodies and projections towards the GeL appear as black silhouettes due to their 

unreactivity. 
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Figure 6: Taurine-IR in the distal adult rabbit retina. This section was se1ected to show that when the overall immunoreactivity is kept 

low by antiserum dilution, the most taurine-IR parts of the photoreceptor are the outer segments and the synaptic terminaIs. 
Cù 
....A. 
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Figure 7 : Taurine-IR in the adult rabbit retina. This section was chosen because il is a 

cone ri ch region. Note that the larger cone outer segments (c) appear more 

immunotluoresœnt than the intervening thinner rod OS. A second feature of this section is 

the large nUl11ber of taurine-IR bipolar cells (b) in the inner nuclear layer, sorne with 

tluolcsccnt axons projccting into the inner plexifonn layer (lPL) and giving rise perhaps ta 

some of the taurine-IR ternunals al the border of the GeL. A number of taurine-IR 

umacrine ce1ls (a) are seen at the other edge of the IPL. 
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Figure 8: Taurine-IR in the aduit rabbit retina. Immunofluoresccncc appcars white in this 

1 ~m transverse section. Refer to Figure ~ for the immunological control section. The 

most intense and numerous taurine-IR neurons were the photorcccptors that OCCllpy the top 

half of this section. Taurine-IR was pronounced in their outer segments (OS), cspccially 

those of cones (c), in the myoid, but not the ellipsoid region of thcir inncr segments (lS) 

and in their synaptic terminais (small black arrows). Marked taurine-IR is scen in 2 

amacrine cells CA) and in the horizontal cell above the right A cciI. A nllmbcr of taurinc- IR 

terminal-like processes (large black arrow) are seen close to the ganglion ccli layer (GeL). 

The Muller ceUs are unreactive ; their cell bodies in the middle of the inner nuclear layer and 

their vertical processes projecting down to the GeL are seen as black silhouettes. 
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Pre-adsorbed control 

Figure 9 : Immunocytochemical control. This section of adult rabbit retina was processed 

with taurine antiserum pre-adsorbed with taurine conjugates and shows lack of 

immulloreactivity. The bright white specks are contaminating dust particles. 
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H) THE DEVELOPING RAOOIT RETINA 

Localization of taurine immunoreactivity (taurine-IR) in the .·ctina of the 

developing rabbit 

Immunocytochemistry was carried out on material from devc10ping rabbit pups 

from PN 1 to PN 16. Examples of each observation time arc giwn in Figures 10-17. 

Figures 12 and 14 show immunocytochemical control sections. Retlllai glia (Muller 

cells) were not identified except in adult retinas and so an! not discussed. 

PN day 1 and PN day 3 (Figures 10-12) 

At PN day 1, the outer retina is comprised of a thick layer of undiffcrcntiatcd 

neuroblasts mostly destined to become photoreceptors. Mitotic ligUlcs arc sccn close 

to the outer limiting membrane (OLM) indicating continuing ncurogenesis. Positioned 

in the middle of the outer ncuroblast regiol1 are the cell bodlcs and plOœsscs of thc 

type-A horizontal cells. These horizontal ceUs differcntiate earlicr and appear mature 

compared to the neighbounng ncuroblasts. The pOSition of the typc-A horizontal ccII 

lateral processes delineates where the future synapscs of the outer plexlfol'm layer Will 

be (Polley et al, 1989). 

The inner retina is composed of mature somata in the ganglion ccli layer. a 

narrow cell free plexiform layer and a fcw maturc amacflnc ccli bodies on its distal 

side. 

At PN day 1, the neonatal rctina taurine-IR is cspcclally marked in the 

horizontal cells and their lateral processes. In selected somata in the position of 

amacrine cells, in punctate deposlts in the inncr plcxlform layer (wlllch arc likcly 

amacrine cell growth co ne processes) and in the axons of ganglion ccll~ in the ncrve 

fiber layer, but not in their somata (see Figure 10). However al PN day 3 the ganglion 

cell somma are also taurine-IR (Figure 11). 

Messersmith and Redburn (1992) suggt!'it lhat the inncr and outer plexiform 

Iayers are linked at birth by the proœsses of the interplexifofl1l ccII. 1 noted several 

taurine-IR cells with morphological charactcristics of the interplexiform ccli at PN day 

1 and PN day 3 (see Figures lOA and lIA). 
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)lN day 7 (Figures 13.15) 

At this stage, the retina shows more maturation. Although the photoreceptor 

ccII bodies in the outer nuclear layer have achieved a columnar organization they still 

dl'iplay Immature profiles with compact elongated nuclei. Mitotic figures are no longer 

observed. Taurine-IR is seen in the Ir distal developing inner and outer segments and 

in their synaptic tem1Ïnals. 

Taurine-IR is also seen 111 horizontal cells and now in bipolar ceUs, including 

taurine-IR blpolar ccII projections towards the inner plexiform layer. Several taurine­

IR synaptic stmta can be seen in the inner plexiform layer. A punctate distribution of 

taurine-IR close to the ganglion cells is seen and these may be the large bipolar 

terminais, whkh have previollsly been identified as such, using EM 

immunocytochemistry in the aduIt rat (Lake and Verdone-Smith, 1989). A few 

amacrine eclls are still immunoreactive, but the ganglion cclI somata are mostly 

unreacti vc at this stage. 

Taurine-IR is still pronounced in the unmyelinated axons of the nerve fiber layer 

(NFL) Isec Figures 13 and 151. Many unreactive ghal ccII bodies C.U1 be seen in the 

NI'L (sec Figures 13B, 15B), however we have not yel determined if they are 

astrocylCS, which are known to be present at this time, or immature oligodendrocytes, 

thcrc 111 readmess for myclination. 

PN day 10 (Figure 16) 

The inner and outer segments of the photoreceptors have grown considerably as 

shown in the two sections of a PN 10 rabbit retina. The photoreceptor synaptic 

lCll11inals aIe secn inlhc ouler plcxiform layer and they are markedly taurine-IR. The 

horizontal and blpolar cclls still remain Immunoreactive and one also can see displaced 

amacrine cells which are taurine-IR (see Figure 16A). Punctate taurine-IR is seen in 

sevcral strata of the inner plexiform layer and these terminal-like structures are 

cspccially nUl11crous close to the ganglion celI somata. 

Taurine-IR in ganglion ccII axons appears diminished when compared to the 

carlier ages, and while glial cell somata in the NFL were previously unreactive, now 

sorne show taurine-IR (sec Figure 168). 
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PN day 16 (Figure 17) 

At this time in development, the eyes have usually been open for a couple of 

days. The inner and outer segments of the photoreceptors arc almost l'ully dcvcloped. 

The absence of taurine-IR from the ellipsoid region of the inner segments (the 

ellipsoids contain mitochondria and provide energy for both the limer and outer 

segments) is evident, in contrast to the high levels found in the inncr segmcnt myoids 

(\'Ihich contain bundles of actin filaments, microtubules, lOugh and sl1looth 

endoplasmic reticulum and Golgi complex) and in the outer segments (Figlllc 17). 

Table 2 summanzes a time line of the postnatal appearanœ of taurinc-IR in the 

rabbit retina and nerve fiber layer constructed l'rom my cxaminauon of si ides and 

photomicrographs. 
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Table 2 : Taurine-IR in the Rabbit Retina 

AGE 
~ELL fNl fm fN1 J!ID.Q fNü âdult 
PE -; (+++, same as 

inclusions) PN 16 

Outer segments ++ ++ +++ +++ 

Inner segments ++ ++ - (e) - (e) 

+++(m) +++ (m) 

PR terminaIs +++ +++ +++ +++ 

Hori.wntal ccII +++ +++ ++ +++ + + 

Btpolar cell ++ +++ ++ ++ 

Amacrinc ccli + + + + 

Intcrplcx. ccli ++ ++ ? ? ? ? 

IPL puncta puncta puncta puncta puncta puncta 

Ganglion cclI +++ 

NFL axons +++ +++ +++ + 

NFL glia ++ ? ? 

Ka 
Levels of taurine-IR were rated as follows : 

+++ high 
++ moderate 
+ low 

nil 
puncta particle-like 
? insufficicnt data 
blank cclI type has not differentiatcd sufficiently 10 be identified 

PE pigmcnt eptthehum 
PR terminaIs photorcccptor tcrminaIs 
Intcrplcx. ccli tntcrplcxiform cell 
IPL inncr plcxiform laycr 
NFL ttcrvc fiber laycr 
e ellipsoid 
lU myoid 
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Figure 10 : Taurine-IR in the developing rabbit retina. Three one micron sections (A­

C) of PN day 1 rabbit retina. In A, one sees the pigment epithelium (PE) to the inner 

plexiform layer (IPL) and B shows outer retina. C shows inner retina. Scale bar is 

the same for A and B. The retina is immature at this age. The neuroblast layer (NBL) 

in A und B of the outer retma IS compnsed of immature nuclear profiles (dark, 

clongated nudei), most destined to become photoreceptors. Note the mitotic figures 

(m in A and B) close lO the outer limiting membrane (OLM), indicative of ongoing 

neurogcnesis. In this same region the growth cones of the developing photoreceptors 

show taurine-IR (white), most easily seen in A as smaU vertical processes pushing up 

ugainst the OLM and the unreactive PE. On the central side of the NBL lie the 

horizolltal cclls (arrowhcads in A, B, C) which are comparatively more mature and 

1110s1 of which express taurine-IR in their somata and lateral processes. These 

processes dchneate where the future synapses of the outer plexiform layer will he. In 

panel A somc other cells of the inner nuclear layer that show taurine-IR: (1) somata 

that havc a~cel1dil1g and dcscending processes may be interplexiform ceUs [see also 

Figure III and (2) on the border of the IPL there are ccli bodies in the position of the 

future amacnne cells (sec a1so panel C, white A). The ganglion cell axons fonning the 

ncrve fiber layer (NFL) contain high levels of taurine-IR whereas their somata (G) are 

devoid of taurine-IR. This region is only shown in panel C. The large black holes 

bctween G and the NFL me artefacts which arose during processing. 
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Fit~ure Il : PN day 3 rabbit retina. Both sections are from the sa me pup but the top 

section (panel A) is from peripheral retina and the lower section (panel B) is From a 

more central area of the retilla. A central to peripheral gradient of development is 

apparent: the inner nucIear layer (lNL) of the central region contains more 

diffcrentiated somata and has higher levels of taurine-IR th an the periphery. In B note 

that both the ganglion cell somata (G) and their axons in the nerve fiber layer (NFL) are 

taurine-IR. In A, seve rai taurine-IR cells with characteristics of the interplexifonn cell 

arc seen (1). Black arrowheads point out taurine-IR horizontal cells and their lateral 

processes. Close to the outer limiting membrane (OLM) taurine-IR can be seen in the 

devcloping inller and outer segments of the photoreceptors. 
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Figure 12 : Other one micron sections of PN day 3 rabbit rctina. The left panel shows 

taurine-IR horizontal eeUs (large arrows) particularly clearly. The taurine-IR terminais 

of photoreceptors LPRsj (smalt arrows) are also secn at the sites whcrc they will form 

synaptic junctions with horizontal and bipolar cell dendrites in the outer plcxiform 

layer. On the right is an adjacent section processed wllh serum preadsorbed with 

taurine conjugates : it shows a lack of reactivity, ie. no bright white 

immunofluorescence (except for dust particlcs). 
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Figure 13 : The medullary ray area of PN day 7 rabbit retina. Taurine-IR is 

pronollnced in the still lInmyelinated axons of the NFL. Many unlabeled glial celI 

bodies (cmpty black arrow in B) are seen at this lime in the NFL. Taurine-IR is also 

secn in the cytoplasm of the developing PRs in their distal expansions near the 

unrcactive PE and in their synaptic terminais (thin black arrows). In the inner nuclear 

layer (lNL) bipolar cells (b) are the most numerous taurine IR cells, although taurine-IR 

is also seen in horizontal ceUs (black arrowheads), and in a few amacrine ceUs (white 

A). In the inner plexiform layer (IPL) synaptic terminal-like structures (punctate 

taurine-IR) are secn (large black arrows), especially in the region close 10 the ganglion 

cells (G) that are mostly unreactive at this time. 
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Figure 14 : PN day 7 immunocytochemical control. The primary anti-taurine serum 

was preadsorbed with the taurine conjugates prim to lise in the immunocytochcmical 

processing. Note the complete lack of reactivity, comparcd to Figures 13 and J 5. 
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Figure 15 : Two additional one micron sections from the mcdullury ray region of PN 

day 7 rabbit retina. Scale bar is the sa me for A and B. There is marked expression of 

taurine-IR in the still unmyelinated axons of the NFL, whereas the glial cells are 

unlabeled Cempty black arrows in B). Most bipolar cells are taurine-IR, but only a few 

amacrines CA) are. 
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Figure 16 : PN day 10 rabbit retina. Scale bar is the sarne for A and B. The inner and outer segments of the PRs above the outer 

nuclear layer (ONL) have grown considerably and are rnarkedly taurine-IR. Photoreceptor celI synaptic terminaIs (thin black arrows) 

have high levels of taurine-IR and forrn a distinct band in the outer plexiform layer. While the overall number of taurine-IR neurons in 

the inner nuclear layer have declined, those rernaining include sorne horizontal ceUs (black arrowheads, no axons) and rnany bipolar celIs 

(h) with axons projecting to the inner plexiform layer (IPL) and contrihuting to the strata of synaptic terminaIs there (large black arrows). 

Only a few amacrine ceUs remain taurine-IR including sorne displaced amacrines (panel A, white A), Taurine-IR in the ganglion cell 

axons of the nerve fiber layer (NFL) appears dirninished cornpared to previous ages. While aIl glial cell sornata in the NFL were 

unreactive at younger ages, now sorne show taurine-IR (open black arrows in B), though a population of unreactive glia rernain, 
~ 
(X) 
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Figure 17 : PN day 16 rabbit retina. Cellular differentiation of the retina c10sely 

resembles the adult. One sees a stratification not apparent at earlicr ages, in taurine-IR 

of the PR inner (lS) and outer segments (OS), wnh the myoid (black arrow) but not 

the ellipsoid regions being reactive. 



C) TIIE DEVELOPING AND ADULT RABBIT OPTIC NERVE 

Localization of taurine immunoreactivity (taurine-IR) in the optic 

nerve of the dcveloping and adult rabbit 

50 

A general description of the changes in the optic nerve during development was 

presented In the introduction. Figure 18 shows histological cross sections of the optic 

nervcs 1 used for my study. Early postnatal optic nerve is very delicate tissue and 

showcd sOllle fixation damage. The limited material 1 had did not allow reliable 

localization, so 1 have begun with PN day 7 results. 

PN day 7 (Figure 19) 

PN 7 and older tissues had better tolerance for our processing solutions. At PN 

day 7, one sees unreactive glial cells and highly taurine-IR optic axons. At this stage 

most of the axons are unmyelmatcd. 

The right panel of Figure 19 is an immunocytochemical control, a PN day 7 

section that shows lack of backglOund immunoreactivity, which was the finding with 

the controls donc at ail the ages, when the taurine antiserum was preadsorbed with 

taunne conjugates (antigen) prior to use. 

PN day 10 (Figure 20) 

There is LI substantial change in the localization of taurine-IR by PN day 10. 

There is stIll some punetate immunoreactivity in the optie axons but the overall level is 

less than at PN day 7. In addition, some glial somata are now reacti ve, and the 

penpheral ril11 of the nerve is intensely fluorescent in the location of the glia limitans­

a barrier structure made up of as troc y te processes (sec Figure 20). 

PN (hlY 16 (Figure 21) 

The intcnsity and number of immunoreactive axons has declined while 

numerolls iml11l1noreactive glia me secn. 

Adliit (Figure 22) 

ln the adult optie nerve taurine immlinoflllorescence is almost exclusively in 
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glial perikarya and their processes, some of which group the unreactivc myclinatcd 

axons into fascicles. The blood vessels are often lincd with immUllon:activc glial 

endfeet, that probably arise from astrocytes. There are nt least Iwo diffcrent glial 

morphologies: one type found in clusters, has more immunorcacllve cytoplasm ami 

processes while the second type has nuclei surrollndcd by less cytoplasm. The 

peripheral immunoreactlve glia in the position of the glia limitans arc li\..ely to he 

astrocytes, however, whether the remainder correspond to astrocytes 01 

oligodendrocytes is not known and fllrther characterization with class-spccific 

antibodies is required. 



Figure 18: Cross sections of rabbit optic nerve Ollm, toluidine blue stained). The optie nerve 

consists of glial eclls (white arrows point to glial nuclei) and ganglion ceIl axons. AlI sections 

are at the saille magl1ltkation. At the youngest age (PN7) glial nuclei can be seen but the 

ullmyc1inated nerve fibers cannot be individually resolved. By PNIO a percentage of fibers 

have bccolllc myclinated and the dark staining myelin outlines many nerve fibers but axon 

diamcter IS still small. The growth in axon diameter with postnatal development results in the 

adult optie nerve where many myelinated fibers are now easy to resolve (black arrowheads). 
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Figure 19: Taurine-IR in PN day 7 rabbit optic nerve. Left panel: Axons an.! highly laurine­

IR in this cross-section of PN7 nerve. The periphery of the nerve is al the upper left. 13lood 

vessels (bv) and glIal cell nuclei (black arrowheads) are unreactive. On the right is an adjacent 

section processed with anti-serum preadsorbed with taurine conjugates. Note the lack of 

immunofluorescence, which was the finding with the controls donc at ail the ages. 
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Figure 20: PN day 10 rabbit optic Ilerve. Upper panel: Ilerve periphery. Lower panel: 

central regioll. The overall Irvel of taurine-IR in the Ilerve is reduced as compared to PN7. 

Glial ccllnuclei that wcrc unreactive at younger ages are now highly taurine-IR (white arrows). 

The pcriphel al nm of the nerve is intensely fluorescent in the location of the glia limitans (black 

arrowhcads in uppel panel) 1 hv=blood vessell. 
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Figure 21: PN day 16 rab bit optic nerve. Many axons are unreactive. The intcnsity of l4lurinc­

IR within axons is further decreased. Numerous immunorcactive glia arc sccn (arrows) 

[bv=blood vessel]. Left: A peripheral area of the nerve. The tcndency for blood vesscls 10 be 

bounded by taurine-IR is beginning to be seen (compare with adult). The mcningcs wrapping 

the nerve are folded and artefactually fluorescent. Right: An interior region of the nerve. 



Figure 22: Adult rabbit optic nerve. Taurine-IR is now absent from axons and is most 

prominent in the glial perikarya (arrows) and in their radial processes that subdivide the 

ullI'cactive axons into faseicles. In the right panel is seen a blood vessei (bv) bounded by 

taurine-IR as troc y tic cndfeet (thick arrows). 
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GENERAL DISCUSSION 

A) Taurine in the Retina 

Postnatal Development 
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Taurine is present 111 the rabbit retina at birth and increases in concentration 

four-fold during the flfSt Illonth to attain aduIt levels of about 40 to 50 ~l1nol/g wet 

weight (Voaden et al, 1981). Using immunocytochemistry, 1 have heen able to 

provide the first description in rabbits of the cellular location of thls taurine. 1 have 

noted a general pattern of expression of taurine iml11unoreaclivily dUl ing an carly phase 

of neuronal differentiation and maturation when cell proœsscs and glOwth l'one 

formation begins. There is some evidencc thm taurine plays sOllle role III the growth 

co ne since it IS found there (Taylor and Gordon-WccJ..s, 19R9 ; lIuxtablc, 19X9) ami 

l'an facilitate neurite outgrowth (Spocni et al, 1990a, 1990b ; Lima et al, 19X8). ln 

some retinal cell types this taurine-IR is il transitory feature such as in the ganglion 

cells ; in other cell types it remains to malunty such as in bipolar cclls and the 

photoreceptor cells, and in somc horizontal and amacrine cells. 

At postnatal day l, the earliest lImc 1 studied, taurine-IR is prominent in the 

typc-A horizontal cells whme differenuation precedes that of other neurons 111 the outer 

neuroblast layer and who~e lateral proccsses organize the devclopment of the outer 

plexifonn layer. Kainic acid destruction of these horizontal cells at birth disrupts later 

photoreceptor development and outer plexiform layer orgu/llzation (Messersmith and 

Redburn, 1990). The rod/cone ratio is significantly higher and synapses huI to f01111 

although the cclI proccsses of the rods, cones, bip(}lars and type-B hori/.ontal cells arc 

there. This is interpreted as a lack of a neurotroplllc substance lIsually rclcascd frolll 

the horizontal cells, which is crucial for synapl1c devclopmcllt. GABA has bcen 

imphcated in these neurotrophic cffects and Illy 1 illdings sllggc~t that taurine Illay sharc 

this role. 

1 have found that taurine-IR remains detcctable 111 SOIl1C adult hOrizontal eclls, 

unlike GABA- IR which is lost (Redburn and Madtcs, 19X6), sllggc<.;lÏng that in thc 

aduIt, taurine could function as a transmItter in the~e inhibitory ccll~. RcdbufIl and 

Keith (1987) have previou~ly ~peculated that the typc-A horizontal cclls change 

transmitter phenotype during postnatal dcvelopment and utilizc anothcr 1I1hibitory 
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transmitter for their involvement in mature visual pathways. 

Il) Taurine in I~etinal Ganglion Cell Axons 

Another striking localization of taurine- IR at early times is within ganglion cell 

axons in the ret1l1al nerve flber layer, at high levels from birth to postnatal day 7 and 

decrcasing by postnatal day 10. 1 have also shown taurine-IR in the continuation of 

these axons in the optic nerve during this period. Here it is also maximal at early times 

and dcclincs sharply around postnatal day 10, while its appearance within optic nerve 

glia lI1crcases in promincnce bcmg maximal in adults. 

It has bcen notcd by others that optic nerve axoplasmic transport to higher 

Vl'mal center,; of labelled taunne injected into the eye is greater at early postnatal times, 

prior to and tluring the period of synaptic formation, than in mature tissues (Sturman, 

IY78). My studies show that this probably is reflective of the transport of endogenous 

taurine that has a magnllude dependent on developmental age. 

Somc speculations on the function of this axonal taurine include a role in [a] the 

stabilizatlon of the enlarging axonal diameters (Spoerri et al, 1990a, 1990b: in vitro, 

taurine enhancc~ cytoskeletal proliferation), and/or [bl in the refinement of the 

connl'clÏons or retmal afferents within higher visual centers occurring during this lime 

(lluxtahle ct al, 1989 : corrc\ations of taunne content and membrane phospholipid 

composition in developing brain synaptosomes). (c 1 Another possible role ofaxonal 

taunne h modulation ofaxonal conduction properties. Work by Simmonds (1983) 

has shown that conduction propcrties of mature op tic nerve axons are modulated by 

cxogenous apphcations of taurine. Taurine produced depolarization that was 

unaffccted by bicuculline and was only partly antagonized by strychnine. This 

indicated that taurine did not activate GA BA receptors, had a minor effect on glycine 

Icœptors, but that 1110St of its action lI1volved a unique population of receptors. These 

fllldmgs have becn treated as a CUflOSlty since the lack of synapses within the nerve 

mcant thcrc was no obvioliS ~ource of these "neurotransmitters". 

My studies showcd that in developing optie nerve, taurine-IR was prominent 

and loc~,lized speciflcally to the optie nerve axons. By adulthood, its predominant 

localization shifted to the glial perikarya and their processes. My findings suggest at 

carly times (up 10 PN day 10) axons could alltoregulate their conduction properties by 
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taurine release and that after that glial cells may be the endogenous source of this 

nonsynaptic modulation. 

C) Taurine as a Putative NeurotransmiUer in the Rctina 

For some of the cells in the retina, expressIOn of taurine-IR is a tnlllsicni 

phenomenon, but for certain sub-populations of amacrine cells and horizontal cells, 

taurine-IR is retained through adulthood. It is a candidate for the nClirotransmittcr of 

the se cells since they are inhibitory intcrnclirons and ta:lrine has a pOlCllt dcptcssant 

action (Krnjevic, 1974). 

1 found in late postnatal and adult retinas that the inner plexifonn layer (tPL) has 

punctate deposits of taurine-IR which are most probably the synaptic terminais of 

taurine-IR bipolar and amacrine ceUs. Numerolls, large taurine-IR processcs 

resembling tenninals close to the ganglion cell bodies, in sublamllla b of the IPL, arc 

also seen and thesc are III the position of rod bipolar tcrminals to the ON -center 

ganglion cells. In the rat, lIsmg electron microscopie il11mun()eytodll;mi~try sinular 

endings have been positively identtfied as bipolar terminais by thelr charactcristic 

synaptic ribbon content (Lake and Verdone-Smith, 1989). 

High levels of taurine-IR are also found in photoreceptOls and rod bipolars both 

during development and in the adult, especially in the photOleccptor outer segmcnts 

and the myoid legions of their inner segments, and the synaptlc terminais of 

photoreceptors and bipolars. The photoreccptor and bipolar ncurotransllllller t<; known 

to be exeitatory and is believed to be glutamate and asp.lftatc. Sincc taurine has an 

inhibitory glycine-like action, it is lInlikely lO be the neurotran~mtlter in thcse cclls, 

although there is al ways the possibility of co-release. Sincc taurine ha<; bcen 

implicated in actions on the cytoskeleton (di'lcusscd above) and shown to rcgulatc 

intracellular high affinity calcIUm binding (Huxtablc and Sebnng, 19X6) perhaps its 

role has more to do with the cytoskeleton and mechanisms of tran<;ll11tler rclca<;e, ralher 

than it being a neurotran~mitter in these two œIl types. 

Although the postnatal increase in retinal taurine docs coincide wilh 

photoreceptor œIl development, my sludies have shown lhat exprc'-ision of taurine-IR 

is not restricted to these cells. The expression of taurine-IR in cclls and thcir proccsscs 

at an early stage in the differentiation of most of the rctinal ncurons 1<; circumstantial 
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evidence that taurine plays sorne role during development and is complementary to the 

evidcncc from other researchers of delayed or distorted development in taurine­

deficicnt animais. 

The lack of taurine-IR in retinal glia is surprising in view of their marked 

capacity tn accumulate radioactive taurine as documented with autoradiography by 

Ehinger (Ehinger, 1973). 

My sludies are only descriptive, but they do suggest a rather generalized role for 

taurine in devclopment. Precise mechanisms can only be elucidated through further 

studics, for example, of the effects of taurine content on the transcription and 

translation of cytoskeletal proteins. 

For many cells expression of taurine-IR is a transie nt phenomenon ; presumably 

taurine may serve a diffcrent role in those cells in which it persists through adulthood. 

Functional sllldics wIll have to be made in order to establish what these roles may he. 
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