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ABSTRACT

Taurine, photoreceptors and retinitis pigmentosa.

Various aspects of taurine homeostasis have been studied in man and 
animals with inherited and induced photoreceptor abnormalities.

Platelets from patients with retinitis pigmentosa (RP) were 
incubated in Ca -free Krebs' bicarbonate medium containing 1 pM or 60 
juM H-taurine, and in autologous plasma. Although, in general, the 
platelets showed normal taurine uptake, the capacity of the higher 
affinity carrier was reduced in patients with autosomal dominant (AD) RP 
showing regional expression (R-type) • Uptake was reduced when platelets 
from X-hemizygotic and AD R-type patients were incubated in autologous 
plasma.

The concentration of taurine was higher than normal in plasma from 
patients with X-heterozygote and AD R-type RP.

Erythrocyte osmotic fragility was also increased but the 
concentrations of plasma vitamin E and erythrocyte glutathione were 
normal.

Delivery of systemic taurine to photoreceptor cells is dependent 
upon a transport system in the retinal pigment epithelium (RPE). The 
capacity for H-taurine uptake has, therefore, been monitor©! in RPE and 
retina from donated human eyes. The potential for postmortem survival 
was assessed with baboon tissue. The photoreceptorless retinas of RP 
donors retained an inner retinal transport system for taurine which was 
always reduced in the pigmented, 'bone-spicular1 region (PA): kinetic 
analysis suggested disparate carriers in the PA and non-PA. Taurine 
uptake by the RPE was reduced in all RP eyes examined. Comparing tissue 
from over PA and non-PA retina, Km's were similar but Vmax's in PA RPE 
were greatly reduced.

Taurine uptakes by the retina and pigment epithelium from 
Abyssinian cats with a dominant gene leading to early onset 
photoreceptor degeneration were also studied and found to be normal.

Oral administration of taurine to albino Wistar rats did not 
prevent photoreceptor degeneration induced by continuous exposure to 
high intensity fluorescent light; sane protection with respect to 
changes in retinal amino acids were noted.

No substantial evidence has been obtained to suggest that taurine 
deficiency is a primary cause of photoreceptor degeneration in the 
diseases studied here. However, it is very likely to be involved in 
secondary mechanisms leading to photoreceptor cell loss.



ooNmrcs
PAGE

LIST OF TABLES viii
LIST OF FIGURES x
ACKNOWLEDGEMENTS xi
CHAPTER 1. INTRODUCTION
1.1 TAURINE BIOCHEMISTRY 2
1.1.1 Distribution of taurine 2
1.1.1.1 General body taurine 2
1.1.1.2 Retinal taurine 3
1.1.1.3 Developmental changes 4
1.1.2 Taurine metabolism 6

1.1.3 Transportation of taurine 11
1.1.3.1 General taurine transport 11
1.1.3.2 Blood-retinal taurine transport 12
1.1.3.3 Intra-retinal distribution of uptake sites 13
1.1.4 Functional aspects of taurine 15
1.1.4.1 Introductory remarks 15
1.1.4.2 Action of taurine on the central nervous system 17
1.1.4.3 Actions of taurine in the retina 18
1.1.4.4 Mammalian taurine deficiency 22
1.1.4.5 Taurine and calcium interactions 25
1.1.4.6 Taurine and light damage 26
1.1.4.7 Taurine as an anti-oxidant 28
1.1.4.8 Other functions of taurine 30
1.2 RETINITIS PIGMENTOSA 33
1.2.1 Introduction 33
1.2.2 Genetic analysis of RP 34
1.2.3 Clinical characteristics of RP 36

v



1.2.4 Histopathalogy of RP 36
1.2.5 Electrophysiology 38
1.3 Introduction to the studies undertaken 42
CHAPTER 2. METHODS.
2.1 Preparation of ocular tissue 45
2.2 Retinal incubations 46
2.3 Morphology of ocular tissue 47
2.4 Platelet taurine transport 47
2.5 Blood studies 49
2.5.1 Platelet counts 49
2.5.2 Blood films and PCV 49
2.5.3 Estimation of vitamins A and E 50
2.5.4 Estimation of glutathione (GSH) 51
2.5.5 Osmotic fragility of red blood cells 52
2.6 Estimation of retinal DNA 55
2.7 HPLC analysis of amino acids 56
2.7.1 Preparation of HPLC reagents 56
2.7.2 Preparation of cation exchange resin 58
2.7.3 Procedures for the estimation of plasma taurine 58
2.7.4 Procedures for the estimation of retinal amino acids 59
2.7.5 HPLC procedures 59
CHAPTER 3. RESULTS.
3.1 Postmortem survival of ocular tissues in baboon 64
3.1.1 Taurine transport by the retina 64
3.1.2 Taurine uptake by the RPE-choroid complex 68

3.2 Ocular transport of amino acids in RP 75
3.2.1 Morphology 75
3.2.2 Amino acid uptake by the retina and RPE-choroid

complex 83
vi



3,3 Platelet taurine transport 91
3.3.1 Plasma taurine 91
3.3.2 Platelet taurine transport systems 91
3.3.3 Taurine transport and RP 98
3.3.4 General platelet screen in RP 101
3.4 Osmotic fragility of red blood cells 103
3.4.1 Sex differences in response to osmotic shock 103
3.4.2 Age dependence of osmotic fragility 103
3.4.3 Osmotic fragility and retinitis pigmentosa 107
3.5 Photoreceptor dysplasia in the Abyssinian cat 113
3.5.1 Taurine transport by the retina and RPE 116
3.6 Light damage 125
3.6.1 Light intensity and photochemical damage 125
3.6.2 Effect of oral taurine administration on

photochemical damage 128
3.6.3 Retinal amino acids and photochemical damage 133
CHAPTER 4. DISCUSSION.
4.1 Ocular transport of taurine 138
4.2 Blood studies: Platelets 143
4.2.1 Plasma taurine 144
4.2.2 Taurine uptake by platelets 145
4.3 Blood studies: Erythrocyte osmotic fragility 149
4.4 Photoreceptor dysplasia in the Abyssinian cat 156
4.5 Light damage 159
REFERENCES. 165

vii



LIST OF TAHT.ES
PAGE

TABLE 1 • Post-enucleation survival of amino acids in the
baboon retina. 67
3TABLE 2. H-Taurine uptake by pigment epithelium of baboon
eyes, stored at 4 C. 70

TABLE 3. Na+-Dependency of ^H-taurine uptake by baboon RPE. 71
3TABLE 4. Kinetics of H-taurine uptake by the baboon pigment

epithelium. 74
TABLE 5. Details of donated RP eyes utilised in this study. 76

3TABLE 6 . H-Taurine uptake by retinas from donated RP eyes. 84
TABLE 7. Kinetics of taurine transport by the retinas of

dystrophic human eyes. 86
3 3TABLE 8 . Accumulation of H-GABA and H-glycine by donated

RP retinas. 87
3TABLE 9. H-Taurine uptake by RPE-choroid from donated RP
eyes. 89

TABLE 10. Kinetics of taurine transport by the RPE-choroid
complex of dystrophic human eyes. 90

TABLE 11. Plasma taurine levels in various genetic farms of
retinitis pigmentosa. 92
3TABLE 12. H-Taurine uptake by platelets from patients
with retinitis pigmentosa. 99

TABLE 13. Platelet numbers and protein content in patients
with retinitis pigmentosa. 102

TABLE 14. Mean osmetic fragility and the|3-parameter for
erythrocytes from control subjects. 104

TABLE 15. Sex differences in osmotic fragility of erythrocytes
from young and old donors. 105

TABLE 16. Age dependence of erythrocyte osmotic fragility
data. 106

TABLE 17. Comparison of erythrocyte osmotic fragility in
normal subjects and patients with RP. 110

TABLE 18. The osmotic fragility of erythrocytes from patients
with retinitis pigmentosa. 112

3TABLE 19. Uptake of H-taurine by pigment epithelium from
normal and affected Abyssinian kittens. 124

viii



table

TABLE
TABLE

20. Taurine administration and photochemical damage in 
the rat retina.

21. Retinal taurine transport ard light damage.
22. Effect of taurine administration and exposure to 

fluorescent light on retinal amino acids in
the rat.

132
134

135

ix



FIG.1 
FIG. 2 
FIG. 3 
FIG. 4 
FIG. 5

FIG. 6

FIG. 7 
FIG. 8 
FIG. 9 
FIG.10

FIG.11 
FIG.12 
FIG. 13 
FIG. 14

FIG. 15

FIG. 16 

FIG. 17 

FIG. 18 

FIG. 19 

FIG.20

LIST OF FIGURES
PAGE

Pathways for the biosynthesis of taurine in mammals. 8

HPLC: Post-column derivatization of retinal amino acids. 57
HPLC: Typical plasma amino acid chromatograms. 60
HPLC: Taurine standards. 61
Kinetic analysis of taurine uptake by fresh baboon 
retinas (0-2 hours p.m.). 65
Lineweaver-Burk plot for the uptake of taurine by the
RPE of fresh baboon eyes (0-2 hours p.m.). 72
Cross-section of an RP retina showing gross degeneration. 77

79 
81

94 
96 
108 
108

114

117 

119 

121 

126 

129 

131

Retinal morphology of donated RP tissue.
Morphological analysis of RPE from affected eyes.
Lineweaver-Burk plot for taurine transport by the 
platelet.
Variation of T/M ratios with substrate concentration.
Differential haemolysis curve for male controls.
Differential haemolysis curve for female controls.
Retinal section of normal and affected 6 week old 
Abyssinian kittens.
Time course of uptake of taurine by the retina and 
pigment epithelium of Abyssinian cats affected with 
a dominantly inherited retinal dysplasia.
Kinetic analysis of taurine transport by affected 
cat retina.
Kinetic analysis of taurine transport by the 
RPE-choroid from a 9 week old affected kitten.
Effect of continuous light exposure on the retina 
of the albino rat.
The effect of light intensity on the time course 
of DNA loss from the rat retina.
Relationship between light intensity and 
photoreceptor loss in albino Wistar rats.



ACKNOWLEDGEMENTS

I am grateful to my supervisor, Dr. Mary Voaden for all her help, 
advice and friendship during my period of study in the Department of 
Visual Science at the Institute of Ophthalmology, London. I am also 
deeply indebted to Dr. N. Brans ton (Institute of Neurology, London) for 
provision of baboon tissue, to Dr.R.Curtis (Animal Health Trust) for 
Abyssinian cats, and to Profs. J.Marshall, A.Bird aid all the clinicians 
at Moorfields Eye Hospital for provision of control aid RP donor tissue.

Sincere thanks are also due to the many patients who so generously 
provided blood samples, often at great expense and inconvenience to 
themselves. I would also like to thank every member of the Institute 
staff for kindly lending themselves to aggressive persuasion by Mary and 
'voluntarily1 donating the much needed blood samples.

Finally, I dedicate this thesis to the memory of the late Mirza 
Aijaz Hussain, without whose support and encouragement this work would 
not have been undertaken.



CHAPTER 1 INTOQDOCTICN



1 .1 TAURINE BIOCHEMISTRY,

1.1.1 Distribution of taurine.

1.1.1.1 General body taurine.

Taurine is ubiquitously distributed throughout the animal kingdom 
(Jacobson and Smith, 1968). High levels are found in mammals, and in 
the rat it has been estimated that 0.15% of the total body weight 
constitutes taurine (Schram, 1960). Concentrations are age and species 
dependent but in general taurine is abundant in 1excitable* tissues 
such as neuronal, contractile and secretory structures where calcium 
movements are a unifying feature (Jacobson and Smith, 1968; Rubin, 
1974). Thus the highest levels are found in heart and skeletal muscles 
(comprising 75% of body taurine), spleen, bone marrow and thymus. The 
levels in liver reflect dietary intake and, as such, humans are 
intermediate between the high concentrations present in carnivores and 
the low or zero amounts found in herbivores. Various human fluids have 
also been assayed for taurine: bile, 200 juM (Ciampalini and Cogianelli, 
1956), milk from lactating women, 337 juM (Armstrong and Yates, 1963), 
and cerebrospinal fluid between 5 and 40 juM (Muting and Shivaram, 1959; 
Knauff and Bock, 1961). Normal values for plasma taurine show wide 
fluctuations between laboratories. Higher levels may be due to 
inadequate handling of blood samples and the concomitant lysis of 
taurine rich platelets and leucocytes. Rapid separation of plasma from 
whole blood by dialysis and subsequent analysis has shown taurine not 
to exceed 20 pM (McMenamy et al, 1957). Current estimates for human 
plasma taurine using gentler handling and high pressure liquid 
chromatography (HPLC) analysis suggest the levels to be in the range



40-60 jiM (Hussain and Voaden, 1987).
The level of taurine in various blood cells, expressed per Kg 

tissue water, has been reported as: platelets, 16-24 nmoles; 
leucocytes, 20-35 nmoles; and erythrocytes, 50-70 jomoles (Frendo et al, 
1959; Schram and Hubinont, 1959; McMenamy et al, 1960; Soupart, 1962), 
Allowing for packed cell volume and water content, it can be estimated 
that leucocytes contain 64%, platelets 23%, erythrocytes 5% and plasma 
8% of total blood taurine.

1.1.1.2 Retinal taurine.

The visual system maintains high concentrations of taurine, the 
frontal and occipital lobes containing the highest levels in brain 
(Okumura et al, 1960). In addition, the lateral geniculate bodies 
concentrate taurine four-fold compared to the cerebral cortex (Guidotti 
et al, 1972), and the retina, the most striking of all, maintains a 
thousand-fold concentration gradient with respect to the plasma 
(Hussain and Voaden, 1987).

Taurine constitutes 40-50% of the total amino acid pool in the 
retina and in animal photoreceptor dystrophies, it is the principal 
amino acid to be lost from the tissue (Brotherton, 1962; 
Pasantes-Morales et al, 1972a; Cohen et al, 1973; Macaione et al,
1974). Retinal taurine concentrations in various species have been 
estimated to be within the range 25 to 52 mM (Kennedy and Voaden,
1974b; Qrr et al, 1976a; Voaden et al, 1977; Pasantes-Morales et al, 
1979; Voaden et al, 1981).

Several experimental approaches have been employed to determine 
the sub-retinal distribution of taurine. Separation techniques fall 
into primarily two categories: (1 ) the retina is frozen, sectioned

3



tangentially, freeze-dried and then the retinal layers dissected out 
(e.g Orr et al, 1976b); (2) the tissue is frozen to a known depth in an 
aluminium well and the protruding retina scraped away: variation of 
depth of well allows bisection at any level (Voaden et al, 1977). Other 
techniques employed have included the use of experimentally or 
spontaneously induced degeneration of specific cells of the retina. For 
example, administration of iodoacetate causes degeneration of 
photoreceptors whilst that of monosodium glutamate (MSG) destroys 
neurones of the inner retina. Inherited retinal degenerations have also 
been used to the same effect (Brotherton, 1962; Cohen et al, 1973).

These experimental approaches have localised most of the retinal 
taurine to photoreceptor cells (Kennedy and Voaden, 1974a; Orr et al, 
1976b), the concentration in various species lying within the range 
50-80 mM (Voaden et al, 1977). More specifically, frog photoreceptors 
contain 30 mM (Kennedy and Voaden, 1974b; Orr et al, 1976b), pigeon 26 
mM and rat 79 mM taurine (Voaden et al, 1977). There is 
ocmpartmenta 1 i sat ion within the photoreceptor cell, with the highest 
levels localised to the nuclear regions (Orr et al, 1976b; Kennedy et 
al, 1977). Such a high concentration of taurine around the cell DMA 
suggests a protective role for this amino acid against the toxic 
effects of light and oxygen.

1.1.1.3 Developmental chancres.

The concentration of taurine in human maternal plasma is decreased 
during pregnancy. Hcwever, foetal plasma levels are higher, suggesting 
the presence of active carrier systems in the placental membranes (Reid 
et al, 1971; A'Zary et al, 1973). Hence plasma taurine levels in 
premature infants were found to be three-fold higher than those of



adults and decreased to adult levels on the fifth post-natal day 
(Dickinson et al, 1970).

Foetal human and rhesus monkey livers display a nearly two-fold 
higher concentration of taurine than adults - the decrease occurring 
rapidly after birth. Brain levels are also high in foetuses, with the 
post-natal decrease occurring much more slowly than in liver. Such 
observations have led to the suggestion that (in addition to any 
functional role) taurine may also play a role in development per se 
(Sturman and Gaull, 1976). Newborn brains of various species, for 
example mouse, rat, gerbil, rabbit, dog, cat, chick, monkey and man 
have a 2-5 fold greater concentration of taurine than adults (Oja et 
al, 1968; Agrawal et al, 1971; Cutler and Dudzinski, 1974; Sturman et 
al, 1978). In rats, the concentration decreases from 16.55 _+ 0.32 
/jmol/g at birth to the adult level of 4.24 + 0.1 by about 40 days after 
birth (Sturman et al, 1977a,b). However, over this time the total 
content increases because of the increase in tissue size. The decrease 
in taurine concentration contrasts with that of other amino acids, 
which either increase or change very little (Agrawal and Himwich,
1970).

Contrary to the changes seen in the brain, retinal taurine 
concentrations increase during post-natal development (Macaione et al, 
1974; 1975; Orr et al, 1976a; Sturman, 1979). In rodents, taurine 
concentrations rise rapidly after eye opening and in rats, reach adult 
levels by about 30 days (Hilton et al, 1981). They are then maintained 
for up to 90 days, later decreasing by 36% to reach the final adult 
level (Macaione et al, 1974; 1975; Baskin et al, 1977).

The post-natal changes in retinal taurine may reflect the 
functional state of photoreceptors (if present) at birth; newborn chick 
retinal taurine is high and the receptors are functional on hatching,



whereas in rats and mice, the receptors and much of the retina 
differentiate after birth (Pasantes-Morales et al, 1973a; Macaione et 
al, 1974; Orr et al, 1976a).

1 .1.2 Thurine metabolism

Mammalian taurine is often considered as an end-product of sulphur 
amino acid metabolism (Awapara, 1957; Schram and Crockaert, 1957). Body 
stores are well regulated and dietary intake appears to be the 
predominant source. Vitamin Bg deficiency (leading to reduced de novo 
synthesis) is compensated for by reduced clearance of taurine in urine 
(Sturman et al, 1969). Such a nutritional deficiency in rats suppresses 
the rate of taurine biosynthesis but does not affect basal levels in 
the central nervous system (CNS); it does however, decrease the rate of 
turnover (Hope, 1957; Sturman, 1973). Conversely, administration of a 
taurine load (orally or intravenously) results in virtual quantitative 
transfer into urine (Schmidt et al, 1918; Awapara, 1956).

Earlier reports implied a small conversion of taurine into 
isethionic acid in dog heart slices (Read and Welty, 1962; Welty et al,
1962) and in rat brain (Awapara and Peck, 1967; Federici et al, 1974). 
Recent evidence points to a conversion in bacteria but not in mammals 
and the earlier results are thought to be due to bacterial 
contamination (Remtulla et al, 1977; Schaffer et al, 1978). Similar 
conclusions have been reached regarding the formation of inorganic 
sulphate (Braun and Formageot, 1962; Sturman et al, 1975).

All species are known to conjugate various acids with glycine 
and/or taurine in the liver to form bile salts (Haslewood and Wootton, 
1950). Mammalian bile contains conjugates of both glycine and taurine 
and the percentage of either is species specific and diet dependent.



Herbivores conjugate primarily with glycine and carnivores with 
taurine. Analysis of bile from rats fed standard laboratory chow showed 
that over 80% of the salts were conjugated with taurine, guinea-pigs 
fed chow, 20-40% taurine, and chow fed rabbits, less than 5% taurine 
(Spaeth and Schneider, 1974; 1976). These authors also shewed a strong 
inter-species correlation between the percentage of taurine in bile 
salts and the activity of hepatic cysteine sulphinic acid decarboxylase 
(CSD). CSD is the first enzyme required for the synthesis of taurine.
In rats, vitamin deficiency lowers the percentage of bile salts 
conjugated with taurine (as do diets low in sulphur) (Doisy et al,
1956; Jacobson and Smith, 1968). Increased dietary intake of taurine in 
man increases the amount conjugated with bile acids (Truswell et al, 
1965).

Various tissues form taurine on incubation with appropriate 
precursors. For example, platelets show an increased concentration of
taurine following incubation with cysteine or cysteic acid. They also

35 35convert S-cysteine to S-taurine (Frendo et al, 1959). The
administration of oral methionine, cysteine or taurine to rats
increased taurine levels in the pancreas whereas only cysteine or
taurine increased the levels in liver. Diaphragm and heart muscles were
unaffected (Tbkunaga et al, 1979). Rat CNS tissue and brain

14synaptoscmes also convert C-cysteine to radiolabelled taurine 
(Collins, 1974; Baba et al, 1979).

The major pathway for the biosynthesis of taurine in mamnalian 
tissue, particularly in liver and brain is via CSD, Fig.1 (Rassin and 
Gaull, 1975; Rassin and Sturman, 1975; Spaeth and Schneider, 1976; 
Sturman and Hayes, 1980). Other pathways of minor importance are via 
cysteic acid. Cysteic acid may be formed by oxidation of cysteine 
sulphinic acid or from activation of sulphate to



2ATP + SO 2- Methionine

I

>k
*

Phosphoadenosine
phosphosulphate

(PAPS)
\ X / Yi

I
Homocysteine1

Serine Cystathionine /
// i

Cysteine

Cysteic acid^— Cysteine sulphinic acid— ^Pyruvate 
\  (CSA)

\
x \ i'

Hypotaurine

I2
TAURINE — Isethionic acid

Taurocholate

1 .Cysteine sulphinic acid decarboxylase (CSD)
2.Hypotaurine oxidase
3.PAPS transferase
4.Cysteic acid decarboxylase
5.Cysteine sulphinic acid transaminase (CSA-T)
6 .Cysteine sulphinic acid dehydrogenase 
7 • Cy stathionase

> CSD Pathway - Major Pathway 
PAPS Pathway - Minor Pathway.

Fig.1 Pathways for the biosynthesis of taurine in mammals.
Modified fran Yamaguchi et al, 1985.
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31 -phosphoadenosine-51 -phospho sulphate (PAPS) and the concomitant 
transfer of sulphate to serine by PAPS-sulphotransferase.
The synthesis of taurine from serine and sulphate was demonstrated in 
rat tissues and appears to be important in heart, muscle and brain 
(Martin et al, 1972).

In the rat, all enzymes responsible for the synthesis of taurine 
from methionine are present in large quantities in the liver but, in 
the brain the pathway is limited by low activities of methionine 
adenosyl transferase and cystathionase (Sturman and Hayes, 1980). In 
the livers of cats, monkeys and man, taurine biosynthesis is limited by 
low activities of CSD (Jacobson et al, 1964; Sturman et al, 1970 a,b; 
Knopf et al, 1978). Human livers have a particularly low activity of 
CSD, a tenth of that of the cat (Jacobson and Smith, 1968).

Incubations with radiolabelled cysteine have demonstrated de novo 
synthesis of taurine in the retina (Voaden et al, 1981). Label was 
incorporated into alanine, cysteine sulphinic acid (CSA), hypotaurine, 
and taurine; all are intermediates in the metabolism of cysteine. CSD 
activity (and hence the biosynthetic pathway) has been demonstrated in 
the retinas of several species (Macaione et al, 1976; Pasantes-Morales 
et al, 1976) and iirnrunocytohistochemistry has localised the enzyme to 
all layers of the retina (Lin et al, 1983). Staining was heaviest in 
the inner plexiform layer and moderate in the inner and outer nuclear 
layers and ganglion cells. Direct studies have confirmed that the 
pathway is present in both the inner as well as the photoreceptor layer 
of the retina (Salceda et al, 1979). Analysis of microdissected layers 
of the chick retina for CSD activity demonstrated 30% in the inner 
segment and plexiform layers of photoreceptors, 65% in inner nuclear 
and inner plexiform layers, and a complete absence from photoreceptor 
outer segments (Mathur et al, 1976).
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CSD is thought to be the key limiting enzyme for the biosynthesis 
of taurine in mammalian tissues (Rassin and Gaull, 1975; Rassin and 
Sturman, 1975). Apart from the requirement for vitamin B^, no other 
modulators are known. It would appear, therefore, that biological 
regulation of taurine biosynthesis via this major pathway is dependent 
solely on CSA availability.

Regulation of the PAPS pathway (which provides a small 
contribution in the liver) may be at the level of cysteine 
availability; cysteine inhibits ATP-sulphurylase which is the first 
enzyme required for the synthesis of PAPS. Cysteine, homocysteine, and 
S-adenosylmethionine are also effective in-vitro inhibitors of the 
enzyme system for taurine formation from serine and PAPS (Hill and 
Martin, 1973).

In general, taurine synthesis from methionine is very low in the 
early stages of development and foetal and young animals are highly 
dependent on their mothers for an adequate supply of the amino acid 
(Sturman and Hayes, 1980). In the livers of newborn monkeys and man, 
biosynthesis is limited by very low or absent activities of 
cystathionase and CSD (Sturman et al, 1970a,b; Gaull et al, 1972; 1977 
Rassin et al, 1979). In the rat retina, CSD activity increases between 
10 and 30 days of post-natal development from 1.85 to 5.88 pmoles CSA 
decarboxylated per hour per gram wet weight. Moreover, the 
concentrations of retinal taurine between 5 and 90 days of development 
correlate well with CSD activity (Pasantes-Morales et al, 1978). It is 
interesting to note here that, in the rat, the first signs of the 
electroretinogram (ERG) are evident at 10 days of post-natal life with 
maturation of response after 3 weeks (Dowling and Sidman, 1962). 
Similarly, the chick retina also shows a parallel time course between 
development of CSD activity and the electrical response (Witkcwski,



1963; Pasantes-Morales et al, 1978).

1.1.3 Transportation of taurine.

1.1.3.1 General taurine transport.

Since taurine is highly soluble in water (10.48g/100 mis at 25°C) 
and virtually insoluble in organic solvents such as chloroform and 
ether, it is not likely to partition readily into membranes. Its pK ofu
1.5 at 25°C endows it with a permanent negative charge at physiological 
pH (Angel and Noonan, 1959) and it also possesses a high dielectric 
coefficient (Devoto, 1932). These factors taken together, require the 
presence of membrane carrier systems for effective translocation of 
this amino acid. Certainly, in excitable tissues which maintain high 
intracellular cencentrations, active carrier systems are a necessity 
and their normal functioning is of paramount importance, particularly 
in mammals who rely heavily on redistribution of taurine within the 
body. Thus, in neonatal rat brain de novo synthesis is essentially 
absent and carrier mediated transport provides the predominant source 
(Sturman and Hayes, 1980). The blood brain barrier is not an obstacle 
and rapid uptake of radiolabelled taurine (injected i.p or i.v) has 
been demonstrated in adults as well as neonates (Minato et al, 1969; 
Spaeth and Schneider, 1974).

Maximum accumulation of parenterally administered radiolabelled 
taurine into mature rat brain occurs 5-7 days after injection whereas 
the liver achieves maximum activity almost immediately (Sturman and 
Hayes, 1980). The entry of taurine into brain cells is mediated by 
high affinity carrier system(s), as demonstrated in cultured neuronal 
and glial cells (Borg et al, 1976) and in rat brain slices (Oja, 1971).



In marked contrast to the slow time course seen in adult brain,
35maternally supplied S-taurine rapidly enters foetal brain (Sturman et 

al, 1977a,b). This may be due to incomplete formation of the 
blood-hrain barrier. Compared to rat, rhesus monkey brain is more 
developed at birth and, as such, the rate of accumulation and turnover 
of label (given to pregnant mothers prior to giving birth) is much 
lower (Sturman et al, 1978; Sturman, 1979).

1.1.3.2 Blood-retinal taurine transport.

Circulating taurine passes rapidly into the retina via the 
intra-retinal vascular system and the retinal pigment epithelium (RPE).

3Thus in rats, an intraperitoneal injection of H-taurine resulted m  

the retina accumulating the highest number of counts per mg wet weight 
of all tissues investigated (Quesada et al, 1984). Other studies have 
also shown this rapid entry from the plasma into the retina (Lake et 
al, 1977; Pourcho, 1981). In contrast, autoradiography combined with 
direct measurements has indicated an initial rapid accumulation into 
the RPE, followed by a slower exchange with retinal pools (Pourcho, 
1977; Edwards, 1977; Lake et al, 1977; 1978; Schmidt and Szamier,
1978). Guanidoethane sulphonic acid (GES) (an analogue of taurine) is a 
potent antagonist of taurine transport and administration of it to rats 
decreases retinal taurine content by 75%, confirming that the transport 
of taurine across the blood-retinal barrier, rather than biosynthesis, 
is the major mechanism for maintaining taurine levels (Schmidt et al, 
1976; Lake et al, 1977; Lake, 1981a,b,c; 1982a,b). In frog and rat, 
synthesis is more important in maintaining taurine levels in the inner 
retina and uptake mechanisms predominate in photoreceptor cells (Lake 
et al, 1977; Salceda et al, 1979).
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1.1.3.3 Intra-retinal distribution of uptake sites

Several approaches have been applied to evaluate the relative 
uptake sites for taurine within the various layers of the retina. In 
vivo studies have followed the time course of label accumulation after 
an intravascular or intravitreal injection with sites being identified 
by autoradiography. Changes in taurine handling after experimental 
degeneration of specific populations of cells has also provided 
information as to uptake sites. In vitro studies have involved 
localisation by autoradiography after incubation with various 
concentrations of labelled substrate.

3Intravascular or intravitreal administration of H-taurine makes 
little difference to the resultant distribution of label in the retina. 
Ihus in the mouse, either route leads to predominant accumulation by 
photoreceptor and Mflller cells with a more diffuse labelling of inner 
retinal neurones (Pourcho, 1977). Broadly similar results were obtained 
following injection of radiolabelled taurine in other species. Outer 
and inner nuclear layers and Miiller cell processes were commonly 
labelled, with the most obvious species differences being apparent in 
the inner retina (Ehinger, 1973; Pourcho, 1981). Ganglion cells in 
general were poorly labelled.

In vitro accumulation of taurine has been consistently observed in 
the retinas of many species including chicken, rat, frog, rabbit, cat, 
pigeon, baboon and man (Pasantes-Morales et al, 1972b; Starr and 
Voaden, 1972; Ehinger, 1973; Kennedy and Voaden, 1974b; Lake et al, 
1977; 1978; Schmidt, 1981). Although all retinal cells show some degree 
of accumulation of taurine, the predominant site appears to be the
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photoreceptor cell (Cohen et al, 1973; Kennedy and Voaden, 1974a,b; Qrr 
et al, 1976b; Starr, 1978; Schmidt, 1981). Retinal incubations in the 
presence of 5 pM taurine to delineate high affinity uptake systems led 
to labelling of photoreceptor cells, pigment epithelium and, depending 
on species, some inner retinal neurones and/or Killer cells (Edwards, 
1977; Lake et al, 1977; 1978). A sub-population of amacrine cells was 
labelled to varying extent in the majority of the species studied 
(Voaden et al, 1977; Lake et al, 1978; Pourcho, 1981). In rat retinas, 
accumulation was predominantly into photoreceptor cells with glial 
uptake being just discemable. Increasing the taurine concentration of 
the incubation medium to 176 pM caused predominant labelling of glial 
cells, suggesting the presence of a carrier system with a lowered 
afinity for the amino acid (Lake et al, 1978). However, the uptake of 
taurine by Killer cells (at 5-25 pM exogenous concentration) has been 
demonstrated to varying extent in rabbit, rat, cat, and mouse retinas 
(Ehinger, 1973; Pourcho, 1977; Voaden et al, 1977). In frogs however, 
an amacrine distribution was observed (Kennedy and Voaden, 1976; Lake 
et al, 1977; 1978). Inner retinal uptake of taurine by frog retinas at 
5 pM exogenous concentration resulted in heavy labelling of bipolar 
cells and, at a higher concentration (176 pM), amacrine intemeurones 
were distinguished but glial uptake was not observed (Lake et al,
1977). Similarly in the chicken retina, taurine uptake was 
predominantly into photoreceptors and the amacrine rich portion of the 
inner retina (Pasantes-Morales et al, 1973b). In all the above in vitro 
studies, labelling of ganglion cells did not occur to any appreciable 
extent.

Thus, retinal incubations have shown the bulk of taurine uptake by 
frog and chicken retinas to follow a photoreceptor-amacrine 
distribution and that by cat, rabbit, rat, mouse and monkey retinas a
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photoreceptor-Muller cell pattern.
There is wide variation in the kinetic parameters obtained by 

various laboratories for retinal taurine transport systems. 
Nevertheless, the underlying pattern, delineating two transport systems 
subserved by high and low affinity carriers, has been described in the 
retinas of rat, frog, pigeon, rabbit, goldfish and chicken (Ehinger, 
1973; Neal et al, 1973; Starr, 1973; 1978; Schmidt and Berson, 1978; 
Salceda, 1980; Smith and Pycock, 1982; Dawson and Neal, 1984).
Generally high affinity carrier systems tend to operate in the 
micro-molar range (Km 10-50 juM) amd lower affinity ones in the 
milli-molar range, 0.5-1.0 mM. The systems are Na+ dependent, 
temperature sensitive and inhibited by metabolic inhibitors such as 
ouabain, p-chloranercuribenzoate and iodoacetate (Pasantes-Morales et 
al, 1972b; Starr and Voaden, 1972; Neal et al, 1973; Kennedy and 
Voaden, 1976; Starr, 1978; Dawson and Neal, 1984).

1.1.4 Functional aspects of taurine.

1.1.4.1 Introductory remarks.

Although it is universally distributed, taurine is neither 
incorporated into proteins nor does it participate in any common 
metabolic pathway. Tissues particularly high in taurine can be divided 
into three functional groups: muscular structures (heart, skeletal 
muscles), endocrine organs (pituitary gland, ovary, adrenal glands, 
etc), and certain parts of the brain (Iwata and Kuriyama, 1975). 
Although the above mentioned structures carry out specific functions, 
they are nevertheless all responsive to taurine. In the heart, taurine 
appears to be a membrane stabiliser as indicated by its antiarrhythmic
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action on adrenaline or digoxin induced arrhythmias (Read and Welty,
1963). Pancreatic taurine maintains integrity of j3-cells in the Islets 
of Langerhans and protects them against toxic substances such as 
streptozotocin (Tokunaga et al, 1979). Taurine and hypotaurine affect 
sperm motility and oviductal fluid contains high concentrations of 
these amino acids (Mrsny et al, 1979). In the brain, taurine has an 
inhibitory (hyperpolarizing) action on certain neurones (Haas and 
Hosle, 1973) and acts as an anticonvulsant agent in experimentally 
induced epilepsy (Van Gelder et al, 1972).

Early studies suggested a neurotransmitter role for taurine in 
the retina on account of its inhibitory action on the b-wave of the 
electroretinogram(ERG) (Mandel and Pasantes-Morales, 1978; Oja and 
Kontro, 1978). In this respect, photic stimulation of the chick retina 
causes a specific release of taurine (Pasantes-Morales et al, 1972a).
In addition to being a putative neurotransmitter or neuromodulator, 
taurine may also play an important role in brain development since 
there is delayed migration of cells in the Purkinje layer of the brain 
in taurine deficient kittens (Sturman and Gaull, 1975; Sturman and 
Hayes, 1980; Sturman, 1983).

Taurine is an essential dietary amino acid in the cat and 
depletion results in degeneration of the retina and concomitant 
blindness (Hayes, 1976). Electroretinographic disturbances have been 
noted in man in conditions of mild taurine deficiency (Sheikh, 1981).

In addition, anti-oxidant effects of taurine have suggested a 
generalised role against cellular damage from toxic metabolites (Wright 
et al, 1984).
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1.1.4.2 Action of taurine on the CNS

The candidature of taurine for a role as a neurotransmitter in the 
CNS arose following the demonstration of its depressant actions (Curtis 
and Watkins, 1960). However considerable difficulty has been 
encountered in identifying specific pre- and postsynaptic targets.
Thus, in general, taurine may not produce depressant actions by the 
traditional transmitter-receptor mechanism. Taurine does interact with 
neuronal membranes (to produce a hyperpolarisation) and modifies 
membrane permeabilities to K+ and Cl~ ions, thereby tending to increase 
the threshold of nerve excitability (Krajevic, 1974; Gruener et al, 
1976; Nistri and Constanti, 1976; Huxtable, 1981). Taurine also 
interacts with glycine receptors providing an additional complication 
in the interpretation of results.

Various experiments have shown the inhibitory or blocking action 
of taurine in cat spinal cord and at the crayfish neuromuscular 
junction (Kravitz et al, 1963; Curtis et al, 1968). However, the 
effects are not unique. Both y-amino butyric acid (GARA) and glycine, 
for instance, are equipotent in producing inhibitory effects in spinal 
neurones in both mammals and amphibians (Curtis et al, 1961; 1968;
1971; Curtis and Watkins, 1961). Direct application of taurine to rat 
hippocampal slices resulted in an increase in input resistance 
(accompanied by a hyperpolarisation) and inhibition of spontaneously 
occurring action potentials (Wu et al, 1985). Thus taurine may be used 
as a neurotransmitter by some intemeurones making synaptic contacts 
with pyrimidial cells in the mammalian hippocanpus. In the medulla, 
taurine, like GABA and glycine, depresses unit firing and also field 
potentials evoked by orthodromic and antidromic stimulation (Kmjevic 
and Puil, 1976). This action of taurine is blocked by strychnine (a
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glycine receptor antagonist, Werman et al, 1968) but it is not affected 
by bicuculline, which prevents the action of GABA (Haas and Hosle,
1973). Therefore, in the medulla, taurine may be acting by stimulating 
glycine receptors. Taurine also blocks cortical unit firing in the 
cortex of cats and monkeys, albeit with much less potency than GABA, 
but this action can be blocked by strychnine and bicuculline (Curtis et 
al, 1971; Kmjevic and Puil, 1976). Taurine has similar actions in the 
cerebellum and thalamus where its potency is less than that of GABA but 
greater than that of glycine. Again, its action is blocked by both 
strychnine and bicuculline (Curtis and Tebecis, 1972).

In rat cerebral cortex, taurine decreases the depolarisation 
induced release of noradrenaline and acetylcholine, possibly by 
increasing the retention of calcium within the mitochondrion (Kuriyama 
et al, 1978). Similarly, a reduction in the release of GABA from 
guinea-pig cerebellar slices may be mediated by restriction on the 
availability of calcium (Namina et al, 1983). In the superior cervical 
ganglion, taurine prevents the calcium dependent, K+ evoked release of 
acetylcholine (Kuriyama and Yoneda, 1978). Thus it would appear that

2+ 2 
taurine suppresses only Ca +-dependent and Ca +-stimulated release of
various transmitters, in line with the fact that it alters
intracellular concentrations of Ca^+.

1.1.4.3 Actions of taurine in the retina.

In the retina, taurine has depressant effects on the b-wave of the 
ERG (Pasantes-Morales et al, 1972b; 1973b; Bonaventure et al, 1974; 
Urban et al, 1976). In the chicken, an intravitreal injection of 
taurine abolished the b-wave within 45 minutes and recovery to full 
amplitude required 10 hours (Pasantes-Morales et al, 1973b). However,
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such depressant actions of taurine are mimicked by GABA and glycine, 
although with much less potency (Urban et al, 1976). The actions of 
taurine and glycine on the b-wave are antagonized by strychnine whereas 
picrotoxin only abolishes the effects of GABA (Wioland et al, 1973; 
Bonaventure et al, 1974). The above results suggest that part of the 
inhibition exerted by taurine may be mediated by an action on glycine 
receptors. The b-wave of the ERG is generated by changes in membrane 
potential of the Muller cell, mediated by a proximal and a distal 
extracellular increase in K+ concentration (Miller and Dowling, 1970). 
Hie proximal K+ source has been located in the vicinity of amacrine and 
ganglion cells in all vertebrates except the monkey (Dick and Miller, 
1978; Kline et al, 1978; Dick et al, 1985; Heynen and van Norren,
1985). In the rabbit, participation of GABAergic amacrines in the 
generation of the b-wave has been demonstrated (Gottlob et al, 1988). 
The possible involvement of taurine in other b-wave generating elements 
is discussed below.

Apart from the inhibitory effects on the b-wave of the ERG, 
taurine also modulates the proximal negative (PNR), ON-centre and 
QFF-centre ganglion cell (ON-GC and OFF-GC) responses of rabbit retina 
(Cunningham and Miller, 1976). The PNR is a transient negative response 
evoked at onset and offset of a focal light stimulus and is thought to 
be due to amacrine cell activity (Burkhardt, 1979). Taurine does not 
affect intracellularly recorded responses from horizontal cells (HC) in 
the rabbit retina. It does inhibit spontaneous ganglion cell activity 
in both ON and OFF centre cells. In general, the two types of ganglion 
cell responses are mediated by two types of bipolar cells, ON 
(depolarizing in light) and OFF (hyperpolarizing in light). Their 
activities are modulated by horizontal cells. As horizontal cells are 
unaffected by taurine, the inhibitory effects in rabbit must be exerted
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between horizontal and ganglion cells or directly on ganglion cells.
The effect on the PNR suggests that taurine affects hyperpolarizing 
bipolar cells responsible for the OFF response. Cunningham and Miller 
(1976) suggest that taurine may, like glycine, function as a 
transmitter in an amacrine cell making synaptic contacts with 
hyperpolarizing bipolar and ganglion cells. It has also been shown 
that, in the cat retina, the taurine accumulating amacrines comprise a 
different sub-population to glycine accumulating amacrines. 
Morphologically, they may be separated on the basis of size, nuclear 
appearance and dendritic pattern (Pourcho, 1981).

If taurine functions as a neurotransmitter, then depolarizing
stimuli should elicit its release. Exposure of the rabbit retina to
high K+ in the presence of calcium resulted in the release of

2 2+principally taurine and glycine. Substitution of Co + for Ca + 
abolished the K+ evoked release of taurine (Su et al, 1983). In the 
chicken retina, however, the release of glycine and GABA was 
considerably higher than taurine. Also the K+ evoked release of GABA 
and glycine was Ca^+ dependent unlike that for taurine. Similar results 
were obtained from synaptosomal preparations (Lopez-Colane et al, 1978; 
Pasantes-Morales et al, 1978).

Ihe possible intra-retinal sites for taurine release have also 
been studied. In chicken retinas, high K+ stimulation causes release of 
both GABA and taurine. Following monosodium glutamate (MSG) treatment 
(to destroy the inner retina), the K+ stimulated release of GABA was 
abolished, thereby localising GABA release to inner retinal neurones, a 
finding consistent with the release of GABA from conventional retinal 
synaptosanes (Redbum, 1977; Lopez-Colane et al, 1978). Taurine release 
was unaffected by the MSG treatment and was only slightly reduced by 
iodoacetate (which destroys photoreceptors), suggesting that glial
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cells contained the main 1 releasable1 pool.
In all the studies cited above, modulation of taurine release was 

assessed following onset of K+ stimulation. In contrast, however, Smith 
and Pycock (1982) found that 50 mM KC1 caused the immediate release of 
GABA but not taurine from the rat retina and that a massive and dose 
dependent taurine release occurred at cessation of the depolarizing 
stimulus. This 'OFF1 effect was calcium independent and the authors 
therefore suggested the presence of two different functional sites for 
the release of taurine: one Ca^+ dependent and the other Ca^+ 
independent.

Thus, depolarizing experiments have delineated at least two sites 
for taurine release in the retina. The first is calcium dependent and 
linked primarily with glial cells whilst the second may be associated 
with synapses within the inner retina, is calcium independent and is 
generated by neurones returning to their resting, hyperpolarized state.

Photic stimulation of the retinas from several species causes the 
release of various neuroactive compounds including taurine, glycine and 
dopamine (Kramer, 1971; Pasantes-Morales et al, 1973a; Ehinger and 
Lindberg, 1974; Voaden, 1974; Neal et al, 1979). This release is 
unaltered in retinas treated with MSG and thus the site of taurine 
release would apear to be the photoreceptor cell (Pasantes-Morales et 
al, 1981a). Light stimulated release of taurine has also been 
demonstrated in isolated frog rod outer segments (KOS) (Salceda et al,
1977).

In the cat retina, light stimulated release of taurine is followed 
by rapid re-uptake (Schmidt, 1978). During light onset and concomitant 
with an increase in sodium, there is a fall in potassium concentration 
around photoreceptor inner and outer segments (Oakely and Green, 1976; 
Steinberg et al, 1979). Considering the sodium dependent transport of



taurine into the retina, the fall in extracellular potassium is likely 
to stimulate the reuptake process,

1,1.4.4 Mairmalian taurine deficiency.

Cats are dependent on dietary taurine since endogenous synthesis 
is inadequate to meet demands for bile acid conjugation and the 
metabolic requirements of muscle and CNS (Rabin et al, 1976; Knopf et 
al, 1978). Photoreceptor cells are particularly susceptible to taurine 
deficiency and a diet lacking in the amino acid causes tissue depletion 
with progressive reduction in ERG amplitudes and severe photoreceptor 
degeneration (Rabin et al, 1973; Hayes et al, 1975a,b; Berson et al, 
1976; Schmidt et al, 1976; 1977; Knopf et al, 1978).

Cone photoreceptor cells are the first to show signs of 
abnormality and are also less capable of recovery following return to a 
taurine supplemented diet (Hayes et al, 1975b). Thus in the early 
stages, when rod implicit times are normal, cone ERG's show both 
lowered amplitudes and delays in a and b-wave implicit times. As the 
degeneration advances, the rod dark adapted response-intensity profile 
becomes abnormal together with delayed implicit times. The changes in 
the scotopic ERG are a generalised feature of human retinitis 
pigmentosa but the degree of photopic involvement is variable being 
highly dependent on type of RP (Berson et al, 1969a,b; Berson and 
Kanters, 1970; Gouras, 1970).

During the early stages of the deficiency, when retinal taurine is 
reduced by 70-80%, retinal ENA, protein and fundoscopic appearance 
remain normal (West-Hyde, 1984; Schmidt et al, 1976; 1977). The early 
receptor potential (ERP) is also normal in amplitude at a time when the 
ERG a and b-waves are barely detectable. The normality of the ERP
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indicates that over 90% of photoreceptor outer segments are still 
present although functionally decoupled. Progression of the disease 
culminates in shortening and disappearance of outer segments followed 
by loss of photoreceptor nuclei (West-Hyde, 1984).

iKittens are much more susceptible to taurine deficiency and in 
addition showed abnormal cerebellar development. Normal functional 
development of the visual cortex requires input from the retina and any 
visual handicaps at an early age, such as blurred vision, will 
irreversibly alter functions such as acuity and contrast sensitivity 
(Barlow, 1975; Neuringer et al, 1985). In addition, brain development 
per se requires stabilisation of electrical properties of axons until 
formation of synaptic contacts has been completed (Sturman and Gaull, 
1975; Sturman and Hayes, 1980). Taurine is transported in mammalian 
optic axons at high rates bound to carrier proteins and the transport 
process is relatively high during the major period of synaptic 
formation (Ingoglia et al, 1978; Politis and Ingoglia, 1979).
Therefore, disturbances in taurine availability will be deleterious to 
visual cortex development.

The feeding of low taurine diets to young rhesus monkeys also 
induces lowered plasma taurine levels, abnormal ERG's and a retinal 
degeneration of a much milder form than that seen in the cat (Hayes et 
al, 1980). Unlike cats, however, cone degeneration was observed in 
monkeys in the presence of fairly mild plasma taurine depletion 
(Neuringer et al, 1985). In this species also, the young infants were 
more susceptible to taurine deficiency (Neuringer et al, 1985). In 
human infants, the retinas are even less well developed at birth than 
in monkeys, and, therefore, are likely to be more susceptible to 
taurine deficiency (Hendrickson and Kupfer, 1976; Abramov et al, 1982).

In human infants (average age, 2years), pathologically induced
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reductions in plasma taurine are associated with abnormalities of the 
ERG (Geggel et al, 1982a,b; 1985). Normal human infants showed a 50% 
drop in plasma taurine levels when fed artificial formulas based on 
cows milk, which contains very little taurine (Raiha et al, 1975; Gaull 
et al, 1977; Jarvenpaa et al, 1982). Such a drop was sufficient to
alter b-wave amplitudes and implicit times in rhesus infants (Sturman
et al, 1984; Neuringer et al, 1985). In the study of Geggel and
coworkers (1982a,b), 8 patients with non-functioning bowels or
extensive bowel resection were placed on home total parenteral 
nutrition (TPN) for an average of 2.3 years. Of the 8 patients, six 
were children with an average age of 2 years. Five of the six had 
minimal food intake and their taurine levels were decreased to about 17 
juM compared to controls of 58 ± 19 juM. Although four showed diffuse 
mild granularity of the RPE and retina, all showed prolonged rod b-wave 
implicit times. The adult patients showed no ocular changes even though 
their plasma taurine levels were reduced. These results again show the 
greater susceptibility of infants to taurine deficiency. Administration 
of 1.5-2.25 g/day taurine (in TPN solution) to three children returned 
their plasma taurine levels and ERG parameters to normal within 5 
months. Although taurine therapy completely reversed the ocular signs 
of the deficiency, long-term damage to the visual centre may have been 
inflicted in that visual input would have been impaired, potentially 
affecting its development.

In rats and mice, tissue taurine depletion has been achieved by 
use of the taurine transport inhibitor, GES. Administration of GES 
causes a rapid depletion of retinal taurine resulting in decreased ERG 
amplitudes and photoreceptor degeneration (Lake, 1982a,b; Parmer et al, 
1982; Pasantes-Morales et al, 1983).

In summary, the results from several species, including man,
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demonstrate the importance of taurine in maintaining normal electrical 
responsiveness and structural integrity of the retina (Berson et al, 
1976; Schmidt et al, 1976).

1.1.4.5 Taurine and calcium interactions.

Taurine inhibits the release of calcium from brain mitochondria
without affecting its uptake, and hence modulates intraneuronal calcium
concentrations and, thereby, transmitter related processes (Kuriyama et

45 2+cil, 1978). Taurine also attenuates the release of Ca from preloaded 
crude synaptosomal particles without affecting the uptake process 
(Kuriyama and Nakagawa, 1979). Thus, in brain, taurine modulates 
intracellular calcium levels and reduces the release of various 
neurotransmitters such as acetylcholine and noradrenaline (Kuriyama et 
al, 1978).

In the retina, taurine appears to alter calcium fluxes in a 
similar manner to its action on brain tissue, but the presence of 
calcium modulated transduction processes and the, as yet undefined, 
capacities and kinetics of the various calcium pools in photoreceptor 
cells, complicates analysis of its effects.

Isolated ROS (dark or light adapted) undergo swelling and 
disorganization with time, even at 4°C. In the presence of a Ca^+-free 
medium, this structural disorganization is severe but can be prevented 
by the addition of taurine (Pasantes-Morales et al, 1983). Neither the 
mechanism of swelling nor the protective action of taurine is 
understood but calcium movements appear to play a vital part. In the 
dark-adapted photoreceptor, most of the calcium is bound to membranes 
and rhodopsin (Torda, 1981; Ungar et al, 1981) and seme is sequestered 
inside outer segment discs. In frog disc membrane preparations, 30mM
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taurine stimulated the uptake of calcium (at a low concentration of 10 
juM) and required the presence of both ATP and bicarbonate ions. ATP may 
be used to drive the Ca^+ pump and/or may be involved in its 
phosphorylation (Kuo and Miki, 1980). Therefore, one mechanism for 
maintaining a low calcium concentration in the ROS cytoplasmic 
compartment is uptake into discs, a process operative in the presence 
of taurine. Obviously, its contribution to the overall mechanisms 
maintaining lew OS calcium requires further investigation. The 
consequences of a taurine deficiency on photoreceptor function can be 
visualised in terms of calcium imbalance and will be discussed later.

In general, taurine increases ATP dependent Ca^+ ion uptake at low 
calcium concentrations (the scenario present in ROS cytoplasm) (Kuo and 
Miki, 1980; Lopez-Colome and Pasantes-Morales, 1981; Lanbardini, 
1983a,b), and decreases ATP-independent taurine uptake at high calcium 
concentrations (Pasantes-Morales et al, 1979; Pasantes-Morales and 
Ordonez, 1982).

Taurine also inhibits the phosphorylation of several rat retinal 
membrane proteins in the MW range 20-40K and this may be the basis for 
its action on ATP dependent calcium uptake. It does not directly affect 
any of the ATPase activities (Lcmbardini, 1985). Again, taurine has 
markedly similar actions on calcium transport in retinal synaptosomes.

1.1.4.6 Taurine and light damage.

Both frog and bovine ROS undergo volume changes during a 
light-dark cycle (Meyer-Schultze et al, 1973; McConell, 1975) and 
taurine may well play a role as an osmotic regulator, similar to its 
action in excitable tissues (Thurston et al, 1980; 1981).

In the presence of HCD^- and an isotonic medium, isolated frog
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ROS undergo structural disruption when exposed to light. Even in the 
dark, there is intrinsic swelling, with the width increasing from 13.2 
to 19.8 pm over a 2 hour incubation period. Illumination causes severe 
disruption with increases in diameter to 29.8 pm (Pasantes-Morales et 
al, 1981b). The swelling is only observed in the presence of 
bicarbonate ions although it is also slightly dependent on NaCl.
Taurine (25mM) suppresses the light induced swelling and disruption of 
ROS and also blocks the concomitant uptake of labelled water and 
bicarbonate. Similar results are obtained with intact retinas. It 
should be noted that GABA and glycine produced actions comparable to 
that of taurine (Pasantes-Morales and Cruz, 1983; 1985).

Prolonged exposure to moderate levels of light has been found to 
cause photoreceptor damage in many species including man, monkeys, 
mice, rats and rabbits (Noell et al, 1966; Kuwabara, 1970; Lawwail et 
al, 1980; Sykes et al, 1981). The early stages are characterized by 
swelling, vesiculation and disorganisation of both rod and cone outer 
segments (Kuwabara and Gorn, 1968).

There is considerable evidence to suggest that the light induced 
retinal damage arises from the production of free radicals. These 
reactive species (such as superoxide) then interact with ROS membrane 
polyunsaturated fatty acids (PUFA's) to produce lipid free-radicals. 
These so-called lipid peroxy radicals are highly toxic and initiate 
chain reactions leading to membrane damage (Fridovich, 1977; Fliesler 
and Anderson, 1983). Fatty acid peroxidation leads to the formation of 
dialdehydes such as malondialdehyde and the presence of these is taken 
as an index of lipid peroxidation. The reduction in docosohexanoic acid 
and the concurrent generation of malondialdehyde have been reported in 
association with light damage in both albino rats and isolated frog ROS 
(Kagan et al, 1973; Wiegand et al, 1983). Taurine prevented both the

27



structural damage and the increase in lipid peroxidation in ROS exposed 
to light. Similarly, albumin (60 jug/ml) also protected ROS disruption 
and suppressed the increase in lipid peroxidation. It is thought that 
albumin binds to detached PUFA's during light exposure and thereby 
arrests the initiation or propagative peroxidative chains 
(Pasantes-Morales and Cruz, 1985).

Membrane damage by peroxidation of long chain PUFA's can also be 
initiated by exposure to ferrous sulphate and is similar to that 
produced by continuous light (Rapp et al, 1982; Wiegand et al, 1982). 
Taurine on its own does not protect against this type of damage but 
with the addition of 100 juM zinc, the degenerative effect is 
considerably delayed. Zinc on its own will not protect either. The 
formation of a taurine-zinc complex has been demonstrated (Barbeau and 
Donaldson, 1974). It may be that zinc, by binding to taurine, is held 
in close proximity to the ROS membrane and is, therefore, in a position 
to rapidly quench peroxidative products. Hypotaurine and albumin are 
also effective against ferrous sulphate induced damage but they do not 
require zinc for their actions (Pasantes-Morales and Cruz, 1985).

1.1.4.7 Taurine as an anti-oxidant.

Taurine is found in high concentrations in tissues liable to 
exposure to highly reactive oxidants. As described above, in the retina 
oxidants arise from photolytic and enzymatic processes. Many other 
examples could be quoted and the following are a selection of these. 
Neutrophils possess high taurine levels and produce oxidants during the 
process of phagocytosis and taurine has taken on the mantle of an 
antioxidant in these cells (Klebanoff and Clark, 1978; Fukada et al, 
1982; Wright et al, 1984). Radiation exposure generates toxic
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oxidizers and taurine is known to protect against the damaging effects 
of such radiation (Dilly, 1972). Taurine is used in tissue culture 
systems to enhance the proliferation, for example, of human 
lymphoblastoid cells (Wright et al, 1984), where it functions by 
diminishing the anti-proliferative effects of oxidative and 
peroxidative products, an action similar to other antioxidants (Barnes 
and Sato, 1980).

Toxic oxidants such as the superoxide radical are rendered 
slightly less reactive by superoxide dismutase, resulting in the 
production of hydrogen peroxide. The is then reduced to water by 
catalase and other specific peroxidases. The myeloperoxidase of 
neutrophils and other tissue peroxidases catalyse the formation of 
hypochlorous acid from hydrogen peroxide and the chloride anion:

n p 2 + cl~ peroxidase ^ H0C1 + h20.
H+

(Weaver et al, 1981; Lampert and Weiss, 1983; Test and Weiss, 1984). 
Hypochlorous acid is a strong oxidizing agent which will oxidize 
carbohydrates, nucleic acids, peptide linkages and amino acids (Thomas, 
1979a). Hypochlorous acid will react primarily with 0C-amino acids to 
form mono or dichloroamines. These are unstable and spontaneously 
deaminate, decarboxylate and dechlorinate to form the respective 
aldehydes which are highly toxic. Non OC-amino acids also react with 
hypochlorous acid to form stable N-chloroamines (Zglicznski et al,
1971). Taurine can be chlorinated by the myeloperoxidase/H202/Cl- 
system to form the stable monochlorotaurine (Zglicznski et al, 1971; 
1977; Thomas, 1979a,b; Weiss et al, 1982; Thomas et al, 1983):

H0C1 + H^-O^-O^-SC^H-- > Cl-NH-O^-O^-SOjH + h2o
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Monochlorotaurine is a less severe oxidant than hypochlorous acid and 
will oxidize sulphahydryls to regenerate taurine:

C1-NH-CH2-CH2-S03H + 2R-SH > R-S-S-R + H+ + Cl + taurine.

The R-SH may be glutathione and hence a cycle is set up whereby 
hypochlorous acid is rendered harmless (Naskalski, 1977; Zglicznski et 
al, 1977). High levels of zinc, however, will chelate the amino group 
of taurine protecting it from chlorination. Taurine can also abstract 
the chlorine from other amino acid N-chloramines producing 
monochlorotaurine. This may be a very important function in preventing 
the formation of toxic aldehydes and also preventing the degradation of 
peptide linkages (Wright et al, 1985).

The above effects of taurine may be important to ocular tissues 
since cultured pigment epithelium cells are known to produce and 
release chloroamines (Wright et al, 1985). Therefore, taurine may 
function as a general detoxifier by eliminating excessive chlorates, 
scavenging chlorine oxidants and rendering harmless various xenobiotics 
(Qnudianughe et al, 1983; Gaull et al, 1985).

1.1.4.8 Other functions of taurine.

Because of its selective concentration in certain tissues, the 
association of taurine with organ specific functions has often been 
considered. The underlying mechanisms whereby taurine exerts its 
influence appear to fall into three broad categories: firstly, 
mobilisation of intracellular calcium (directly or indirectly) as 
indicated by effects on the heart, on secretory processes 
(neurotransmitters and hormones), and perhaps in temperature
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regulation. Secondly, its interaction with the insulin receptor 
potentially gives rise to modulation of a variety of metabolic 
processes. Thirdly, its participation as an anti-oxidant and membrane 
stabiliser, although the latter category is poorly understood.

In the heart, taurine demonstrates antiarrhythmic actions on 
adrenaline or digoxin induced arrhythmias. Taurine appears to regulate 
the transmembrane fluxes of both calcium and potassium (Schaffer et al, 
1980) and may therefore control cardiac arrhythmias by depressing 
hyperirritability due to the loss of potassium (Chazov et al, 1974). 
Similarly, in the genetic cardiomyopathy of hamsters arising from a 
defect in saroolemma1 calcium regulation (Lossnitzer et al, 1972), 
taurine administration suppresses the accumulation of cardiac calcium 
and delays the progression of the disease (McBroom and Welty, 1977; 
Azari et al, 1980). Taurine modulates calcium concentrations by 
shifting the equilibrium of calcium binding to sarcoplasmic membranes 
(Huxtable and Bressler, 1973; Schaffer et al, 1981). It is also 
suggested that the calcium salt of taurine may have a greater affinity 
for intracellular structures (Dolora et al, 1973).

Taurine has also been implicated in certain forms of epilepsy, 
both in animal models and man (Barbeau et al, 1975; VanGelder, 1976;
1978). The concentration of taurine at the epileptic foci is frequently 
lowered and accompanied by abnormalities in glutamic acid metabolism 
(Van Gelder et al, 1972). The anticonvulsive effects of taurine in 
these and other forms of epilepsy, where amino acid imbalances are not 
normally encountered, have been repeatedly demonstrated (Bergamini et 
al, 1974; Mutani et al, 1974; Huxtable and Laird, 1978). Taurine 
appears to exert its actions by decreasing both the intracellular 
calcium level and the basal influx (Molgo et al, 1977; Hue et al,
1978).
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Injection of taurine into the cerebrospinal space in the rat, or 
i.p into mice, causes hypothermia (Sgaragli and Paran, 1972; Hruska et 
al, 1976), GES potentiates the action of taurine on thermoregulation 
by inhibiting the re-uptake process. Due to the interaction of taurine 
with both glycine and GABA receptors, its exact role in 
thermoregulation is not known. However, hypothermogenic effects are 
thought to be mediated by changes in the calcium levels of cells 
involved in the control of temperature (Feldberg et al, 1970; Myers and 
Veale, 1971).

The effect of taurine on carbohydrate metabolism has been known 
for a long time. In animals, an i.p injection of taurine leads to 
increased rates of gluoose clearance and increased hepatic glycogen 
synthesis (Lampson et al, 1983). Taurine injection also attenuates 
serum gluoose levels and prevents the rise in serum insulin following a 
glucose load (Kulakcwski et al, 1985). Competitive binding studies with 
anti-human-insulin-receptor sera have shown that taurine binds to the 
isolated insulin receptor (Kulakowski et al, 1985).
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1.2 KET1N1TJLS PIGMENTOSA.

1.2.1 Introduction.

Inherited retinal disorders leading to photoreceptor degeneration 
comprise the slow and progressive disorders known collectively as 
retinitis pigmentosa (RP), the macular and cone-rod dystrophies, and 
the early onset dysplasias of Lebers amauroses. RP is the major cause 
of inherited blindness in the world with an estimated incidence of 
about 1 in 4250 (Boughman, 1982). The disease has multiple modes of 
inheritance and shows much symptomatic variation. To avoid 
mis-diagnosis, it has been suggested that clinical centres adhere to a 
set of guidelines. These include (1 ) the presence of nightblindness,
(2) midperipheral ring scotoma or contracted visual fields, (3) good 
visual acuity until late in the disease, (4) intraretinal and 
peripheral bone-spicule like pigmentation, (5) narrowed retinal 
arterioles and (6 ) the absence of systemic, metabolic, inflammatory, 
toxic or dietary causes of retinal degeneration (Massof, 1985).

Inheritance analysis, electroretinography, assesment of rod 
relative to cone function and a host of other investigative techniques 
are used for sub-classification of RP. All inheritance patterns, 
namely autosomal dominant (AD), autosomal recessive (AR) and X-linked 
are encountered. Although these groups (particularly AD's) show 
considerable variability in expression of the disease, gross 
generalisations can be made. Thus the mean age of onset of 1 clinical' 
signs in X-linked RP is 9 years, in autosomal recessive, 16 years, and 
in autosomal dominant, 19 years. However, most clinicians and research 
workers suspect changes are present very early on in childhood 
(Boughman, 1982). The mildest form is autosomal dominant with patients
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effectively blind after 60 years of age, autosomal recessive blind by 
45-60 years and X-linked, the most severe, with blindness by 30-45 
years of age (Berson, 1987).

1.2.2 Genetic analysis of RP.

Subclassification of human RP into homogeneous groups is difficult 
because of clinical variability, even among members of an individual 
family. No single clinical test has been able to discriminate amongst 
all types of RP. The mode of genetic inheritance is first evaluated by 
pedigree analysis. Autosomal dominant status is given to families 
showing transmission through two consecutive generations; males and 
females being equally at risk. Unaffected members of the families 
should not transmit the disease to their offspring and where posssible 
there should be evidence of male to male transmission. A problem here 
is reduced penetrance where the disease appears to skip generations 
(Berson et al, 1968; 1969a,b). For autosomal recessive, both parents 
should be normal and at least two female or combination of one male and 
one female child being affected. Parental consanguinity is a strong 
indicator of this condition. X-linked recessive cases are characterised 
by involvement of males only, although there are ocular changes in the 
carrier state females. There is no male to male transmission, but 
fathers must transmit through their daughters. In the present study, 
the X-linked recessives are split into two groups, X-linked hemizygotes 
(affected males) and X-linked heterozygotes (carriers of the gene).

The above scheme only allows for the classification of a Small 
fraction of RP families. On the whole, most cases are simplex 
(sometimes termed sporadic), where only one individual in the family is 
affected. Anywhere from 50% (Fishman, 1978; Jay, 1982) to 65% (Berson
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et al, 1980; Hu, 1982) of RP cases have been designated as simplex, but 
it must be realised that seme of the male simplex could be the X-linked 
form of the disease. Even with multiplex families (two or more affected 
siblings) there are problems of classification because of small family 
size, long generation spans and problems associated with variable 
and/or late stage of onset of symptoms.

The proportion of patients in any of the genetic types depends on 
the classification criteria employed. Thus the number of cases falling 
into the recessive group will depend on whether or not simplex cases 
are included. Of the 13 studies cited by Boughman and coworkers (1985), 
emitting a Swiss one because of high consanguinity in the population, 
the average percentage of dominants was 20.9 +_ 11.5%, X-linked 10.5 _+ 
7.7%, simplex/sporadic 45.5 ± 14.5% and autosomal recessive (including 
only those studies which did not incorporate simplex/sporadic cases), 
23.3 ±_ 9.6%. Overall, the incidence of RP from various studies around 
the world gives a figure of 1 in 4250 (Merin and Auerbach, 1976; 
Boughman et al, 1980; Hu, 1982; Bunker et al, 1984).

There is considerable evidence for heterogeneity within the main 
genetic types but sub-classification is not usually attempted by the 
routine techniques currently available (Armington et al, 1961; Berson 
et al, 1969a,b; Marmor, 1979; Massof and Finkelstein, 1981). However, 
the division of RP into specific entities should beccme more precise 
when DNA markers are identified or linkage sites established. In this 
respect, at least two loci on the X-chromoscme ( Xp11 and Xp21) may be 
involved in X-linked RP (Daiger et al, 1987) and at least two forms of 
AD RP have been localised to chromosome 3 (McWilliam et al, 1989; 
Olsson et al, 1990); one to the rhodopsin gene (Dryja et al, 1990).
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1.2,3 Clinical characteristics of RP.

Although most RP sufferers show symptoms between the ages of 5 arri 
30 years (Boughman, 1982), sane are asymptomatic until their 50's 
(Lyness et al, 1985). The majority of RP patients show some degree of 
retinal vessel narrowing and this is seen most clearly in patients 
lacking the typical bone spicule formation. In general, macular changes 
are restricted to loss of foveal reflexes but epiretinal membrane 
changes are present in almost all advanced cases. There is also 
widespread RPE depigmentation which is highly marked in the late stages 
of the disease. Advanced cases are characterised by intraretinal 
pigment migration and deposition begins 3-5 years after symptomatic 
onset (Newsome, 1988). Optic nerve pallor may be present early in the 
disease and is always present in the later stages. Most patients 
present with night blindness or demonstrate elevated dark-adapted rod 
thresholds as assessed by dark adaptometry. Functional losses, analysed 
by static perimetry usually begin in the equatorial retina spreading 
towards both the periphery and the macula. In general, rod and cone 
amplitudes of the ERG may be absent or reduced; when present, the 
b-wave latency is usually prolonged.

1.2.4 Histopatholoqy of RP.

Most pathogical studies show that rods are affected earlier than 
cones, though it could be argued that cones are more resilient and 
therefore survive longer. Studies of dominant (Meyer et al, 1982), 
X-linked (Berson and Simonoff, 1979), and sporadic (Green, 1985) donor 
eyes all show some preservation of cones, particularly in the foveal
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region, although they usually show shortened and swollen outer 
segments. In one form of advanced AD disease, cones were the only 
remaining photoreceptors (Kolb and Gouras, 1974; Szamier and Berson, 
1977), Only foveal cones showed the presence of outer segments, 
connected to swollen inner segments. Away from the immediate fovea, the 
cone outer segment remnants became degenerate leaving a spherical 
photoreceptor cell. In advanced disease, photoreceptor cells are not 
normally observed outside the macula; rather, proliferated glial tissue 
resides in apposition to the RPE. In other studies of less advanced 
disease (Reme and Young, 1977; Bunt-Milam et al, 1983; Rodrigues et al, 
1985), rod and cone photoreceptor cells were present in the peripheral 
retina but exhibited short outer segments with disorganised disc 
structures. Often, there was a transition zone from the periphery, 
containing photoreceptor cells with inner and outer segments, to the 
bone spicule zone where photoreceptors were missing with glial cells in 
direct contact with the RPE.

The best documentation of the retinal changes occurring in AD RP 
was reported recently for a donor eye from a 17 year old sufferer whose 
family showed reduced penetrance of the disease (Farber et al, 1986). 
Two years previous to his death, rod threshold was approximately 4 log 
units above normal and both his scotopic and photopic ERG's were barely 
recordable. Histology after death showed photoreceptor degeneration 
increasing from the fovea to the equatorial zone, and then decreasing 
towards the periphery. As with previous studies, cones in the foveal 
region had intact but shortened outer segments and the cells themselves 
were less densely packed. Outside the macula, cones and rods were 
altered with loss of OS and IS proceeding towards the central and 
equatorial regions. Photoreceptors were completely absent at the 
periphery of the central and equatorial regions. Towards the peripheral
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retina, increasing numbers of rods and cones were encountered though 
they were never completely normal. An exciting finding was a 40-100 
fold increase in the concentration of cyclic guanosine monophosphate 
(cGMP) in rods devoid of OS. Rods with complete outer segments (though 
few in number) had 2-3 fold higher levels of cGMP (Farber et al, 1986). 
Increased levels of cGMP have been implicated as causative agents in 
the inherited retinal dystrophies of rd mice and Irish setter and 
Collie dogs (Aguirre et al, 1978; Woodford and Fain, 1982).

The presence of lipofuscin in the RPE from donor RP eyes (Kolb and 
Gouras, 1974) suggests that the phagocytotic process is functional to 
some degree in such tissue. 'Pigment migration' into the remaining 
retina may be seen as free granules, melanin granules within Miiller 
cells, melanin granules within invading macrophages, or melanin 
granules within displaced RPE cells. Generally, they are seen clumped 
around atrophic retinal vessels. Changes in the inner retina are, 
again, highly variable. In advanced disease, the retinal architecture 
is unrecognizable as loss of inner retinal neurones is followed by 
glial proliferation. Such neuronal losses are reflected in reduced 
GABAergic and dopaminergic activity (Hollyfield et al, 1984).

1.2.5 Electrophysioloqy.

In earlier studies, retinitis pigmentosa was often associated with 
an extinguished ERG. Indeed, non-detectable ERG's have been reported in 
patients retaining full visual fields (Riggs, 1954; Arden and Fogas, 
1982; Massof et al, 1984). However modern techniques of noise 
suppression and computer averaging delineate some form of electrical 
activity in a fair percentage of patients. As already explained, an 
extinguished ERG does not necessarily imply extinguished photoreceptor
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function. For example, the autosomal dominant degeneration in 
Abyssinian cats is characterised by the absence of an ERG signal at all 
ages (Curtis et al,1987). Nevertheless, in-vitro ERG's are obtained 
quite readily from such tissue and are of sufficient amplitude to 
warrant examination of the aberrant transduction process (Hussain et 
al, 1989a). It is unfortunate that similar studies have not been 
attempted with postmortem donated RP tissue. Recently, it has been 
shown that rhodopsin can be regenerated in normal postmortem human 
retina and electrophysiological activity analysed (Voaden et al, 1989a; 
Huang et al, 1990).

Hie corneal ERG is a massed response, summed from the electrical 
activity of outer and middle layers of the retina and its waveform is 
dominated by post-synaptic activity. Therefore, it is an indirect means 
of studying photoreceptor abnormalities (Arden, 1982). Direct analysis 
of photoreceptor function will become a reality as and when biopsied 
tissue is subjected to regeneration followed by isolation of the 
photoreceptor PIII response. Such techniques are underway for the 
investigation of animal dystrophies (Hussain et al, 1989a).

Reduced ERG amplitudes have been reported in RP patients of all 
ages (Berson et al, 1968; 1969a,b; Berson and Kanters, 1970). The log 
Vtoax ie., the maximum b-wave voltage at saturation, has always been 
found to be reduced and Birch and Sandberg (1987) have demonstrated a 
strong correlation between log Vtnax and log visual field area following 
isolation of rod function. It is surprising, therefore, that 
non-reoordable ERG's have been reported in patients retaining full 
visual fields. In such circumstances, the reduced amplitude cannot be 
simply due to photoreceptor loss or degeneration and perhaps reflects 
abnormal current flow pathways in the retina.

In the initial stages of degeneration induced by abnormal
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concentrations of cGMP, vitamin A, interphotoreceptor retinol binding 
protein (IRBP) and taurine, there are reduced b-wave amplitudes despite 
the presence of fairly well preserved photoreceptor morphology (Noell, 
1965; Kemp et al, 1983; Lake, 1989). This suggests that light capture 
by rhodopsin is decoupled from photoreceptor excitation. Interestingly, 
similar observations have been reported in patients of the AD (D-type) 
(see later),(Kemp et al, 1983) and autosomal recessive forms of RP 
(Pearlman and Auerbach, 1981). Later stages are exemplified by gross 
destruction of the retina. In man, ERG studies (especially on biopsied 
retinas) have not been carried out in the early stages of the disease 
and, therefore, the possible involvement of potential pathological 
mechanisms has not been clarified. Certainly, histological studies on 
postmortem eyes have demonstrated shortened rod outer segments (Szamier 
and Berson, 1977) and decreased spatial density (Kolb and Gouras,
1974), factors contributing to decreased amplitudes.

In the classical picture of the RP syndrane, rods are generally 
more affected than cones. Consequently the scotopic ERG is more 
affected than the photopic one and the condition is termed a rod-cone 
degeneration. Night blindness in these patients is assumed to begin at 
birth or early childhood (Heckenlively, 1987) and is generally noticed 
by parents in the first year of life. Often, these patients present 
with a non-recordable scotopic ERG. Cone-rod degeneration on the other 
hand is characterised by progressive field loss with no or fairly late 
onset night blindness. Psychophysically, the rod-cone pattern 
demonstrates diffuse rod loss whereas cone-rod degeneration shows areas 
of preservation of rod and cone function.

Lyness and coworkers (1985) sub-divided their AD RP patients using 
electrophysiological and psychophysical criteria into diffuse 'D' and 
regionalised *R' groups. Loss of rod function was diffuse in the D-type
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and regionalised in the R-type. Cone loss was regionalised in both 
groups, Sootopic ERG's were absent in D-type patients and, interestingly, 
night blindness was reported in all these before the age of 10 years. 
Photopic ERG's were slightly reduced in amplitude and about 40% of the 
patients showed a slight increase in b-wave latencies. Regionalised 
patients displayed sootopic ERG's of normal or slightly reduced 
amplitude but the b-wave latencies were considerably prolonged. Mean 
normal latency was 57ms but 40% of the R-type were in the range 70-79ms 
and about 50% over 79ms. The photopic ERG was healthy but slightly 
delayed in half the patients.

Hie dominant type of RP can also be sub-divided into complete or 
incomplete (reduced) penetrance; incomplete is when the disease 'skips' 
generations i.e., it is expressed in a much milder form. The rod ERG's 
in the severely affected patients of the incomplete penetrance group 
are either non-reoordable or, if present, show prolonged b-wave 
implicit times. Gone ERG's in the young patients are of normal or 
reduced amplitude but again express delayed b-wave implicit times.
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1.3 Introduction to the studies undertaken.

The various groups of inherited retinal degenerations commonly 
termed ‘retinitis pigmentosa' appear not to involve extraocular 
expression of the disease process. The pathological mechanisms 
underlying the degenerative processes are also not understood.
Although taurine is concentrated in photoreceptor cells, its role(s) in 
visual system function and maintenance is unknown. However, similar 
electroFhysiological changes to those seen in RP have been observed in 
cats suffering from photooreoeptor degeneration induced by taurine 
deficiency. Therefore, the present study examined the possible 
involvement of taurine in inherited (man and cat) and experimentally 
induced (rat) photoreceptor degenerations. More specifically, the 
objectives were:

(1 ) To assess postmortem survival of taurine transport systems in 
normal baboon and human tissue as an aid in the interpretation of data 
from affected RP donors.

(2) To examine taurine transport systems in retinal and pigment 
epithelial tissue frcm RP donors. Where possible, morphological 
analysis was also undertaken to assess the extent of degeneration.

(3) To examine extraocular taurine transport systems in normal and 
affected human subjects. Donor retinal tissue was often scanty, 
displayed the late stages of the degeneration and was complicated by 
postmortem delays. Accurate assessment of ocular taurine homeostasis 
was, therefore, rather difficult. The platelet contains high affinity 
carriers for the transport of many neuroactive compounds, including
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taurine, and is often considered a model for the central nervous system
(CNS). As it is possible that the same 'carrier' genes express in
platelets as in the CNS, they were examined for taurine transport, A
large number of patients (from various sub-types of RP) were
investigated and results analysed statistically.

(4) To study red blood cell (RBC) osmotic fragilities. The erythrocyte 
and the photoreceptor cell both function under constant threat of 
damage by free radicals. In the retina, free radicals arise from (a) 
rhodopsin bleaching photoproducts, and (b) high oxygen tensions in the 
combined presence of light and unsaturated lipids. In the RBC free 
radicals arise from oxygen and the breakdown products of haemoglobin. 
Taurine may function in both these cell types as a free radical 
scavanger and/or protectant. Thus the likelihood of changes in free 
radical protective mechanisms in affected patients were examined by 
reference to changes in osmotic fragility. Initial pilot studies had 
demonstrated the presence of abnormal red cells in some patients and 
osmotic fragility testing was carried out to exploit this finding.

(5) To study taurine homeostasis in an animal model of RP, namely the 
Abyssinian cat, exemplified by an autosomal dominant early onset 
retinal dysplasia.

(6 ) To assess a possible therapeutic role for taurine in protecting 
against photoreceptor degeneration induced by continuous exposure to 
light.
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CHAPTER 2 METHODS



2.1 Preparation of ocular tissue.

Freshly enucleated eyes from baboons, anaesthetized with 60mg/Kg 
GC -chlorase were stored in the dark, at 4-6°C before use. Eyes from 
Abyssinian cats were obtained following intravenous administration of 
sodium pentobarbitone (Euthesate, Willows Francis). They were also 
stored in a dark container, on ice, until use. Human donor eyes were 
transported to the laboratory under various conditions. Usually, they 
arrived in a light tight container placed in an ice box. Rat eyes were 
obtained following cervical dislocation of the animals.

Primate and cat globes were hemisected just below the ora serrata, 
followed by four cuts from the periphery to the optic disc. This 
produced a Maltese cross which was flattened and the vitreous gently 
removed, working from the periphery inwards. Removal of the optic disc 
produced four quadrants which were then transferred to cold incubation 
medium. A fine pair of forceps was used to hold the RPE-choroid-sclera 
whilst a blunt pair was run along the whole periphery of the quadrant 
loosening the retinal attachment. The freed retina could then be gently 
lifted away from the RPE. Similarly, the RPE-choroid was loosened from 
the sclera and lifted away after cutting the attaching fibres.
Human melanoma eyes were treated slightly differently. The globe was 
opened, the Maltese cross cut and the vitreous removed as described 
previously. Then a 3, 4, or 5mm trephine was used to cut out a button 
of the whole retina-RPE-choroid and sclera. Following transfer to 
incubation medium, the various layers were lifted away. In these eyes, 
care was taken to avoid intrusion into the melanoma region which was 
sent for routine histology. Rat eyes were dissected as previously 
described (Voaden et al, 1984).
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2.2 Retinal incubations.
Krebs' bicarbonate medium (KRB) was used for all the incubations. 

Its composition was (mM): NaCl, 118.5; KC1, 4.8; CaCl^, 1-8; K^PO^, 
1.2; MgSO^, 1.2; NaHCD^, 24.8; glucose, 5.5. The stock bicarbonate and 
then the complete medium were gassed with 5% OC^/ 95% C>2 on ice for 
about 30 minutes giving a final pH of 7.4. The same gas mixture was 
used to flush the surface of the medium during the period of 
incubation. Tissues were preincubated at 37°C for five minutes to 
achieve thermal equilibration and thence transferred to buffer 
containing the radioactive label. Approximately 10mg wet weight of 
retina was incubated in an incubation volume of 5.0 mis.
Radiochemicals were obtained from Amersham International pic:
[1,2-**H]taurine, 10-150mCi/mmol; [2-^H]glycine, 10-30 Ci/nmol; 
[2,3-^H]GABA, 80-110Ci/mmol. Label was added to the buffer at a 
concentration of 0.1 juCi/ml. The amount of unlabelled amino acid added 
was dependent on the experiment and is detailed in the results section. 
Following incubation, the tissue was transferred to ice-cold, 
label-free incubation medium in a petri dish for 2 mins. It was then 
transferred to fresh medium and floated onto hardened Whatman No. 50 
filter paper. Trephines (3 or 5 mm) were then taken and the tissue disc 
dissolved overnight in 0.5 mis 10% Triton X-100. Scintillation fluid 
(5.5 mis) was added to the solubilised tissue in a Packard minivial and 
radioactivity determined on a Packard 3375 liquid scintillation 
spectrophotometer.
Parallel incubations were performed on ice to correct for diffusion. 
With RPE incubations, it was necessary to correct also for quenching of 
the sample by melanin. Occasionally, the trephined tissue was sonicated 
and an aliquot removed for protein estimation; the rest of the sample 
was used to determine radioactivity.
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2.3 Morphology of ocular tissue

In the majority of cases, only retinal histology was assessed. 
Small portions of tissue were fixed for one hour in 0.3M 
glutaraldehyde, buffered with 0.1 M sodium cacodylate containing 1mg/ml 
calcium chloride, final pH 7.4. When further processing had to be 
delayed, the tissue was stored in 0 .1M sodium cacodylate containing 
7.5% sucrose. Hie tissue was post-fixed for one hour in 2% osmium 
tetroxide in 0.2 M sodium cacodylate, dehydrated in a series of 
alcohols, and finally embedded in Epon 812. Thin sections were cut on a 
microtome and stained with 1% toluidine blue for light microscopy.

Glutaraldehyde-fixed RPE was used in the preparation of flat 
mounts. The RPE was carefully freed from the underlying choroid and 
incubated alternatively in 5% potassium permanganate and 5% oxalic acid 
until the melanin pigment was fully bleached. The tissue was then 
stained with 1% aqueous toluidine blue and placed flat on a glass 
slide. A covers lip was placed on top, using glycerol as mountant.

2.4 Platelet taurine transport.

Most of the blood samples were obtained from patients attending 
the Genetic and Electrodiagnostic Clinics at Moorfields Eye hospital. 
Blood (20 mis) was obtained by venepuncture and collected in 0.25% 
potassium EDTA. Samples were then transported to the laboratory, 
incurring delays of about one hour. The blood was subjected to a 300g 
spin at room temperature for a period of 15 minutes and the platelet 
rich plasma (PRP) carefully removed so as not to disturb the white cell 
button at the interface. PRP aliquots (1.0ml) were used directly in the
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determination of taurine uptake by platelets in autologous plasma. For 
uptakes in buffer, a 1.0 ml aliquot was spun in Packard minivials at 
4°C and at a force of 900g for 10 minutes. The tubes were then decanted 
and stood upside down on tissue paper for 30 seconds to drain the 
adhering plasma. The insides of the vials were wiped clean, taking care 
not to disturb the platelet pellet. Platelets were then resuspended in 
Ca^+-free Krebs' bicarbonate medium containing 3.0 mM EDTA by gentle 
swirling; they were never vortexed! Exogenous taurine was added in 
1Opl aliquots giving a final concentration of 1 or 60 pM.

Following a 5 minute preincubation at 37°C, 0.1 pCi of tritiated 
taurine was added in a volume of 10 pi to initiate the accumulation of 
label. After 20 minutes, the incubation was stopped by plunging the 
tubes in ice. A 10pl aliquot of medium was removed before and after the 
incubation and the counts used in determining the tissue to medium,
T/M, ratio for accumulated taurine. The platelets were next centrifuged 
at 1800g for 10 minutes at 4°C. The radioactive medium was drained 
away, the inside of the vials swabbed dry, and the platelets 
resuspended in cold buffer. A second spin was used to obtain the 
platelet pellet which was dissolved in 0.5 mis 10% Triton X-100. The 
radioactivity was determined following addition of the scintillant. Two 
spins were also used to isolate platelets from 1.0 ml PRP for the 
determination of platelet protein.

Platelet wet weights were estimated from the protein values by 
assuming a 10% protein content, and for calculation of T/M ratios; 1.0 
mg wet weight was taken as equivalent to 1.0 p 1 of incubation medium. 
Zero degree incubations were always performed. To compensate for 
diffusion and other anomalies the mean result of these was substracted 
from the uptake at 37°C to obtain the net T/M ratio after 20 minutes of 
incubation.
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2.5 Blood studies.

2.5.1 Platelet counts.

Blood, collected in EDTA tubes, was diluted 1 in 20 in 10g/l 
ammonium oxalate solution. The solution was mixed for 10-15 minutes 
prior to filling an Inproved Neubauer counting chamber. The chamber was 
then stood in a humidified container for 30 minutes to allow platelets 
to settle to the bottom. The central area of the chamber consists of 25 
groups of 16 small squares. Platelets in 4 horizontal rectangles of 1irm 
x 0.05 mm (80 small squares) were counted. Cells touching the top and 
right-hand margins were counted and those touching the bottom and 
left-hand margins were omitted. If the number of cells counted in 80 
small squares, 0.1mm in depth (0.02jj1 in volume) is N, then 
platelet count per pl= N * (1/0.02) * 20 (dilution)

= 1000 * N.

Expressed per litre, this works out to N x 10(9)/L.

2.5.2 Blood films and PCV.

Blood smears were routinely prepared during the earlier part of 
this study. A small drop of blood was placed on a glass slide about 1-2 
an from one edge. A spreading slide was placed at 45 degrees and moved 
back to make contact with the blood. The film was then spread by a 
rapid, smooth forward movement. It was then rapidly air dried. The film 
was fixed in methanol for 10-20 minutes and transferred to a jar 
containing Jenner stain for 4 mins. Jenner stain was used diluted 1:4
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with 0.066M Sorenson's phosphate buffer. The slides were then 
transferred to Giemsa stain (diluted with nine volumes of Sorenson's 
buffer) for 10-15 minutes and then washed in water and allowed to dry. 
Diatex (R.A.Lamb) mountant was used to preserve the slides.

The packed cell volume (PCV) was determined using 10 cm capillary 
tubes and a Hawskley micro haematocrit centrifuge. Blood was taken up 
into these tubes by capillary action, the bottom end sealed and the 
tubes spun at 12,000g for 5 minutes. The lengths of the blood column 
and red cells were measured, allowing calculation of PCV.

2.5.3 Estimation of vitamins A and E.

The vitamins were extracted with hexane and separated by HPLC on a 
MicroPak MCH-N-CAPS, C-18 reverse phase column(4.Orrm x 150mm; 5pm 
particle diameter). The column was pumped with a methanol:water (95:5) 
solvent mixture at a flow rate of 2.0 mis per minute. Vitamin A 
appeared at the detector within 3 minutes and was measured at 325nm; 
the detector wavelength was then set at 290nm for quantification of 
vitamin E. The method is a mcdification of that of Bieri and coworkers 
(1979).

The vitamins were extracted from plasma and a chromatographic run 
performed: peak areas were quantified. Next, standard curves were 
constructed by adding varying amounts of the vitamins to known aliquots 
of plasma and chranatographing the samples under identical conditions 
to that used for the native plasmas. Subtraction of the areas obtained 
in the untreated samples from the treated ones provided the standard 
curve, from which concentrations in the plasma could be calculated. 
Internal standards of 0.8 to 1.2 pig retinyl acetate and 80-100 pig 
tocopherol acetate, each in a volume of 125 pil methanol were placed in
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a tube. A further 125 pi of methanol was added to keep a 
plasma:methanol ratio of 2:3. Plasma (250pl) was then added and 
thoroughly mixed. The vitamins were extracted by addition of 1.5 mis 
hexane and thorough mixing. Tubes were spun and the hexane layer 
recovered and evaporated under a gentle stream of nitrogen. The vitamin 
residue was dissolved in 25 pi diethyl ether with a later addition of 
75pl methanol. Fifty microliters of this preparation was injected onto 
the HELC column.

2.5.4 Estimation of glutathione (GSH).

The reaction of glutathione with 5,5' -dithiobis- (2 nitrobenzoic 
acid) (DTNB) produces a yellow colour which can be quantified 
spectrophotanetrically (Beutler et al, 1963).
Standard reagents were prepared as follows:
(1) Precipitating reagent: metaplhosphoric acid, 1.67g; disodium EDTA, 
0.2g; NaCl, 30g; water to 100 mis.
(2) Disodium hydrogen phosphate, 0. 3M: 107. 5g/L Na2HPO^. 121^0.
(3) EDTA: disodium EDTA, 1g/L.
(4) DTNB reagent: 40 mg of DTNB was dissolved in 100 mis of 10g/L 
sodium citrate.
(5) Glutathione: a set of standards containing 20-70 pg per 2.0 mis of 
water was prepared. The mM extinction coefficient of glutathione
at 412 nm was determined to be 13.6.

Heparinised blood (0.2mls) was lysed with 1.8 mis EDTA solution 
and then 3.0 mis of precipitating reagent added. Following filtration,
2.0 mis of filtrate was added to a mixture of 4 mis disodium hydrogen 
phosphate and 1.0 mis of DTNB reagent. Blanks consisted of 1.2 mis
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precipitating reagent, 0.8 mis EDTA solution, 4 mis disodium hydrogen 
phosphate solution and 1.0 ml DTNB reagent. The resulting colour was 
read at 412 run. The amount of GSH (mg / L red cells) was calculated as:

[Ap - Ag] * (5/2) * (7/0.2) * (307/13.6) * (1/PCV).

where and A^ are absorbance readings of test and blank respectively; 
5= volume of precipitating solution; 2= volume of filtrate; 7= final 
volume; 0.2= volume of blood used; 307 = molecular weight of GSH, and 
13.6= the mM extinction coefficient of GSH at 412 nm.

2.5.5 Osmotic fragility of red blood cells.

Red blood cells were allowed to stand in various hypotonic saline 
solutions for 30 minutes, separated and the supernatant assessed for 
degree of haemolysis.
A stock solution of buffered sodium chloride was prepared as follows: 
NaCl, 90g; Na2HPO^, 13.65g and Na^PO^I^O, 2.43g were dissolved in 
water and the volume adjusted to one litre. Eleven dilutions of this 
stock, equivalent to 9.0, 7.5, 6.5, 6.0, 5.5, 4.5, 4.0, 3.5, 3.0, 2.0 
and 1.0 g/1 NaCl, were kept at 4°C until use.
Heparinized whole blood (50 pi) was added to 5.0 mis of each solution, 
mixed gently by inverting the tubes and allowed to stand at room 
temperature for 30 minutes. The solution was remixed, centrifuged for 5 
minutes at 1200-1500g and the degree of haemolysis obtained by 
measuring the absorbance of the supernatants at 540 nm. Full haemolysis 
was obtained at the lowest NaCl concentration (1.0g/l). The saline 
incubation was used as a blank.
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The typical osmotic fragility curve (obtained by plotting the 
fractional haemolysis against the molar sodium chloride concentration) 
approximates to a sigmoid shape and has often been regarded as the 
cumulative distribution curve of the individual fragilities of the 
blood sample. This concept applies closely within the range 0.1 -0.9 
fractional haemolysis, a stipulation which has been adhered to in the 
present computational analysis described below.

The statistical treatment of the data was initiated by the 
synthesis of theoretical haemolysis curves from the experimental data 
according to equation (1 ):

1

H =   ( D
e P(X - X-50) + ,

where H = fraction of cells haemolysed, X=molar sodium chloride 
concentration, X-50 = mean erythrocyte fragility, and p = mean of the 
breadth of the erythrocyte fragility distribution.
X-50 is the sodium chloride concentration at 50% haemolysis and 
represents the fragility of the greatest number of cells and is 
therefore taken as a measure of the mean erythrocyte fragility.
A linearizing transform, Y, is applied to equation (1) to obtain 
equation (2 ) which permits the application of linear regression 
statistics to characterise the osmotic fragility curve by its mean 
cellular fragility (X-50) and the fragilities 
distribution parameter p.

Y - ln[ (1 - H)/H ] ■ ( P * x)- (P * X-50) (2)
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The constants p and X-50 were found from:

N* £ x *y - ( £x)*( £ y )
(3)

N* £ x 2 - ( ̂ X)

X-50 -
( £ y ) * ( £ x 2 ) - ( £x)*( £x*Y)

n * £ x 2 - ( £x)

(4)

where Y= ln(1-H/H) and N is the number of points (X,Y).
Thus the values of p and X-50 were obtained by the computer analysis of 
equations (2), (3), and (4).
The differentiation of equation (1) with respect to X gives the 
relative number of cells which haemolyse at any given NaCl 
concentration:

dH

dX

pe p(X - X-50)

eP(X - X-50) + 1

(5)

Equation (5) was computer programmed and, by inserting the appropriate 
values for P and X-50 (obtained from Eq. 2,3, and 4), a composite 
haemolysis distribution curve was obtained. Here, X-50 controls the 
position of the distribution maximum of the fragilities.
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2.6 Estimation of retinal DNA.

The assay is based on development of a blue (Dolour following the 
reaction of DNA with diphenylamine (Burton, 1956).
Diphenylamine reagent: 1.5 g diphenylamine was dissolved in 100 mis 
glacial acetic acid and then 1.5 mis concentrated sulphuric acid was 
added. An aliquot (0.1ml) of aqueous acetaldehyde (16 mg/ml) was added 
to every 20 mis of reagent.
DNA standards: highly polymerised calf thymus DNA (BDH) was used as 
standard. A stock solution was prepared by dissolving 0.4mg/ml in 5 mM 
sodium hydroxide. Working standards were obtained by dilution in 6% 
trichloroacetic acid (TCA) followed by heating at 95°C for 15 minutes. 
The working standard range was 0-70 jug DNA/ml.
Retinal trephines were homogenised in 0.5 mis 6% TCA and the pestle was 
washed with a further 0.5 mis 6% TCA. The honogenate was centrifuged at 
2500 g for 5 minutes and washed twice with 1.0 ml 6% TCA. The lipids 
were removed by washing once with 1.0 ml ethanol:diethyl ether (3:1 
v/v) and twice with 1.0 ml diethyl ether. Each wash comprised good 
mixing followed by a centrifugation step. The pellet was resuspended in
1.0 ml 0.3 M NaOH and incubated for 1 hour at 37°C. After incubation,
2.0 mis of ice-cold 50% TCA was added and the mixture stood on ice for 
30 minutes. It was then centrifuged and the RNA-containing supernatant 
discarded. The DNA was brought into solution by heating with 1.0 ml of 
6% TCA at 95°C for 15 minutes. Following centrifugation to precipitate 
the protein, the supernatant (containing the DNA) was removed for 
reaction with diphenylamine. Protein in the pellet was solubilised 
overnight with 0.5 M NaOH and estimated by the technique of Lowry et 
al, (1951).
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ENA was estimated by adding the 1.0 ml extract to 2.0 mis of 
dephenylamine reagent and incubating for 18 hours at 30°C. The 
optical density at 600nm was then measured. The amount of DNA was 
determined with reference to a standard curve prepared at the same 
time.

2.7 HPLC analysis of amino acids.

The concentration of taurine was determined by a combination of 
the methods of Tachiki et al (1977) and Cunico and Schlabach (1983). 
Taurine was separated and quantified by HPLC. A lithium form, MicroPak 
(Varian) amino acid column (15an x 4mm i.d) was used, followed by 
derivatization with o-phthalaldehyde and fluorimetry. The experimental 
requirements are depicted in Fig.2.

2.7.1 Preparation of HPLC reagents.

(1) HPLC buffer 1: 22.37g tri-lithium citrate was dissolved in about 
900 mis water, pH adjusted to 2.75 with 4M HC1 and volume brought to 1 
L.
(2) HPLC buffer 2: 31.96g tri-lithium citrate was dissolved in 1 L of 
water and pH adjusted to 3.6 with 4M HC1.
(3) HPLC buffer 3: 60.44g tri-lithium citrate was dissolved in 1 L of 
water and pH adjusted to 5.3 with 4M HC1.
Brij -35 and sodium octanoate were added to HPLC buffers 1, 2, and 3 at 
a concentration of 0.05% and 0.01% respectively.
(4) Borate buffer (1.0 M), pH 10: 30.9g boric acid was dissolved in 500 
mis water and the pH adjusted to 10 with 4M potassium hydroxide.
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(5) Qrtho-phthalaldehyde (OPA) solution: A stock solution of 1% OPA was 
prepared in methanol. 5.0 mis of this stock was added to 95 mis of 
borate buffer, containing 0.2mls mercaptoethanol and 0.5mls 20% Brij-35 
solution. The solution was mixed and degassed.
2.7.2 Preparation of cation exchange resin.

The resin (Dowex AG 50W-X8), obtained in the hydrogen form, was 
allowed to swell in water for several hours and the fines decanted. It 
was then washed three times alternatively with 1.0 M NaOH and with 1.0 
M HC1. After the last HC1 wash, water was added to remove excess HC1. 
Washes were continued until the pH of the water was near neutrality.
The resin was then washed several times with excess sodium acetate 
buffer, pH 3.55, and packed into a pasteur pipette to a column height 
of 3.0 cm.

2.7.3 Procedures far the estimation of plasma taurine.

An internal standard of 1.0 juCi tritiated taurine in a volume of 
10jul was added to 0.5 mis plasma. Proteins were precipitated by the 
addition of 1.5 mis cold 7.5% TCA solution and the tubes mixed and 
allowed to stand on ice for 30 minutes. The tubes were then spun at 
3000g at 4°C for 15 minutes to pellet the protein and the supernatant 
transferred to a 10 mis tube. TCA in the supernatant fraction was 
removed by three 5.0 mis extractions with aqueous diethyl ether. The 
aqueous extract was then applied to a short, ion exchange column and 
taurine eluted with 2 x 1.0 ml aliquots of sodium acetate buffer, pH 
3.0. Under the conditions employed, the column bound all amino acids, 
and taurine, phosphoethanolamine, and phosphoserine were subsequently 
recovered using a change of pH. A 50 jul aliquot was applied to the HPLC
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column and another 50pl aliquot was counted by liquid scintillation 
spectrometry. Taurine standards in the range 0-50juM were also applied 
to the column to obtain a standard curve.

Calculation:
T&urine content in 50 jal aliquot of sample= x nmol.
Label counted in 50 pi aliquot = y cpm.
Total label added to initial 0.5ml plasma = A cpn.
Therefore, concentration in plasma, (juM) =(A/y)*2x.
A typical sample run is shown in Fig. 3 and a standard run in Fig.4.
The split on the taurine peak is artefactual. It is part of the 
integrator software program informing the operator that maximum height 
had been reached on the chart recorder.

2.7.4 Procedures for the estimation of retinal amino acids.

Retinal trephines or retinal portions were homogenised in 0.5 mis 
75% ethanol and allowed to stand at -20°C for about one hour. Samples 
were then spun at 1 2,000g for 10 minutes and 10 jul of supernatant 
applied directly to the HPLC column. Standard curves were obtained with 
amino acid mixtures containing varying amounts of taurine, cysteic 
acid, aspartate, glutamate, glutamine, GABA and glycine.

2.7.5 HPLC procedures.

The apparatus required for HPLC post column derivatization with 
o-phthalaldehyde has already been shown schematically in Fig.2. The 
column was a Micropak amino acid hydrolysate column, Li+ form, 15an x 
4mm. The amino acids were separated on the column, then mixed with OPA
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at the 'T' junction, passed through the reaction cassette and finally 
detected on a Varian Fluorichrom fluorescence detector with excitation 
wavelength 350nm (Coming 7-54,7-60 filters) and emission wavelength 
450 nm (Corning 3-73, 4-76 filters).

A shortened program was used for the detection of plasma taurine. 
100% buffer A was maintained for 10 minutes followed by 100% buffer C 
for 10 minutes and then back to buffer A to analyse the next sample. 
Under these conditions, the whole procedure was completed in 30 
minutes. For the estimation of retinal amino acids, a much longer 
procedure was employed and is tabulated below:

Notice that the three programs are linked to provide continuous 
elution without the need for operator control.

PROGRAM 1
Tenperature 40 C
Time Event Value
0 RSV AB
0 %B 0
0 Flow 0.3ml
10 %B 0
80 %B 100
80 Prgm 2

PROGRAM 2
Temperature 60 C
Time Event Value
0 RSV BC
0 Flow 0.3
0 %C 0
50 %C 100
120 Prgm 3
PROGRAM 3
Temperature 40 C
Time Event Value
0 RSV AC
0 %C 100
0 Flow 0.3
20 %C 0

All results, including those in tables and graphs, have been presented 
as mean +_ S.D (n); n represents the number of estimations.



CHAPTER 3 RESULTS



3.1 Postmortem survival of ocular tissues in baboon.

3.1.1 Taurine transport by the retina.

Accumulation of taurine by the baboon retina was shown to be 
mediated by a high affinity transport system with the following kinetic 
parameters: Km 50 pM, Vmax 118 pmol taurine transported/ min/ 5nm 
retinal trephine (Fig.5).

Postmortem survival of the carrier was assessed at an 
extracellular substrate concentration of 1 pM taurine. Linearity of 
taurine uptake over the 20 minutes examined was well preserved up to 6 
hours post-enucleation (p.e) for eyes stored at 4°C (Table 1). Longer 
periods of storage resulted in deterioration of carrier function. 
Further observations regarding the loss of uptake and augmenting the 
results of Table 1 over longer periods of storage (monitored over a 10 
minute incubation period) were: 12 hours p.e, 15.6 ± 1.9 (11); 16-18 
hours p.e, 9.3 ± 2.4 (6 ); 18-20 hours p.e, 8.1 _+ 1.5 (6 ); and 24 hours 
p.e, 8.7 +_ 2.0 (44) pmol/ 10 minutes/ 5nm trephine. However, one eye 
stored at 4°C for 47 hours and though showing reduced uptake, did 
maintain linearity of accumulation for 20 minutes: 5 mins, 2.8 +_ 1.2
(6 ); 10 mins, 6.0 + 1.2 (6 ); 20 mins, 13.4 +_ 1.6 (5) pmol/ 5mm 
trephine. This eye was fairly turgid at dissection and emphasises the 
importance of good enucleation procedures with retention of the optic 
stalk so as to maintain the integrity of the globe.
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Fig. 5 Kinetic analysis of taurine uptake by fresh baboon retina 
(0-2 hours p.m).
Kinetics were evaluated using data from four eyes and the 
Lineweaver-Burk plot represents mean +_ S.D.

Km = 50 pM.

Vtaax =118 pmol taurine/min/5 mm trephine.
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The maintenance of transport systems for taurine, GARA and glycine 
were also determined for eyes stored at room temperature. Under these 
conditions, uptake of taurine declined rapidly beyond 6 hours post 
enucleation. However, uptake of GARA and glycine at 12 hours p.e was 
virtually identical to that seen in the fresh retina (Table 1). 
Incubations with GARA were performed in the presence of 100 pM 
amino-oxyacetic acid (AOAA), an inhibitor of alpha-oxoglutarate 
transaminase: this served to block the metabolic destruction of 
accumulated GARA.

3.1.2 Taurine uptake into the RPE-choroidal oomplex.

Studies of taurine transport by the RPE of cat, baboon and man 
utilised the whole RPE-choroid complex during the incubation 
procedures. The relative uptakes by the RPE and choroid could be 
ascertained by gently brushing away the RPE cells and determining the 
residual label remaining in the choroid. Four eyes, between 2-4 hours 
p.e were studied, and it was found that 28 ± 0 .1% of the whole 
RPE-choroidal uptake entered the choroid. The zero degree uptakes 
(reflecting diffusion, non-specific binding, and extracellular 
entrapment of label) constituted 19% of the total RPE-choroid uptake. 
The major portion of this label would have entered the choroid due to 
its sheer 'volume' compared to the RPE (see Fig.9 for relative 
thicknesses of the two tissues). Therefore, the predominant site of 
active taurine accumulation was into RPE cells, the choroid accounting 
for about 10%. In all further experiments, taurine uptake was assessed 
in the whole RPE-choroid oomplex.

3As H-taurine uptakes were not different between 15 minutes and 
one hour of enucleation, they were pooled and designated 'fresh'.
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Accumulation of taurine was linear over the 20 minutes of incubation 
and was both temperature sensitive (Table 2) and sodium dependent 
(Table 3). Kinetic analyses of the uptake by 'fresh' RPE-choroid were 
performed utilising substrate concentrations in the range 1-60 pM 
taurine. Kinetic parameters were evaluated as Km, 35 +_ 10 pM; Vmax, 316 
+_ 41 pmol taurine/ 10 min/ 5mm trephine of RPE-choroid (Fig.6 ). Thus 
the carrier was characterised as an active, high-affinity, 
sodium-dependent transport system.

The postmortem survival of taurine uptake systems in the
3RPE-choroid is depicted in Table 2. Uptake of H-taurine appeared to be 

remarkably resistant to postmortem deterioration. Linearity of uptake 
at 48 hours p.e was virtually identical to that in fresh tissue.
Initial signs of deterioration were observed at 96 hours p.e where the 
rate of in-vitro accumulation began to decline. The sodium dependency 
of the transport (Table 3) was maintained upto 48 hours p.e, but was 
reduced at 96 hours in that as much as 47% of the activity was still 
present at 20 mM extracellular sodium.

Denudement of the RPE from one 96 hours p.e eye left a residual 
uptake of 37 + 16%, 10% higher than that found in fresh eyes.
The affinity of the carrier for taurine was not altered up to 96 hours 
p.e but there was a reduction in the maximum rate of 
transport (Table 4).
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Fig. 6 Lineweaver-Burk plot for the uptake of taurine by the RPE 
of fresh baboon eves (0-2 hours p.m).

Hie data represents combined values from 13 eyes.
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3.2 Ocular transport of amino acids in RP

Donor eyes were obtained predominantly from aged subjects, 
potentially 20-40 years after diagnosis of RP. They were, therefore, 
likely to represent the very late stages of the disease and, as such, 
severe degeneration was present in all eyes. In addition, there were 
extended postmortem delays. Short notes on the clinical condition of 
the donors and the state of the tissue, together with the analyses 
attempted are tabulated in Table 5.

3.2.1 Morphology.

Depending on age of donor, type of RP, history of storage 
conditions and postmortem delay, the underlying pathology can vary from 
areas showing normal structure to total destruction. Morphological 
analyses of eyes showing good preservation of both rod and cone 
photoreceptors (particularly from central and peripheral ocular 
locations) have been published elsewhere (Marshall and Heckenlively, 
1987). In one of the donor eyes, (RP.6 , Table 5), the retina was 
extremely thin and because of the long postmortem delay, was not 
utilised for biochemical study. The degree of degeneration in this 
retina can be judged by examination of Fig.7 which shows considerable 
thinning and total destruction of retinal architecture.
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(a)

(b)

Fig.7 Cross-section of an RP retina showing gross degeneration.
The retina of this donor was very thin and fibrotic. It is reduced to 
one third of the normal thickness and shows complete loss of the 
photoreceptor layer together with inner retinal disorganization. A 
normal eye (b), shows the typical layered nature of the retina. GC: 
ganglion cell layer; INL: inner nuclear layer; ONL: outer nuclear 
layer; IS: inner segments; OS: outer segments. x160.
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The retinal surface morphology of the RP eyes studied was 
characterised by a pigmented mid-zone, the so-called bone-spicular 
region. This zone may be confined to a narrow annulus or may extend to 
cover the whole retina. In the following study, retinal and pigment 
epithelial tissue from the bone-spicular region has been termed 
‘pigmented area (PA)' tissue, the rest being classified as 
1 non-pigmented (NPA)'. Generally, the bone-spicular region in the 
retinal mid-zone was devoid of rod and cone photoreceptors. The 
remaining neural retina (inner retinal layers) appeared normal in most 
eyes but in some the retinal architecture was barely discernable 
(Fig. 8a).

Seme degree of gliosis was always present, irrespective of the 
state of degeneration. Often, the walls of the intra-retinal vessels 
were considerably thickened and sclerotic (Fig.8b) and, in the 
pigmented areas, they were enveloped by several layers of pigment 
containing cells (Fig.8c). Pigment cell migration into the retina was 
generally more pronounced in the PA tissue, with occasional heavy 
accumulation at the junction of the retina and RPE.

Flat preparations of RPE layers from control eyes displayed the 
characteristic monolayered, hexagonal arrangement (Fig.9a). In RP eyes, 
there were usually seme areas demonstrating the normal hexagonal 
arrangement (Fig.9b). In other areas, the cells were abnormal or were 
present in small clusters (Fig.9c). The NPA areas showed continuous 
sheets of cells; other areas showed fibroblastic characteristics ie., 
spindle shaped streaking (Fig.9d). As these areas were often 
multilayered, they failed to demonstrate the classical hexagonal 
arrangement normally observed in flat preparations. The PA regions 
usually showed RPE depletion or formation of patchy RPE islands. The 
transition from a region showing the presence of normal RPE to one of
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Fig.8. Retinal morphology of donated RP tissue.

(a) Transverse section through the bone-spicule region of an eye 
from an 81 year old AD RP sufferer (RP.5).In addition to postmortem 
and fixation artefacts, the remaining retinal mass is totally 
degenerate. Although there is some intra-re tinal pigment migration, 
the majority is deposited primarily at the retina-RPE junction. 
R=retina; CH=choroid. x1200
(b) Cross-section through the non-pigmented retinal region of an 
81 year old AD RP sufferer.
The figure shows the presence of a thick, sclerotic intra-retinal 
blood vessel. x1 200.
(c) Transverse section of an RP retina showing the intra-re tinal 
migration of pigment containing cells.
This section was taken from the bone-spicule area of the retina and 
shows gross destruction of the retinal layers. Intra-re tinal 
migration of pigmented cells is characteristic of this tissue area. 
Ihe thick sclerotic blood vessel is enveloped by pigment containing 
cells. Occasional nuclei also tend to protrude through the outer 
limiting membrane (A). Notice also the extent of gliosis. x1200.
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Fig,9. Morphological analysis of REE from affected eyes.

(a) Flat preparation of normal human RPE-Choroid.
The RPE-choroid was dissected out as for the metabolic experiments 
and a portion fixed in 0.3M glutaraldehyde. After depigmentation 
with cyclic washings in 5% potassium permanganate and 5% oxalic 
acid, the tissue was stained with haematoxylin-eosin and mounted in 
glycerol. The tissue displays the normal hexagonal, mosaic pattern 
typical of RPE cell monolayers. x400.
(b) Flat preparation of RPE from an affected eye.
This preparation is typical of most of the eyes seen; there are 
usually areas showing a normal hexagonal arrangement of cells. x450.
(c) In this preparation, the RPE cells are considerably enlarged 
and the tight hexagonal arrangement is distorted. x450.
(d) This area shows the total absence of the hexagonal 
arrangement and the RPE cells show fibroblastic spindle shape 
proliferation. In cross-section, these areas tend to be 
multilayered. x250.
(e) Section of isolated RPE-choroid from a 74 year old female 
donor of an unclassified form of RP.
(1) shows the presence of a continuous layer of RPE cells, whereas
(2) shews entry into an area devoid of RPE blanketting (arrowed). 
x570.
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depletion is depicted in Fig.9e.

3.2.2 Amino acid uptake by the retina and RPE-choroid oomplex.

Donor human eyes were made available for laboratory investigation 
from 7 hours to 3 days postmortem. Due to the disparity of postmortem 
times and hence the concomitant and variable deterioration on storage, 
the unknown genetic classification and the inherent differences in 
disease progression, all results have been presented on an individual 
basis.

Postmortem survival of normal human tissue was assessed with 
reference to the stability of the taurine carrier(s), employing a 
substrate concentration of 1 pM. Melanoma eyes were the nearest to 
providing 'fresh1 values and, as there was no difference in taurine 
uptake between 1 -3 hours post-enucleation, these values were pooled to 
give a statistical estimate. The eyes were enucleated under general 
anaesthesia and were transported to the laboratory in a light tight 
container on ice. Non-melanoma control eyes were from deceased subjects 
and were enucleated and transported under variable conditions of 
storage.

Accumulation of taurine by the control retina was reduced by 58% 
at 6-8 hours postmortem in marked contrast to baboon retina (Table 6 ) 
(see section 3.1.1).
The protein content of a 5mm disc of normal retina was 388 _+ 31 (15) 
pg. Proteins for RP(1) were 165 ± 8.6 (4); RP(1a) (PA) 190 _+ 30.6 (5), 
(NPA) 193 ± 30.3 (5); and for RP(4), 220 ± 41.8 (6 ). There was, 
therefore, a 50% reduction in protein content of RP tissue. This 
correlated well with the loss of photoreceptors which occupy about 50% 
of the retinal volume. Thus amino acid transport data for RP eyes was,
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3Accumulation of H-taurine 
(pmol/ 10 min/ 5mm trephine)

State P.M time,hrs. Non-pigmented area Pigmented area

Melananaa 1-3 hrs, 4°C 38.4 + 9.3(9) -
Control 6-8 hrs, 4°C 15.9 +_ j -
Control 42-48 hrs, R.T 11.7 + 1.8,-. 

7.7± 0.8<8>
—

RP.1 9 hrs, R.T 1 1 -°(2 ) 9.1 (2 )
RP.1 (a) 40 hrs, 4°C 5.6 +_ 1 *0^ j 3.0 + °.2 (3)
RP.3 11.4 +_
RP.5 9 hrs, 4°C 9.6 jh 2.2^^ 5.0 + 00•

RP.7 2-3 days 8,7 - 1 *1 <n > -
RP.8 10-11 hrs 11.9 + 1-9(10) -
RP.9 24 hrs 16.7 _+ 4.8^j -

All values cure expressed as mean + S.D(n); n is the number of 
estimations.
(a)- 3 eyes were assayed for taurine uptake.
In the majority of cases only one quadrant of the eye was available for 
biochemical investigation.

3TABLE 6 . H-Taurine uptake by retinas from donated RP eyes.
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in general, indicative of inner retinal uptake.
The value of 15.9 + 5 (11) pmol taurine for uptake at 6-8 hours in 

control retina (Table 6 ) represented inner retinal uptake plus a 
contribution from photoreceptor cells. The RP retinae over a postmortem 
period of 9-11 hours (i.e., RP(1a), RP(5) and RP(8 )) possessed a 
substantial capacity for taurine accumulation, considering that it was 
primarily due to activity in the inner retina. However, there was 
reduced uptake in the PA regions of these retinae. This was not the 
result of reduced tissue content as the protein values for both regions 
were the same. Again, the retina of RP(9) (24 hours p.m) indicated a 
normal capability for taurine accumulation by the inner retina.

The kinetic parameters for taurine transport by melanoma retinae 
were evaluated as: Km, 40 pM, Vtoax, 1429 pmol/ 10 mins/ 5mm trephine. 
Taurine transport kinetics of one RP eye examined (RP(1)) gave a 
similar Km (40 juM) but a very reduced Vmax (Table 7). The effect of 
postmortem deterioration on the transport mechanism was illustrated in 
the case of RP(1a). After an additional 31 hours postmortem, the Km was 
unaltered at 50 pM but the Vmax was greatly reduced.

The differences in uptake between the PA and NPA regions were 
explained by the different affinities of the carriers for taurine: the 
Km for the NPA carrier was similar to the melanoma eyes but that from 
the PA was increased two fold to 100 juM (Table 7).

The amino acids GARA and glycine are retinal neurotransmitters and 
their actions are terminated by rapid accumulation via high affinity 
carrier systems. These systems were investigated in normal human 
donated retina, 48 hours postmortem, and in two RP eyes (Table 8 ). 
Postmortem time and storage conditions were not available for RP(3). 
Quantitative analysis of the data in Table 8 was not appropriate due to 
uncertainties of postmortem survival of these systems in human tissue.
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However, uptake capabilities for GARA were certainly present. In RP(3), 
the zero degree incubation accumulated only 6.64 pmoles of GABA 
compared to 56.9 pmoles at 37°C. A generalisation would be that the 
degenerative retina was capable of accumulating both GABA and glycine 
in a manner similar to that in control tissue.

Control human RPE-choroid was assessed regarding stability of 
taurine uptake with postmortem delay. Taurine accumulation was 
maintained at 'fresh' levels over the 48 hours p.m period examined 
(Table 9), and thus a direct comparison could be made with RP tissue.

Reductions in taurine transport were observed in all RP eyes, the 
degree appearing to correspond with stage of degeneration. The NPA 
regions of the RPE-choroid showed a decrease in uptake of 40% in RP(3) 
and a decrease of 86% in the case of RP(6 ). The PA regions were 
severely affected with a reduction in the range of 69% for RP(5) to 97% 
in RP(6 ). The NPA-PA regional differences were always maintained - 
varying from 37% in RP(5) to 79% in RP(6 ) compared to the corresponding 
NPA tissue.

The kinetics of the high affinity carrier from the two regions of 
the RP RPE are depicted in Table 10. RP(1) and RP(8 ) displayed similar 
characteristics but RP(6 ) though possessing a similar Km showed a very 
reduced Vmax for the uptake of taurine. Hence, although the carriers 
were the same in both regions of the RPE, there was a reduction in 
number in the PA region, probably corresponding with loss of RPE cells.
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3Accumulation of H-taurine 
(pmol/ 10 min/ 5mm trephine)

State P.M time,hrs. Non-pigmented area Pigmented area

Control 1 hr, 4°C 13.8 + 1.1 — (6 )
Control 2 hrs, 4°C 8.6 +_ 1 j
Control 4-6 hrs, 4°C 10.6 _+ 1
Control 6-8 hrs, 4°C 8.8 ±
Control 42-48 hrs, R.T 9 3 + 1 4  ^  (15)

RP.1 9 hrs, R.T 3 *8 (2 ) 1 *6 (2 )
RP.2 8-12 hrs 3 ,4 (1 )
RP.3 6.1 + 0 .8 />M —  (4)
HP.4 2.2 _+ 0 .6 ^qj
RP.5 9 hrs, 4°C 5.0 +.1.3^ 3.2 +_ 0.3^j
RP.6 48 hrs 1 -4(2) °-3 ±  (4 )
RP.7 2-3 days 5.6 + 1 .1 ^
RP.8 10-11 hrs 4.3 + 0.5/Cv —  (6 )
RP.9 24 hrs 3.4 ±  ̂ *^(4 ) ^*®(2)

All values are expressed as mean +_ S.D(n); n is the number of 
estimations.
(a)- zero degree uptake was 1.4 _+ 0.1 (10) pmol/5mm trephine.
In the majority of cases only one quadrant of the eye was available for 
biochemical investigation. In HP 4 it was difficult to differentiate 
between NPA and PA areas.

3TABLE 9. H-Taurine uptake by RPE-choroid from donated HP eyes.
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3.3 Platelet taurine transport.

3.3.1 Plasma taurine.

In the taurine deficient cat, plasma levels must fall drastically 
prior to reductions in retinal taurine and the ensuing degeneration. 
Considerable reductions are also required in man and monkeys before the 
onset of electrophysiological changes. Patients with RP, however, did 
not show any reductions in plasma taurine levels (Table 11). On the 
contrary, taurine was raised in autosomal dominant R-type and 
X-heterozygotic patients. Reductions in plasma taurine are not 
absolutely necessary for the development of a retinal taurine 
deficiency. For example, the presence of defective carriers in the 
endothelial, pigment epithelial or photoreceptor cells could produce a 
retinal deficiency without a reduction in plasma taurine.

3.3.2 Platelet taurine transport systems.

Initial pilot experiments had demonstrated taurine uptake (at the 
lowest substrate concentration) to be linear for over 60 minutes, 
sodium and temperature dependent, and also sensitive to thiol binding 
agents such as N-ethyl maleimide.

The amount of taurine transported was assessed following parallel 
incubations at 37°C and 0°C. The zero degree incubation was used to 
assess for diffusion, non-specific binding and extracellular entrapment 
ancmalies. The difference in uptake between the two incubations was 
taken as due to the active carrier.
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Plasma taurine concentration, pM
Control 60.5 + 19.1
X-Hemizygote 59.3 + 18.1(18)
Autosomal dominant D-type 60.8 _+ 22.7^q j
Autosomal dominant R-type 96.3 + 34.8(g)***
X-Heterozygote 78.8 + 38.9(13)*
Multiplex 61.0 ± 25.5^qj

All values are mean + S.D, n represents the number of subjects.
* p<0.05; *** p<0.005. 1 '
3H-taurine (0.1 pCi) was added (as internal standard) to 0.5 mis of 
plasma. The amino acids were extracted with trichloroacetic acid (TCA), 
the TCA removed with diethyl ether, and the aqueous extract applied to a 
cation exchange column, resulting in extraction of taurine, 
phosphoethanolamine and phosphoserine. Taurine was separated and 
quantified by HPLC following pre-column derivitization with 
o-phthalaldehyde.

TAHLE 11. Plasma taurine levels in various genetic forms of
retinitis pigmentosa.
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Kinetic analysis of taurine transport by platelets in Krebs' 
bicarbonate buffer demonstrated two carrier systems with the following 
kinetic parameters: Km  ̂ 8 pM, Vmax^ 25 pmol taurine transported/min/mg 
protein for the one with high affinity and Kn^ 200 pM, Vma^ 143 pmol 
taurine transported/min/mg protein for the lower affinity carrier 
(Fig.10). The transport of taurine by the platelet may thus be 
represented by:

Vtoax.j * [S] Vtoax2 * [S]

Kitl, + [S] Kttl, + [S]
where v is the rate of taurine transport and [S] is the taurine 
concentration.

The two systems were assessed in platelets from patients with RP, 
following incubation in Krebs' buffer at 1 and 60 pM taurine. From the 
above equation, the 1 pM incubation would result in 80% of the 
transport being mediated by the high affinity carrier. At 60 pM 
taurine, 60% of the transport would occur via the low affinity system, 
and this concentration of taurine was also the physiological mean for 
plasma from control subjects. In addition, taurine uptake was also 
assessed in autologous plasma - this accumulation being a function of 
endogenous taurine levels and the presence/absence of factor(s) capable 
of modulating the transport.

Platelets appear to behave differently, depending on the 
composition of the incubation medium. For incubations in Krebs' buffer, 
and using the kinetic constants stated above, it was possible to 
predict the variation of T/M ratio with substrate concentration (Fig. 11 ).
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Fig. 10 Lineweaver-Burk plot for taurine transport by the platelet.

High affinity carrier: Knu , 8 juM; Vmax^,
transported/ min/ mg protein.
Low affinity carrier: Knu, 200 juM; Vtaax~,
transported/ min/ mg protein.

25 pmol taurine 

143 pmol taurine
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Fiq.11. Variation of T/M ratios with substrate concentration.

It is assumed that control platelets, comprising 1 mg protein, are 
to be incubated in varying concentrations of substrate taurine, [S]. 
One mg protein is equivalent to 10 mg wet weight of platelets which 
is roughly equivalent to 10 pi of volume. It is also assumed that 
H-taurine is incorporated into the incubation medium at X cpm/10 pi 
for all substrate concentrations. Using the kinetic constants 
determined earlier for the two platelet transport systems (Fig. 10), 
the amount of taurine (A pmoles) accumulated by the platelets per 
minute for 1 mg protein will be given by:

A=((25*[S])/(8+[S])) + ((143*[S])/(200+[S]))
If [S] is the substrate concentration in pM, then the specific 
activity of taurine in the incubation medium will be:

(X/10 * [S]) cpm/pnol taurine
Therefore, the amount of label entering the tissue over a 20 minute 
period will be:

(20*A/10*[S]) * X cpm

= ((50*X)/(8+[S])) + ((286*X)/(200+[S]))
The amount of label present in the incubation medium of equivalent 
platelet volume (10 pi by definition) is X cpm.
Therefore, the T/M ratio will be:

(50/(8+[S])) + (286/(200+[S]))
This relationship between T/M and substrate concentration is plotted 
(small filled circles). Also plotted are the T/M ratios _+ S.D 
obtained for platelets from control subjects in 1 pM and 60 pM 
taurine incubations, and in autologous plasma (large filled 
circles)•
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T/M ratios obtained at 1 and 60 pM taurine for control subjects appear 
bo follow this theoretical relationship. But the T/M ratios obtained in 
plasma (with a mean taurine concentration of 60 pM) were higher. Hence, 
either factor(s) in plasma stimulate taurine uptake or platelets are 
damaged during the isolation procedure for incubations in Krebs' 
buffer. This damage could release endogenous taurine, diluting the 
label and leading to reduced T/M ratios.

3.3.3 Taurine transport and retinitis pigmentosa.

The results of platelet incubations from patients with retinitis 
pigmentosa are tabulated in Table 12. When platelets were incubated in 
autologous plasma, reduction in uptake of label was demonstrated in 
autosomal dcminant and X-hemizygotic patients. Reduced plasma T/M 
ratios in autosomal dcminant R-type would be expected on the basis of 
an increased plasma taurine concentration (Table 11). Fran the 
theoretical curve of Fig. 11, the T/M ratio at 96.3 pM taurine (the 
plasma concentration in AD R-type) would be reduced by 22% of its value 
at 60 juM. If taurine uptake was normal in these patients, then the 
expected T/M ratio would be 4.4, exactly that observed in Table 12. But 
the problem is more complicated in that the high affinity carrier was 
also shown to be defective (T/M at 1 pM of 5.1 compared to the control 
value of 7.9, p< 0.01).

The reduction in plasma T/M ratios in X-hemizygotic patients is 
much more intriguing since plasma taurine levels and the high and low 
affinity carriers all showed normality. It is possible that unknown 
factor(s) in plasma contributed to the lowered uptake in these 
patients.
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3TABLE 12. H-taurine uptake by platelets from patients with
retinitis pigmentosa.

* p<0.05; ** p<0.01; *** p<0.005
Uptake of H-taurine is expressed as tissue/medium ratio with mean _+ 
SD(n); n represents the number of patients.
1 • Apparently healthy volunteers.
2. Males and/ca: females affected in more than one generation. The 
two subdivisions, namely AD-diffuse and AD-regional are combined 
with unclassified AD patients.
3. Autosomal dcminant but only of the R-type (regionalised retinal 
lesions).
4. Autosomal dominant but only of the D-type (diffuse retinal 
lesions).
5. Family group with autosomal dominant cone-rod dystrophy with 
early loss of central visual acuity.
6 . X-chromosome linked RP; affected males.
7. Female carriers of (6 ).
8 . Sibling(s) express the disease; no other known affected relative.
9. No known relatives with the disease.
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Since these patients also showed a consistent thrombocytopenia 
(Table 13), it is possible that a different population of platelets 
were isolated for study.

Plasma taurine was also raised in X-heterozygotic patients but not 
sufficiently enough to produce statistically significant changes in T/M 
ratios of plasma incubated platelets. However, as with A.D R-type, the 
high affinity carrier also displayed reduced activity.

The low affinity carrier did not show any significant changes in 
any of the patient groups studied.

3.3.4 General platelet screen in R.P.

To augment interpretation of platelet taurine uptake, a general 
screen was carried out as to platelet size and numbers across the R.P 
groupings. The data is presented in Table 13. The most striking feature 
was the consistent thrombocytopenia observed in the X-hemi zygotic group 
of patients. A thrombocytopenia was also seen in the cone-rod dystrophy 
group although the sample size was small.

Increases in platelet protein were observed in the A.D and 
cone-rod dystrophies whereas a decrease was seen in the multiplex group 
of patients. Whether the increase in platelet protein was due to larger 
platelets or plasma protein adsorption requires further investigation. 
The possibility of immunoglobulin adsorption onto the platelet membrane 
is referred to in the Discussion section.
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3.4 Osmotic fragility of red blood cells.

3.4.1 Sex differences in response to osmotic shock.

Erythrocytes from female donors exhibited greater resistance to 
osmotic lysis than cells from the male donor group (Table 14). In 
women, menstrual blood loss is compensated for by injection of greater 
numbers of young cells into the circulation. Therefore, this shift 
towards a greater proportion of younger cells is likely to decrease the 
mean osmotic fragility. This postulate was tested by dividing the 
control data into 'young1 and 'old* donors representing 
'pre-menopausal' and 'post-menopausal' groups (Table 15). However, sex 
differences were still apparent, suggesting intrinsic differences in 
the membrane properties of erythrocytes of male and female subjects.

3.4.2 Age dependence of osmotic fragility.

The correlation coefficients between the osmotic fragility 
parameters (X-50, P ) and age was determined and significance tested 
using Student's t-test (Table 16). A statistically significant positive 
correlation was observed between X-50 and age of donor, i.e. the mean 
osmotic fragility of erythrocytes was shown to increase with age for 
both men and wcmen.

The p-parameter, which is a measure of the red cell fragility 
distribution within an individual sample showed a statistically 
significant negative correlation with ageing of male donors.
A decrease in P broadens the composite haemolysis distribution curve; 
hence there is an increase in the variability of fragilities within the 
individual sample with age - normally translated to an increase in the
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number of distinct erythrocytes recognised by fragility testing.
In older men, therefore, there is a higher proportion of aged 

cells in the circulation, contributing to the shift to higher mean 
osmotic fragilities. Women, however, despite the shift to higher 
fragilities, do not show broadening of the composite curve with ageing. 
These findings are highlighted if the control population is grouped 
into 'young* (15-35 years) and 'older' (>55 years) subjects. The 
relative composite haemolysis curves depicted in Figs. 12 and 13 
emphasise how the differences in the osmotic fragility of red blood 
cells depend on donor age and sex. Possible reasons for these 
observations are explored in the Discussion section.

3.4.3 Osmotic fragility and retinitis pigmentosa.

The osmotic fragility of red blood cells from patients with 
retinitis pigmentosa is shown in Table 17. Patients were compared with 
their respective male or female controls. The ages of the two groups in 
each case were not statistically different and hence corrections for 
the age dependency of the fragility data were not required. Although 
the p-parameter was not altered between the two groups, erythrocytes 
from female patients showed increased susceptibility to osmotic lysis.
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Fig. 12 Differential haemolysis curve for male controls.
Note the shift to higher fragilities and a broadening of the 
fragility distribution.
(— ) 'Young male' RBC; (---- ) 'Old male' RBC.
X-50, p < 0.005; beta, p < 0.05.

Fig. 13 Differential haemolysis curve for female controls.
Although there is a shift to higher fragilities with ageing, there 
is no significant broadening of the fragility distribution, ie., the 
proportion of cellular types remains the same.
( — ) 'Young female' RBC; (---- ) 'Old female' RBC.
X-50, p < 0.01; beta, not significant.
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Group
Mean Osmotic Fragility
X-50 (x10_3MNaCl) Significance

Male Control

Male RP

73.5 + 2.4^36j

73.3 + 2.8,—  (47)

NS

Female control 72.0 _+ 2.6^2)
p< 0.05

Female RP 73.0 + 2.5

All values are expressed as mean ± SD, . where n is the number 
of subjects.
Significance tested using Student's t-test.
RP= retinitis pigmentosa.

TABLE 17. Comparison of erythrocyte osmotic fragility in normal 
subjects and patients with retinitis pigmentosa.
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Analysis of data after classification into the main forms of RP 
showed increased osmotic fragility in patients with the dominantly 
inherited disease that leads to regional degeneration of both rod and 
cone photoreceptors (AD R-type) (Table 18). Fragility was increased in 
both males and females of the group. The p values were not 
significantly different from the control group (control males, 323 +_
60; R-type, 265 +_ 6 8; control females, 317 ± 52; R-type, 301 ± 70).

Interestingly, the autosomal dominant D-type lesion (generalised 
loss of rod function and early onset of night blindness) displayed 
normal fragility. As shown previously, the age of the donor affects the 
mean fragility. Thus, the significantly lower age of the male patients 
in the D-type lesion must be taken into account for a correct 
assessment of the data. An approximate correction can be applied based 
on the increase in X-50 from 26 to 40 years in control males. This 
yields an extrapolated mean fragility of 72 + 4 at 40 years of age for 
patients with the D-type lesion, again not statistically different from 
normal.

Increased fragility was also seen in erythrocytes from females 
with multiplex RP and in carriers of the X-linked form of the disease. 
Beta values were normal both for multiplex females (304 _+ 51) and 
X-linked heterozygotes (324 ± 126).

Plasma levels of vitamins A and E, and red blood cell glutathione 
(GSH), which can directly or indirectly affect osmotic fragilities were 
also found to be normal in the AD (R-type) group of RP (data not 
shown).
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3,5 Photoreceptor dysplasia in the Abyssinian cat.

A photoreceptor dysplasia of unknown aetiology expresses in 
Abyssinian kittens. The condition displays an autosomal dominant mode 
of inheritance and is characterised by dilation of pupils, impairment 
of pupillary light reflexes and nystagmus. In contrast to other animal 
dysplasias, it has been inpossible to elicit a comeal 
electroretinogram from any of the affected kittens (Curtis et al,
1987). The RPE from control and affected kittens in the age range 2-16 
weeks was studied regarding its ability to transport taurine at an 
exogenous concentration of 1 jjM .  In addition, one quadrant of retina 
from a nine week old affected kitten was used for kinetic analysis of 
taurine transport.

Normally, photoreceptor outer segments mature histologically 
between 2-4 weeks after birth and reach the adult functional state by 
six weeks of age (Vogel, 1978; Ikeda and Jacobson, 1982). This stage of 
maturation is presented in Fig. 14a for a six week old control kitten: 
note the clear demarcation of the inner and outer segment layers. The 
corresponding six week old affected retina (Fig. 14b) shows a 
diminished, rudimentary inner segment with the virtual absence of outer 
segment material. It was, therefore, not surprising that 
electrophysiological studies failed to demonstrate the operation of the 
photoreceptor dark current (G.B.Arden, unpublished observations). These 
outer segment-less photoreceptors nevertheless contained 50% of the 
normal cGMP level when dark adapted (Voaden et al, 1987) and, 
intriguingly, this pool was approximately halved when the retina was 
exposed to light. In the studies to be described, the RPE was divided 
into tapetal and non-tapetal areas.
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Fig.14 Retinal section of normal and affected 6 week old Abyssinian
kittens.

The control retina (a) has fully developed with clearly 
demarcated photoreceptor outer and inner segment layers. In this 
particular preparation, the RPE was removed prior to fixation. In 
the affected retina (b), the outer segment layer is very much 
curtailed and only occasionally are short, stubby outgrowths 
encountered. The RPE (arrowed) was not detached from this retina 
prior to fixation for morphology. Retinal thickness is different in 
the two sections as they were obtained frcm different 
circumferential locations.
OS=outer segment layer; ONL=outer nuclear layer; INL=inner nuclear 
layer; GC=ganglion cell layer, x 2000.
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3.5.1 Taurine transport by the retina and RPE.

3Progress curves, for the accumulation of H-taurine at 1 juM 
exogenous concentration, were determined for the retina and the 
RPE-choroidal complex from a nine week old 'dystrophic1 kitten and are

3presented m  Fig.15. For comparison, H-taurine uptake by the RPE of a 
normal 16 week old kitten is also plotted on the same graph. All 
subsequent incubations were restricted to 10 minutes.

3Kinetic constants for H-taurine uptake by the dystrophic retina 
of a nine week old kitten were evaluated over a substrate concentration 
range of 1 to 200 pM taurine (Fig.16). Several incubations were 
performed at one substrate concentration so as to obtain a statistical 
estimate for taurine uptake at that level, thus allowing interpretation 
with a degree of confidence from a rather scarce source of tissue.

3Two carrier systems were identified for the uptake of H-taurine 
by affected retina. The kinetic parameters were evaluated as: Km̂  50 
jjM, V5max.j 67 pmol taurine transported/ min/ 3mm trephine (high 
affinity); Kn^ 208 pM, 288 pmol taurine transported/ min/ 3mn
trephine (low affinity). Similar analyses were carried out for the 
RPE-choroidal complex but over a substrate concentration range of 1 to 
500 juM extracellular taurine (Fig.17). Again, high affinity (Km̂  13 pM, 
Vhiax̂  5.9 pmol/min/3mm trephine) and low affinity (Kn^ 330 pM,
110 pmol/min/3mm trephine) systems were demonstrated. Only three 
trephines were available for the characterisation of the low affinity 
system and thus a statistical analysis is not shown.
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Fig.15. Time course of uptake of taurine by the retina and pigment 
epithelinn of Abyssinian cats affected with a dominantly 

inherited retinal dysplasia.

All values are the mean +_ S.D of an average of 4 estimations per 
point. Only non-tapetal areas were examined.
(# ) retina; (V ) pigment epithelium: 9 week old affected cat.
(O ) pigment epithelium from a 16 week old control cat.
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Fig. 16 Kinetic analysis of taurine transport by affected cat
retina.

The graphs represent Lineweaver-Burk plots of transport data 
obtained from retinas of 9 week old affected kittens.
(a) Substrate concentration was varied from 1 to 10 pM taurine. 
Kinetic constants for the high affinity carrier were: Km^, 50 pM} 
Vtoax., 67 pmol taurine/min/3nnm trephine.
(b) substrate concentration was varied frcm 100 to 200 pM taurine. 
Kinetic constants for the low affinity carrier were: Knu, 208 pMm, 
Vinax^ 288 pmol taurine/min/3nm trephine.
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Fig. 17. Kinetic analysis of taurine transport by the RFE-choroid
from a 9 week old affected kitten.

(a) Substrate concentration was varied from 1 to 30 taurine. 
Kinetic constants for the high affinity carrier were: Km-, 13 yuM; 
Vtoax., 5.9 pmol taurine/min/3nm trephine.
(b) Substrate concentration was varied from 100 to 500 pM taurine. 
Kinetic constants for the low affinity carrier were: Knu, 330 jiM; 
Vfriax̂  110 pmol taurine/min/3rrm trephine.

121



>1■p

30-

20-

n

10-

FIGURE 17(a)
4 6

1 /Substrate, jaM- 1 x10

8
-1

10

CM

•H

1084 2 62 4
1/Substrate, juM-1 x1 0 “ 3FIGURE 17(b).

122



3A summary of H-taurine accumulation by the RPE-choroidal complex 
of normal cats and those with rod dysplasia is shown in Table 19. 
Tapetal and non-tapetal regions have been assessed separately.
Increased uptake into tapetal regions was seen at 5 and 13 weeks of 
birth but returned to normal by 16 weeks. A similar situation appears 
to exist in the non-tapetal regions although a statistical analysis 
was not possible because of insufficient tissue. The tapetum does not 
develop *fully until four-six weeks after birth and hence uptakes prior 
to this age could not be divided into the two regions and are referred 
to as mixed samples. In normal animals, taurine uptake was very high at 
2 weeks, ie. the time when outer and inner segments begin to grow and 
elongate, and subsided to adult levels by 4 weeks after birth, when the 
outer segments had reached maturity. In affected animals, uptake was 
high at two weeks but tended to decline much more slowly. The slow 
decline may reflect continuing attempts by the photoreceptor cells to 
elongate and form their inner and outer segments, perhaps imposing 
greater requirements for taurine via the pigment epithelium over a 
longer period. It is also possible that the shutdown in taurine uptake 
m y  arise frcm maturation of photoreceptors, which in the affected 
kittens, never occurs.
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3.6 Light damage.

3.6.1 Light intensity and photochemical damage.

Albino Wistar rats (150-200g body weight) were exposed to 
fluorescent light in a temperature controlled environment. Prior to the 
experiment, their light histories consisted of a 12 hour light, 12 hour 
dark cycle. The light period provided cage illuminance of about 30 Lux 
from an overhead tungsten filament lamp.
Pilot light-exposure studies had demonstrated a direct relationship 
between loss of retinal DNA and reduction in the thickness of the outer 
nuclear layer. Therefore, retinal DNA levels were used routinely as an 
index of photoreceptor degeneration.

The effect of continuous exposure to light of 1550 Lux on retinal 
DNA and protein content is depicted in Fig.18. Retinal DNA levels began 
to fall after 1-2 days of exposure reaching a plateau at about 4 days. 
Morphological analysis through days 4-6 showed complete absence of the 
photoreceptor layer. The control retinal DNA level was 14.8 +_ 0.4 (54) 
pg per 3 mm disc of retina and that at 4-6 days was 7.1 _+ 0.3 (12). 
Therefore the photoreceptor mass contributed about 50% to total retinal 
DNA. The change in protein concentration per unit retinal area with 
time of light exposure mirrored the DNA curve. Again, 50% of retinal 
protein was contained within the photoreceptor compartment.
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Fiq.18. Effect of continuous light exposure on t±ie retina of the
albino rat.

All values are expressed as the mean + S.D. Albino rats (150-200g 
body weight) were exposed to a fluorescent light source, providing 
an illuminance of 1550 Lux (photopic) at the base of the cage. At 
the stated time, the animals were sacrificed and the retinas 
isolated into cold saline. Each retina was floated onto Whatman 
No. 50 filter paper and 3mm discs trephined out for DNA and protein 
estimation.
( #) DNA; (O) Protein.
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Modulation of cage illuminance altered the degenerative profile 
(Fig.19). Reduction in exposure intensity shifted the ENA curve to the 
right. Hie primary effect of lowering light intensities was to increase 
the time before degeneration set in. Once degeneration commenced, it 
followed a steady rate until the photoreceptor layer was obliterated.

The time required for 50% loss of photoreceptor DNA (t1/2) was 
determined for each level of illuminance from the curves of Fig.19. A 
logarithmic relationship was observed between t(1/2 ) and the level of 
cage illuminance (Fig. 2 0).

3.6.2 Effect of oral taurine administration on photochemical damage.

Current theories of photochemical damage point to the production 
of free radicals as the primary insult. Taurine has often been 
implicated as a free radical scavenger under such conditions.
Therefore, the possibility of this compound also affording protection 
against light induced damage was assessed. The rapid time course of 
Fig.19 (1550 Lux) was employed in these studies. Taurine was 
administered orally in drinking water as a 5% solution. Animals to be 
tested were dosed on taurine 3 days prior to the commencement of the 
experiment and maintained similarly throughout the light exposure 
period. Taurine controls were maintained on the 5% solution for 6 days 
prior to the estimation of retinal DNA and protein.

The results of light exposure on retinal DNA and protein are 
presented in Table 20. Taurine did not appear to protect against DNA or 
protein loss at any of the times tested.
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Fig.19. The effect of light intensity on the time course of DNA loss
from the rat retina.

All values are plotted as mean +_ S.D. Experimental conditions were 
identical to that of Fig, 18. Cage illumination: (•) 1550 photopic 
Lux; (■) 682 photopic Lux; ( O) 145 photopic Lux.
Number of estimations for the 1550 Lux curve: 8-52 trephines per 
point; for the 682 Lux curve: 5 trephines/ point; for the 145 Lux 
curve: 3-5 trephines/ point.
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Fig. 20. Relationship between light intensity and 
photoreceptor loss in albino Wistar rats.

t(1/2) is defined as the time for 50% loss 
of photoreceptor DNA; these values were 
obtained from the curves of Fig. 19.
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3.6.3 Retinal amino acids and photochemical damage.

The rapid time course of Fig. 18 (exposure at 1550 Lux) was 
employed to screen for changes in retinal taurine transport and retinal 
amino acids during exposure.
T&urine transport was assessed during the early period of the exposure 
(0-6 hours), prior to obvious morphological signs of retinal damage.
The status of retinal amino acids on the other hand was assessed at 72 
hours of light exposure - at a time when there was massive 
photoreceptor degeneration. Also, the possibility of taurine 
intervention in modulating these changes was assessed.

Animals were exposed to fluorescent light for 0-6 hours and 
retinae removed rapidly into cold Krebs' medium. Following a 
pre-incubation for 5 minutes at 37°C, they were transferred to KRB

3containing 1 pM H-taurine and incubated for 10 minutes. The resulting 
uptakes are expressed in Table 21. Light exposure had little or no 
effect up to 3 hours of illumination but uptake was significantly 
reduced at 6 hours. Therefore, a disturbance in taurine metabolism 
appears to be an early event in light mediated toxicity of the retina.

Four groups of animals were analysed regarding retinal amino 
acids: controls, controls maintained on oral taurine for 6 days, 72 
hours light exposed, and 72 hours light-exposed animals maintained on 
oral taurine (administration was initiated 3 days prior to light 
exposure). Retinal amino acids were determined by HPLC using 
reverse-phase chromatography. Control levels were designated as 100% 
and results for all other animal groups were calculated as a percentage 
(Table 22).
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Experimental
condition.

Taurine uptake at 1 juM substrate conc. 
(pmol/ 10min/ 3mm trephine).

Light adapted 10.82 +_ 2 '2 0(6 )
Light exposed 1 hour 11.04 ± 2 *1 0(7)
Light exposed 3 hours 11.32 +_ 3 ‘°6 (6 )
Light exposed 6 hours 7.12 2 >4 5(6 )

Values are^expressed as mean ± S.D. .. Retinas were incubated 
with 1 jiM H-taurine in Krebs buffeP for 10 mins at 37°C. They were 
then rinsed in cold Krebs buffer, floated onto filter paper and 
3irm trephines taken for scintillation counting. Light exposed 
retinas were isolated and incubated under normal laboratory 
illumination. Light exposure was performed under an 
illuminance of 1550 photopic Lux.
Pilot experiments had demonstrated linearity of uptake under the 
above conditions for over 20 minutes.
* p< 0.05

TABLE 21. Retinal taurine transport and light damage.
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The predominant peaks of a retinal amino acid chromatogram 
comprise taurine, aspartate, glutamate, glutamine, GABA and glycine. 
Taurine, apart from being a membrane stabiliser, is also a putative 
neurotransmitter. Aspartate, glutamate, GABA and glycine are retinal 
transmitters. Glutamine is an important metabolic substrate for the 
retina. Oysteic acid was also assayed due to its role in the synthesis 
of taurine. Oral taurine administration for 6 days markedly increased 
the concentration of this amino acid in the retina. Its only other 
effect was an unexpected decrease in the level of glutamine.

Animals exposed to continuous fluorescent light for 72 hours were 
characterised by marked alterations of their retinal amino acids. 
Taurine was the only amino acid to be reduced in concentration. Cysteic 
acid, aspartate, glutamine, GABA and glycine showed marked elevation in 
the remaining retina. Glutamate levels were unchanged throughout. 
Exposed animals that had been treated with taurine were markedly 
resilient to some of these changes. Retinal taurine was reduced, but it 
was significantly higher than in untreated animals. Cysteic acid, 
aspartate and GABA levels were maintained at control values. Glutamate, 
glutamine and glycine levels were unaffected by the taurine treatment.
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CHAPTER 4 DISCUSSION



4.1 Ocular transport of taurine.

A systematic study of changes in the retina and pigment epithelium 
during the progressive stages of RP is non-existent due primarily to 
lack of suitable tissue. Most documented studies have been performed on 
eyes from aged donors, showing the end stages of degeneration.

Often, biochemical investigation must be commenced on donor tissue 
without prior knowledge of type of RP, histological status or period of 
postmortem delay. The simultaneous examination of biochemistry and 
histology from a defined geographical location of the globe is vital. 
Suppose, for example, that a biochemical defect had been detected. Was 
it a real abnormality, likely to contribute to the disease process, or 
was it due simply to the loss of a specific cell type? If the latter 
was true, then lack of histology would lead to an erroneous conclusion. 
Ideally, retinal trephines (obtained from a given location of the 
retina) should be bisected following incubation; one half should be 
sent for histology and the other characterised biochemically. This 
would lead to a correct and more informative interpretation of data. 
Such a policy could not be pursued during the course of the present 
study. Instead, random morphological examinations were carried out in 
order to determine if artefacts were present that were likely to 
influence the result of a biochemical investigation.

The primary histological finding in nearly all the cases of RP was 
the presence of seme focal regions showing loss of both rods and cones. 
Retinal surface morphology often showed a bone-spicular region, the 
extent varying between eyes. This mottled appearance arose from 
migration of pigmented cells into the inner retina where they often 
enveloped sclerotic retinal vessels. Advanced cases showed complete 
loss of the photoreceptor layer particularly in the middle
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circumferential belt of the globe. Photoreceptor nuclear remnants were 
displaced elsewhere and inner retinal changes varied from an apparently 
normal appearance to the essentially complete loss of all neurones.
Such losses were compensated for by proliferation of glial tissue. All 
of the changes described above could be encountered in different 
regions of the same eye. Changes in the RPE were also common and 
involved depigmentation, atrophy, degeneration or proliferation. Quite 
often, islands of RPE cells were observed in flat preparations. RPE 
proliferation gave rise to multilayering of cells and surface 
morphology in these regions was characterised by spindle-like RPE 
cells. Changes in tissue mass are an important parameter since the 
present study was carried out on an area basis.

As already stated (section 1.1.4.4), a defect in taurine transport 
by the RPE or retina will prove detrimental to retinal function and 
viability. Before such processes can be evaluated in donor tissue, 
artefactual changes due to postmortem deterioration must be assessed. 
Baboon eyes were utilised for a systematic study but normal human donor 
eyes were also assessed, as and when the opportunity arose.

Endogenous levels of taurine are generally well maintained in 
neuronal tissue after death. In rat brain for example, taurine levels 
did not change over a 48 hour period under storage conditions of 4°C. 
Similarly, human brain levels could be maintained for up to 120 hours 
p.m under simulated mortuary conditions (Perry et al, 1981).

Taurine accumulation in the baboon retina was shown to be mediated 
by a high affinity transport system of Km 50 juM and Vmax 118 pmol/ min/ 
5mm retinal trephine. In eyes stored at 4°C, retinal uptake was stable 
up to 6 hours post-enucleation, thence declining by 19% at 12 hours and 
55% by 24 hours. Eyes stored at room temperature (R.T) were also stable 
up to 6 hours but, thereafter, the uptake declined rapidly by 40 and
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55% at 12 and 24 hours respectively. However, normal human tissue 
appeared to be much more vulnerable to postmortem deterioration.
Taurine uptake was reduced from 38.4 _+ 9.3 (9) (1-3 hours p.m) to 15.9 
+ 4.9 (11 ) pmol/ 10 min/ 5mm trephine at 6-8 hours. By 42-48 hours 
post-enucleation, the uptake had further declined to 11.7 _+ 1.8 (5) and 
7.7 +_ 0.8 (8 ) in the two eyes examined. In contrast, Schmidt and Berson 
(1980) reported the decline in taurine carriers to be rapid in the 
human retina with virtual disappearance by 6 hours postmortem.

The transport of GABA and glycine by baboon retinas (primarily 
into inner retinal neurones) was completely stable up to 12 hours 
post-enucleation when eyes were stored at R.T. whereas by 24 hours, 
uptake had declined by 26 and 58%, respectively (Table 1).

In general, retinas of RP donors showed a 50% reduction in protein 
content per unit area, suggesting loss of the photoreceptor layer which 
occupies about 50% of the retinal volume. The taurine uptake observed 
in such retinae was likely, therefore, to represent inner retinal 
accumulation. As such, RP retinas appeared to possess substantial 
capacity for uptake. The transportation was carried out by a high 
affinity carrier (RP 1: Km, 40 juM), similar to the one in normal 
retinas with photoreceptor cells ( Km, 40 jjM). Although the protein 
content per unit area of NPA and PA regions was similar, taurine 
accumulation showed very marked differences. The carriers in the NPA 
and PA regions appeared to be dissimilar in that the Km for the carrier 
in the PA region was of lower affinity. This would explain the reduced 
uptake observed in this region. The altered Km probably reflected the 
invasion of macrophagic cells derived from the RPE and the circulation.

Schmidt (1980) and Schmidt and Berson (1978) have suggested that 
taurine uptake by rat and cat retinas is mediated by two systems; one 
high affinity and the other a 1 non-saturable1 process. The high
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affinity carrier was also said to be associated with viable 
photoreceptors since photoreceptor less retinas only demonstrated the 
non-saturable uptake (Schmidt and Berson, 1978). However, these authors 
failed to correct for diffusion, non-specific binding or label 
entrapment during their incubations. In the present study, such 
corrections were applied by incorporating a zero degree uptake and, 
under these conditions, the non-saturable mechanism was never observed. 
Omission of this additional check will undoubtedly mask the lowered 
high affinity uptake in photoreceptorless retinas. As shown with 
photoreceptor less human retinas, the high affinity carrier also 
operates in- the inner retina. This is not surprising since accumulation 
of taurine by primate retinas (at low concentration, thereby amplifying 
high affinity carrier activity) showed a photoreceptor-Muller cell 
distribution (section 1.1.3.3).

Uptake of inner retinal transmitters, GABA and glycine, was also 
assessed in one control and two RP donor eyes. Putting aside 
uncertainties of postmortem survival of these carriers, the RP retinae 
certainly appeared to maintain high accumulation rates for these 
neurotransmitters.

3Accumulation of H-taurine by baboon pigment epithelium was highly 
resistant to postmortem deterioration. The active, high affinity, 
sodium dependent system was stable up to 48 hours postmortem with 
deterioration being detected at 96 hours. Initial kinetic analysis, 
carried out over a substrate concentration range of 1-1000 pM detected 
only one carrier system for taurine, and thereafter only 1-60 jaM 
incubations were carried out. The Km of the RPE taurine carrier was 
stable up to 96 hours postmortem and the loss in uptake at this time 
was due to a fall in Vtoax. Changes in Vtoax were probably due to loss of 
RPE cells over such a long holding time.
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Human pigment epithelium was also resistant to deterioration, as 
assessed by the maintenance of taurine uptake for at least 48 hours 
postmortem. The high survival of the taurine carrier in the RPE of both 
baboon and man allowed for a direct comparison with donated RP tissue. 
Taurine transport by 'dystrophic' RPE was reduced in all RP eyes 
examined. Generally, the RPE from the PA regions was much more severely 
affected than that from the NPA region. Irrespective of the net uptake 
in individual eyes, the NPA-PA differences were always apparent.
Kinetic analyses were performed to study the nature of the carriers in 
affected tissue. The taurine carrier in melanoma RPE was characterised 
by a Km of 50 jjM; Km's for 'RP' RPE (both NPA and PA) were 41.2 _+ 10.2 
pM. Therefore the intrinsic carriers were similar in NPA, PA, and 
control RPE tissue. The reason for the NPA-PA differences lay in the 
magnitude of Vtoax. PA tissue displayed a very much reduced Vtoax, 
suggesting either a reduction in the taurine carrier per RPE cell or, 
more likely, a reduced number of RPE cells. Even in the NPA region, RPE 
cells tended to be bigger, as judged from flat preparations, leading to 
a reduced cell density per unit area. It is likely that the reduction 
in RPE cell density was a contributory factor leading to reduced 
uptakes. Also, the reduction in photoreceptor numbers or even their 
total absence would reduce the demand for taurine supplied by the RPE. 
The reduction in RPE uptake may then reflect a compensatory response to 
the reduced retinal requirement.

In summary, RP retinae and RPE possess substantial capacity for 
the accumulation of taurine. The reduction in the uptake of taurine by 
the RPE is the likely result of a reduced number of cells since the Km 
of the carrier was normal. Retinal uptake of taurine requires cautious 
interpretation. Certainly, the uptake in RP tissue (representative 
primarily of inner retinal neurones and glial cells) displayed
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moderately good viability, utilising a similar, if not the same, 
carrier as in normal tissue. Since only one high affinity carrier was 
detected in normal retinas, it was assumed that similar carriers 
operated in both photoreceptor and glial cells (and possibly other 
retinal neurones). Sequence analysis is required to see if they are 
identical. Also more studies are required to assess individual genetic 
forms of RP, particularly X-hemizygotic and AD (R-type) patients, since 
their platelets demonstrated abnormal taurine transport. Finally, the 
exact mechanism by which the RPE mediates transport of blood taurine to 
the retina requires elucidation, and merits further investigation in 
the various forms of RP.

4.2 Blood studies; Platelets.

Degenerative changes in the taurine deficient cat resemble the 
lesions found in the retinas of seme patients with RP. Moreover, 
electroretinographic examination has also suggested similarities 
between the two disease processes. It has, therefore, been suggested 
that abnormalities in taurine availability or utilisation may be 
associated with RP in man (Airaksinen et al, 1980; Voaden, 1982;
Berson, 1987). Taurine transport by blood platelets from RP patients 
was found to be reduced (Airaksinen et al, 1979). If this defect was 
generalised, then the transport of taurine into the retina would indeed 
by compromised, and, if not the primary defect, would definitely 
contribute to the degenerative process.

Three questions should be addressed regarding the possible 
involvement of a retinal taurine 'deficiency' in human RP. Firstly, is 
there a plasma taurine deficiency as occurs in the taurine deficient 
cat prior to retinal depletion? Secondly, are the taurine transport
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systems in the RPE operational in sequestering plasma taurine? Thirdly, 
what is the functional status of taurine transport systems in RP 
photoreceptors? Answers to the second question were provided in the 
previous section where appropriate transport systems were demonstrated 
in RP RPE. Although the third question was also attempted, lack of 
tissue frcm various RP sub-classifications, low survival rates of 
retinal transport systems coupled to long postmortem delays, and 
presence of advanced degeneration limited a thorough analysis. However, 
adoption of the platelet as a model in the study of taurine transport 
potentially circumvents several of the above problems.

4.2.1 Plasna taurine.

Plasma levels of taurine were found to be normal in primarily 
recessive (Berson et al, 1976) and simplex RP patients (Airaksinen et 
al, 1980). Patients of unclassified inheritance patterns fell into two 
groups in the study of Uma et al (1983). The majority displayed normal 
taurine levels with a minority expressing less than 4% of normal. Whole 
blood analysis (representing primarily platelet and leucocyte taurine) 
were normal in recessive and simplex patients but there was an 11% 
reduction in X-hemizygotic patients (Arshinoff et al, 1981). This 
reduction may have been the consequence of the thrombocytopenia found 
in these patients (Table 13).

In the present study, plasma taurine levels were not found to be 
reduced in any of the RP groups (Table 11). On the contrary, plasma 
taurine in AD R-type and X-heterozygotic patients was significantly 
elevated. Thus with the exception of the patients investigated by Uma 
et al (1983), a plasma taurine deficiency does not appear to play a 
role in the forms of human RP studied so far.
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4.2.2 Taurine uptake by platelets.

Blood platelets accumulate many substances which serve as 
transmitters in the nervous system. These include 5-hydroxytryptamine 
(Hardisty and Stacey, 1955), noradrenaline (Bom et al, 1958), dopamine 
(Boullin and O'Brien, 1970; Soloman et al, 1970), glycine and GABA 
(Boullin and Greer, 1972). They also accumulate taurine, using a 
transport system similar to that found in the retina (Schmidt and 
Berson, 1980). For this reason, the platelet has been used as a model 
for synaptoscmes and neuronal tissue in general (Paasonen, 1968; Page, 
1968; Pletcher, 1968).

In the present study, transport of taurine by platelets was found 
to be mediated by two carrier systems with the following kinetic 
parameters: Kni|, 8 juM and Vtoax̂ , 0.025 nmol taurine/ min/ mg protein; 
Kir̂ , 200 jiM and Vimax2 , 0.143 nmol taurine/ min/ mg protein (Fig. 10). 
Others have found a three carrier mechanism with the following Km's:
2.9 juM, 100 pM and 360 pM, but they did not compensate for non-specific 
uptake or entrapment of label (Gautzov and Nauss, 1976; Nauss-Karol and 
VanderWende, 1981). Similarly, a single, temperature and sodium 
dependent system with a Km of 25.4 jjM was described by Ahtee and 
co-workers (1974). They also found abnormal taurine transport when 
platelets were studied in plasma but their methodology is questionable 
and will be discussed later.

Transport of taurine by platelets from RP patients was determined 
at exogenous taurine concentrations of 1 and 60 pM (representing uptake 
by the high and low affinity carriers respectively) and in plasma with 
its own endogenous pool of taurine. As the results of Fig. 11 
demonstrate, platelets in plasma behave differently to those suspended
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in Krebs' medium. The concentration of taurine in control plasma was 
about 60 juM. Therefore, platelets incubated in plasma should have 
achieved similar T/M ratios to those incubated with 60 pM taurine in 
Krebs' buffer. However, they always attained higher values. Three 
mechanisms are worth considering with respect to this anomaly. Firstly, 
binding of taurine to plasma proteins such as albumin may reduce the 
free taurine concentration resulting in higher uptake of label. 
Secondly, it is known that the lipid composition of a membrane affects 
taurine uptake (Balcar et al, 1980) and it could be that isolation of 
platelets from plasma disturbs the lipid exchange between plasma and 
the platelet plasma membrane resulting in decreased uptake in Krebs' 
buffer. Thirdly, on incubation, platelets tend to release taurine into 
solution and thus the reduced accumulation of label observed may have 
been due to the simultaneous release of previously accumulated label.

3For example, platelets preloaded with H-taurine lost 21%, 28%, and 
58% of their label over 20, 60, and 120 minutes of incubation, although 
the endogenous level only decreased by 20% over 120 minutes of 
incubation (Paasonen et al, 1985). Damage and consequent release of 
taurine from platelets should also be considered during their 
preparation. Control platelets contain 23 jig taurine per mg protein and 
this pool has the potential to elevate extracellular taurine 
concentrations to 184 pM (Hussain and Voaden, 1987). Thus incubations 
at '1 pM* are likely to have contained slightly more exogenous taurine. 
There is also the possibility of unknown plasma factor(s) that may 
affect taurine transport.

The uptake of label by platelets in autologous plasma was 
decreased in AD and X-hemizygotic patients. Amongst the AD forms of RP, 
the decrease was significant in the AD R-type sub-group of patients, 
and seemingly could be accounted for by the increased level of plasma
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taurine. However, the activity of the high affinity carrier was also 
reduced (Table 11) suggesting that it was a combination of increased 
plasma taurine and decreased activity of the high affinity carrier, 
that led to the reduced plasma T/M ratios. The D-type AD patients did 
not exhibit any abnormalities of taurine transport and hence the 
reduction in the combined AD group must have been due to the inclusion 
of R-type patients. Plasma taurine levels were also increased in 
X-heterozygotic patients but not sufficiently to statistically alter 
the plasma T/M ratios. Nevertheless, these patients also showed reduced 
activity of the high affinity carrier. Perhaps, the reduced activity of 
the high affinity carrier in AD R-type and X-heterozygotic patients was 
responsible for decreased clearance of plasma taurine leading to higher 
plasma levels. If this was established, then the consequences for 
transport into the retina and the relationship to retinal degeneration 
would require urgent attention. Alterations in taurine homeostasis, 
observed in X-heterozygotic patients, were not apparent in the 
X-hemizygotes and yet taurine uptake by platelets in autologous plasma 
was reduced. Perhaps the thrombocytopenia observed in these patients 
relates, in a way not yet understood, to the reduced uptake of taurine 
in plasma incubations.

Contrary to the above results, Airaksinen et al (1979, 1981 ) have 
reported a reduction of 20-30% in taurine uptake by platelets from a 
predominantly simplex group of RP patients. Their kinetic studies 
showed an unaltered Km but a decrease in Vtoax from 166 to 132

g
rmol/min/10 platelets. The concentration of plasma taurine was not 
determined for the control and simplex patients so that the differences 
obtained could well reflect differences in plasma taurine levels. Also, 
they performed their kinetic analyses in plasma; unless they dialysed 
out the plasma pool of taurine (which they do not appear to have done)
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then the kinetics are misleading. In addition, if their taurine uptake 
data for 11 controls, given in Airaksinen et al (1981) is plotted 
against the results for RP simplex patients quoted by Airaksinen et al
(1979), there does not appear to be any reduction in taurine uptake.

Whole blood platelet counts and platelet proteins were also 
determined in the various groups of RP studied here (Table 13). A 
consistent thrombocytopenia was found in X-hemi zygotic patients. This 
decreased number of platelets would lead to reduced whole blood taurine 
as was found in the studies of Arshinoff and co-workers (1981). Five 
patients of the cone-rod dystrophy group, and the AD patients, had 
considerably larger platelets as assessed by protein content (Table 
13). It is emphasised, however, that the increased protein could be due 
to increased adsorption of blood proteins onto the platelet membrane 
(Beztrovnaja et al, 1980; Mueller-Eckhardt et al, 1980).

In summary, a plasma taurine deficiency has not been found in any 
of the RP groups studied here. On the contrary, an increase was 
observed in AD R-type and X-heterozygotic patients.

Platelet taurine uptake (when assessed in autologous plasma) was 
reduced in AD R-type and X-hemi zygotic patients. The reduction in AD 
R-type may be due to a combination of high plasma taurine levels and 
the lowered activity of the high affinity taurine carrier. If such high 
affinity carriers were also defective in peripheral tissues in general, 
the net result would be reduced clearance from plasma, leading to 
higher plasma levels for this amino acid. As such, AD R-type and 
X-heterozygotic patients show both reduced high affinity carrier 
activity and elevated levels of plasma taurine. Extrapolation of this 
scenario to ocular tissues would suggest susceptibility to retinal 
degeneration.
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Changes in the saturation of phospholipid fatty acids are kncwn to 
affect the transmembrane transport of taurine (Balcar et al, 1980;
Yorek et al, 1984). Plasma levels of dooosahexanoic acid (DHA) were 
reduced in seme AD and X-hemizygotic patients (Anderson et al, 1987; 
Converse et al, 1987; Voaden et al, 1989b). In addition, the AD R-type 
patients were also hypercholesterolemic (Voaden et al, 1989b). An 
increase in plasma cholesterol will shift the equilibrium towards 
greater incorporation into platelet plasma membranes. The changes in 
plasma DHA and cholesterol may be mirrored by the platelet membranes of 
AD R-type patients, thereby lowering membrane fluidity and affecting 
the activity of the high affinity taurine carrier. Since the reduction 
in platelet taurine uptake from autologous plasma in X-hemizygotic 
patients occurs without changes in plasma taurine or activities of the 
taurine carriers, the possible involvement of unknown modulating 
factors in plasma should be considered. Also, the cause of the 
persistent thrombocytopenia in these patients needs clarification since 
it may well affect activity of the remaining platelets.

4.3. Blood studies: Erythrocyte osmotic fragility.

Changes in platelet taurine uptake were found in RP patients of 
the X-hemi zygote and AD R-type groups when studied in their own plasma 
(previous section). The possibility of an interaction between plasma 
constituents and the platelet membrane was considered. As already 
explained, the unsaturated fatty acids in membrane phospholipids play 
a contributory role in maintaining integrity of the taurine carrier 
(Balcar et al, 1980; Yorek et al, 1984). In turn, other membrane 
constituents such as cholesterol and vitamin E modulate membrane 
fluidity.
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In the erythrocyte, it has been shown that lipid composition and 
lipid-protein interactions are important factors in determining 
fluidity. An increase in the degree of unsaturation of phospholipid 
(PL) fatty acids increases lipid fluidity, whereas increases in the 
sphingomyelin:phosphatidyl choline (SM:PC) and cholesterol:phospholipid 
ratios decreases lipid fluidity (Cooper et al, 1977). In this respect, 
the outer segment membranes of photoreceptors contain high 
concentrations of unsaturated fatty acids and maintain high membrane 
fluidity (Fliesler and Anderson, 1983). This is a crucial requirement, 
enabling activated rhodopsin to interact with as many G-protein 
molecules as possible to initiate the cascade of visual excitation. 
Membraneous structures are influenced by their surrounding media. For 
example, circulating lipoproteins alter the lipid composition of 
erythrocyte membranes and hence affect their function. Similarly, 
increased dietary intake of cholesterol in rabbits results in an 
increased C:EL ratio in the RBC membranes, leading to reduced fluidity 
(Cooper et al, 1977; Owen et al, 1984). Plasma lipid abnormalities have 
been detected in RP (Krachmer et al, 1966; Converse et al, 1983a,b; 
1985; 1987; Jahn et al, 1984). Plasma DHA levels were reduced in seme 
patients with AD and X-linked RP (Anderson et al, 1987; Converse et al, 
1987; Voaden et al, 1989b). Other lipid abnormalities include 
increases in cholesterol and low density lipoproteins (Converse et al, 
1989; Voaden et al, 1989b).

Platelets are short lived in blood (half-life of 9-11 days) and, 
if membrane defects are to be studied in a peripheral tissue, then a 
long-lived cell type is preferable so as to allow it time to amplify 
the effects of subtle changes in membrane composition. The present 
study has, therefore, utilised red blood cells (RBCs) and concentrated 
on osmotic fragility, as this parameter is influenced by changes in
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membrane fluidity (Cooper et al, 1978). Additionally, during the 
preliminary stages of the platelet studies, a routine blood film 
examination showed the presence of crenated red cells in some RP 
bloods. Such cells normally arise in control blood if ATP levels are 
allowed to fall during storage. Crenations appear on the surface, and 
the cell then gradually loses its discoid shape and becomes spherical, 
though still crenated. The crenations elongate and separate leaving a 
spherocyte. Presence of such echinocytes in a blood sample can be 
detected by osmotic fragility testing. Such cells can also be generated 
by increasing the cholesterol content of the membrane (Lange et al, 
1980).

Alterations in membrane fluidity can also arise through membrane 
damage caused by free radical mechanisms. In this respect, both 
erythrocytes and photoreceptors are exposed to similar stressful 
insults. In erythrocytes, free radicals may arise from breakdown 
products of haemoglobin (Paynter and Martin, 1980) whilst in 
photoreceptors they arise from a) by-products following absorption of 
light by rhodopsin and b) the high oxygen concentration in the presence 
of light and unsaturated fatty acids. Vitamin E is a major free radical 
scavenger and protectant for both systems (Kagan et al, 1979; Paynter 
and Martin, 1980) and lack of vitamin E will lead to photoreceptor 
degeneration (Robinson et al, 1982) and an increase in erythrocyte 
fragility (Shapiro and Mott, 1982).

Early in the study it was obvious that apart from age, osmotic 
fragility was also affected by the sex of the subjects. Therefore, an 
extensive survey was carried out to define these relationships so as to 
compare data from RP patients.
Mean osmotic fragility (X-50) of red blood cells obtained from control 
subjects was lower in females (examined in the age range of 15-78
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years), i.e cells from female donors were more resistant to osmotic 
lysis. Also, as previously reported by Bawdier and workers (1981) for 
all male, and by Detraglia and workers (1974) for mixed populations, 
there was a statistically significant positive correlation between X-50 
and age of the donor.

The differential haemolysis curves of Figs 12 and 13 are quite 
broad. They represent red cell population distributions according to 
age of individual cells. The cell population is also highly mobile with 
a life-span of about 120 days. New cells are released into the 
circulation continuously and old cells are sequestered and destroyed by 
the spleen. Young cells possess a high surface area (SA) to volume 
ratio and are readily deformed enabling them to pass easily through the 
tortuous microcirculation. Therefore, they are highly resistant to 
osmotic shock as they can take in water and expand to a larger 
spherical volume. Ageing of cells results in loss of membrane fragments 
and water, leading to a decrease in volume and increase in density. 
Their SA/volume ratio also decreases, leading to a higher fragility. 
Membrane deformability also depends upon cellular morphology, 
mechanical properties of the cell membrane and viscosity of cellular 
elements. These, in turn, are dependent on the degree of free radical 
damage inflicted during the life-span of the cell (Linderkamp and 
Messelman, 1982). Ageing also results in a decrease in the activity of 
various cellular enzymes and alterations in membrane sugar residues 
(Platt and Norwig, 1980). With ageing of male donors, therefore, the 
broadening of the cell distribution curve suggests that the scavenging 
of old cells is not as good, resulting in a wider spectrum of cell 
fragilities. This also provides an explanation for the increased 
fragility with ageing of donor in that a larger percentage of the cells 
are older. The sex difference in erythrocyte osmotic fragilities in
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young men and women may be due to several causes. Firstly, there may be 
intrinsic differences in membrane lipid composition of red cells 
between the sexes. Secondly, loss of menstrual blood in women is likely 
to stimulate a greater entry of newly formed red blood cells into the 
circulation, thereby shifting the curve towards lower fragilities. 
However, the erythrocyte osmotic fragility in post-menapausal women is 
still less than that of men of a comparable age. Thirdly, plasma 
factors may modulate RBC fragilities differently in men and women and, 
in this connection, hormonal interplay is likely to be a predominant 
mechanism, as yet barely investigated in man. Evidence is emerging, 
however, from studies on lower order species. For example, RBC's from 
male chickens are more susceptible to lysis than those from female 
birds (March et al, 1966) and administration of diethylstilbesterol to 
immature male chickens increases resistance to osmotic lysis.

Differential haemolysis curves for older men demonstrate a 
broadening of fragilities, perhaps for the reasons stated above, but do 
not in older women. It would appear therefore, that older women may 
maintain the capability to efficiently remove aged red cells from the 
circulation. The increases in mean fragility and beta-parameter in 
males suggests the presence of more rigid red cells and loss of 
deformability. One physical consequences would be an increase in blood 
viscosity which in turn, might contribute to the greater incidence of 
cardiac failure in men as compared to women.

Erythrocyte osmotic fragilities of combined male RP patients did 
not differ from control values; an increase was, however, seen in the 
female RP population, p<0.05 (Table 17). A breakdown of the data into 
individual groups of RP has been more informative (Table 18).

The mean erythrocyte osmotic fragilities in both male and female 
patients with R-type AD RP were raised; this sub-group (which is still
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heterogeneous) leads to regionalised lesions and degeneration of both 
rod and cone photoreceptors. The beta-parameter was unaltered and hence 
red cell turnover cannot be responsible for the observed osmotic 
fragility changes. Increased fragilities were also seen in female 
multiplex and X-heterozygotic patients.

It is often difficult when studying peripheral tissues (such as 
blood), to decide if a change in any particular parameter is a primary 
or secondary manifestation of the retinal disease, or indeed, if the 
ocular and blood abnormalities are connected. For example, osmotic 
fragilities were raised in the X-heterozygotic patients whereas they 
were normal in the X-hemizygotes who show a severe retinal 
degeneration. Again, the D-type AD patients showed normal fragilities, 
whereas they were considerably raised in the corresponding R-type 
patients. A better understanding of the relationship (if any) between 
the retinal degeneration and the corresponding changes in blood 
parameters will become apparent once the underlying molecular 
mechanisms are delineated.

Changes in plasma lipid and hormonal status are likely to affect 
red cell osmotic fragilities. Reductions in DHA and increases in 
cholesterol and low density lipoproteins have been observed in some 
forms of RP (Converse et al, 1985; 1989; Anderson et al, 1987; Voaden 
et al, 1989b). More specifically, cholesterol was raised in AD R-type 
patients but not in those with D-type lesions (Voaden et al, 1989b). 
Increased plasma cholesterol will shift the equilibrium towards greater 
incorporation into the erythrocyte membrane leading to increases in the 
surface area/ volume ratios. Such erythrocytes should be more resistant 
to osmotic shock because of a greater ability to swell before lysis. 
However, cells from R-type AD patients tended to lyse much earlier. 
Perhaps the decrease in DHA (observed in seme of these patients) is of
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greater importance in increasing membrane rigidity of red blood cells 
and causing greater susceptibility to osmotic lysis. Certainly, such 
membrane changes were suspected in these patients from studies of 
taurine transport by platelets (section 4.2). Maintenance of normal 
membrane fluidity requires, in addition to normal levels of unsaturated 
fatty acid phospholipids, appropriate defence mechanisms to combat the 
destructive effects of free radicals and, as stated previously, both 
erythrocytes and photoreceptors are exposed to internally generated 
free radicals. Thus the protective mechanisms such as vitamin E and 
glutathione were quantified. They were present at normal levels in red 
cells of the various RP groups expressing raised osmotic fragilities.

Since changes in osmotic fragility (in some forms of RP) have now 
been established, further work on erythrocyte membrane lipid 
composition and actual membrane fluidity is required. In addition, the 
possible effects of observed lipid changes (particularly lipoproteins) 
on osmotic fragility warrants investigation.

The study of RBC osmotic fragility was performed without prior 
knowledge of the subclassification of the patients with 
dominantly-inherited disease. Nevertheless, in every case, a correct 
designation was obtained as regards D and R-type status, as confirmed 
at a later date by electrophysiological and psychophysical testing. In 
advanced disease, a subclassification (into R or D-type) cannot be 
obtained on the basis of electroretinography and psychophysics whereas 
the fragility distribution from these unclassified patients still 
presents with a bimodal distribution. Therefore the osmotic fragility 
test could prove an important diagnostic tool in the subclassification 
of AD RP patients.
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4.4 Photoreceptor dysplasia in the Abyssinian cat.

Inner retinal development and maturation in cats affected with 
inherited photoreceptor degeneration follows a normal time course.
Outer nuclear layer (ONL) thickness is also maintained up to six weeks 
of age, but, thereafter, there is a gradual thinning leading to total 
eradication of the photoreceptor layer. Soon after birth, the ONL of 
normal animals is considerably swollen with nuclei and, as development 
continues, about 10% of the photoreceptors are lost as the retina 
stabilises to functional maturity around 4-6 weeks of age (Vogel, 1978; 
Faulkner et al, 1982; Ikeda and Jacobson, 1982). It would appear that, 
in affected animals, this re-adjustment of photoreceptor numbers 
continues unabated leading to the thinning of the ONL. The developing 
abnormal photoreceptor cells form shorter inner segments and the 
typical elongation and disc stacking characteristic of outer segments 
is rarely apparent.

Taurine deficiency per se (ie., reduced plasma levels leading to 
reduced retinal levels and the concomitant degeneration) is not a 
feature of this disease as plasma levels are normal (Voaden et al, 
1987). In the present study, the transport of taurine into the 
dystrophic retina was found to be mediated by two systems and the 
kinetic constants for the high affinity carrier (present in 
photoreceptors) were similar to those reported by Schmidt (1980) for 
control cat retinas. The dystrophic RPE was also capable of actively 
transporting taurine by two systems. However, the normality of the 
taurine carrier in affected RPE tissue could not be assessed due to 
lack of control material. Nevertheless, a high affinity Km of 13 juM and 
a plasma taurine concentration of 126 +_ 17 pM suggests high potential 
for the transport of taurine by RPE of affected animals. Thus, the
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presence of a normal concentration of plasma taurine together with 
appropriate carrier systems in the retina and pigment epithelium 
suggests normal taurine homeostasis in these dystrophic animals. 
However, the actual mechanism by which taurine is transported between 
the RPE and retina should be evaluated. Also, as shown in Table 19, 
uptake of taurine was high in RPE obtained from non-tapetal as compared 
with tape tal areas. RPE and choroidal cells in the non-tape tal area are 
generally pigmented and tend to absorb incoming and stray light. Such 
light absorption by melanin is accompanied by formation of transitory 
free radicals (Commoner and Temberg, 1961). Protection from such 
damaging species may be afforded by the presence of taurine, and hence 
its requirement may be greater in non-tape tal tissue.

The age dependence of the RPE high affinity taurine transport 
capability is interesting. In normal animals, this transport is highly 
active at two weeks after birth, declining rapidly to attain adult 
levels by about 4 weeks of age. Photoreceptor outer and inner segments 
also begin to form at 2 weeks and reach adult lengths by 4 weeks; hence 
the RPE carrier profile may reflect a taurine requirement by the 
developing photoreceptors. In affected RPE, the initial carrier 
activity at 2 weeks was similar to controls but the ensuing decline was 
much shallower. The slow decline may reflect continuing attempts by 
affected photoreceptors to elongate inner and outer segments.

Although the retinal morphology was highly aberrant, the retinas 
did respond to light by a reduction in cGMP even up to 13 weeks of age 
(Voaden et al, 1987). Moreover, in-vitro electroretinography of 
affected Abyssinian cat retinas has demonstrated the presence of a PIII 
which is of low amplitude and considerably delayed in time-to-peak 
(Hussain et al, 1989a). There is also a two-fold increase in retinal 
cGMP at 2 weeks of age, ie., at a crucial stage of photoreceptor inner
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and outer segment growth and elongation (Hussain et al, 1989a). 
Pathological findings of elevated retinal cGMP have also been reported 
in inherited retinal degenerations of rd mice and Irish setter dogs 
(Farber and Lolley, 1974; Aguirre et al, 1978; Lui et al, 1979).

Experimentally elevated levels of cGMP do lead to photoreceptor 
degeneration (Ulshafer et al, 1984). Either the high levels of cGMP or 
massive disorganisation of disc structure may account for the delayed 
photoreceptor PIII time to peak. Certainly, perfusion of an isolated 
cat eye with isobutylmethylxanthine (an inhibitor of phosphodiesterase 
(PDE)) increases the intracellular concentration of cGMP and results in 
decreased amplitudes and prolonged a-wave implicit times (Sandberg et 
al, 1987).

Preliminary investigations in the Abyssinian cat suggest abnormal 
regulation of the PDE enzyme (Hussain et al, 1989b). The affinity 
constants for the PDE were normal when bleached tissue was examined 
following homogenization. However, activation kinetics of the PDE 
enzyme were abnormal. Under physiological conditions, this activation 
step is performed by activated transducin (Kuhn et al, 1984). In vitro 
the enzyme can be activated by addition of the basic protein histone.
In the normal cat retina, histone does not alter the Km of the PDE, but 
dramatically increases the Vmax from 62.5 to 2000 nmoles cGMP 
hydrolysed/min/mg protein. Histone activation of the PDE from affected 
retinas altered the Km from 147 to 500 juM, making the enzyme very much 
less sensitive. Therefore, mechanisms operative in maintaining cGMP 
homeostasis (particularly via activation of PDE) appear to be defective 
in affected Abyssinian kittens. The resultant increase in cGMP may 
stunt the initial growth of outer and inner segments and lead 
eventually to the death of the photoreceptor. In this context, the 
taurine changes observed in the pigment epithelium may well be
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secondary.

4.5 Light damage.

The ireduction of pathological lesions has demonstrated the toxic 
effects of light (see the extensive review by Lanum, 1978). The degree 
of damage (within transmission window of 400-1400nm) is largely 
dependent on the spectral composition and on the rate of power transfer 
to specific targets. Three types of lesion are generally recognised in 
the retina (Ham et al, 1980): (1 ) mechanical disruption of retinal rods 
due to the generation of sonic transients (at high power transfers), 
following photon absorption primarily in the RPE and choroid; (2) 
thermal insults, which are largely independent of wavelength, also due 
to the absorption of light by the RPE and choroid in amounts sufficient 
to elevate the temperature of the surrounding retinal tissue by about 
10°C, and (3) actinic insults due to the photochemical effects of 
prolonged exposures at very low power levels.

The absolute transition energy levels between thermal and actinic 
damage are unclear as chemical reactions are strongly dependent on 
tenperature. When such irradiances are reduced by several orders of 
magnitude below thermal thresholds, photochemical effects predominate 
(Friedman and Kuwabara, 1968; Harwerth and Sperling, 1974; Lawwill et 
al, 1977). Under such conditions, lethal damage to photoreceptors and 
RPE has been demonstrated in albino rats exposed continuously for 
several hours or days to environmental light (Noell et al, 1966; Rapp 
and Williams, 1980). Similar results (although requiring longer 
exposures) have also been obtained in several pigmented species 
including rat, mouse, pigeon, hamster and monkey (Noell et al, 1966; 
Kuwabara, 1970; Sykes et al, 1981). The susceptibility of isolated
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retinas and RQS to damage by light has also been documented 
(Pasantes-Morales et al,1981b; Pasantes-Morales and Cruz, 1983; 1985). 
The causative mechanisms have not been established with certainty, 
although free radical involvement ranks highly amongst postulated 
systems and is supported by the fact that some degree of protection is 
afforded by free radical scavengers (Kagan et al, 1973; Farnsworth and 
Dratz, 1976; Qrganisciak et al, 1981; Wiegand et al, 1981; Ham et al, 
1984).

The micro-environment of the retina and RPE is certainly conducive 
to the production of free radicals. The retina, and photoreceptors in 
particular, have a high capacity for oxidative metabolism (Warburg,
1924), as can be witnessed by the dense packing of mitochondria in the 
inner segmnents of photoreceptor cells. This will inevitably lead to 
the production of free radicals during oxidative phosphorylation 
(Fridovich, 1977) and, in addition, the cytochromes of mitochondria 
will act as chromogenic absorbers (Kato et al, 1981). The high content 
of polyunsaturated fatty acids in OS membranes are also likely to 
propagate free radical induced damage (Anderson and Sperling, 1971; 
Fliesler and Anderson, 1983).

Visual function entails the absorption of light and, during this 
process, sane free radicals are produced by rhodopsin (Kagan et al, 
1979; Fliesler and Anderson, 1983; Weigand et al, 1983). In this 
respect, the spectral curve of light induced actinic damage shows a 
similar profile to the absorption spectrum of rhodopsin (Noell et al,
1966) • The action of light on RPE melanoscmes produces a photovoltage 
and causes release of free radicals. But this system functions both as 
a source and sink for free radicals (Commoner and Ternberg, 1961 ) and 
in this connection, the protective role of monochlorotaurine has 
previously been emphasised. Both the retina and RPE are in close
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proximity to the choriocapillaris with its high oxygen tension; 
interaction with light will favour the production of highly reactive 
oxygen species. Toxic metabolites may also arise within the choroidal 
supply following exposure to light and may then affect retinal 
function, especially in albino animals where melanin screening is 
absent (Paynter and Martin, 1980). The high oxidative capacity, high 
oxygen tension, and the combined presence of light with polyunsaturated 
fatty acids, constitutes an explosive mixture for the generation of 
free radicals. Obviously, protective mechanisms are abundant in the 
retina and retinal damage is thought to ensue only when these are 
compromised for example by excessive light insult, during the process 
of ageing, or through the deficiency of an essential protectant such as 
vitamin E (Tappel, 1968).

Systems affording protection against light damage (such as 
taurine, vitamin E, ascorbic acid, superoxide dismutase, catalase, 
glutathione, etc) break down, even when animals are exposed to very low 
light levels such as 60 LUX (12 hour light: 12 hour dark cycle) for 
extended periods (Stotzer et al, 1970; Semple-Rowland and Dawson,
1987). It is likely that the damaged retinas of patients with 
hereditary retinal diseases will be much more susceptible to such 
insults. Under pathological conditions, additional risk factors ccme 
into play. Thus, patients with failing eyesight for example, tend to 
compensate for their handicap by increasing environmental lighting.
This will in turn exacerbate damage to the surviving rods. Thus donor 
retinas from such patients are likely to show signs of light damage in 
addition to the primary retinal dystrophy.

In vitro, taurine can protect outer segments and isolated retinas 
against the toxic effects of light (Pasantes-Morales and Cruz, 1985). 
The possible use of taurine to modulate damage in vivo induced by light

161



exposure was evaluated initially by Voaden and ooworkers (1981). These 
authors increased retinal taurine in rats by repeated intraperitonea 1 
injections. However, the time course of the degeneration was not 
altered. In the present study, continuous exposure of albino rats to 
1550 LUX resulted in conmencement of photoreceptor loss around day 2 
with total obliteration of the receptor layer by day 4. Both retinal 
DNA and protein levels were halved at this time, indicating that 50% of 
the retinal space was occupied by photoreceptor cells (Fig.18). A 
decrease in cage illumination resulted in a shift in the time course of 
the degenerative curve towards a later onset of photoreceptor loss. At 
all three light levels tested, once the photoreceptor loss had begun, 
it followed a constant rate leading to complete loss of the receptor 
cells. Exposing albino rats to 1554 photopic LUX, Oraedu and coworkers
(1980) saw little photoreceptor damage after 18 hours, but at 30 hours 
there was disorganisation and vesiculation of outer segment discs. A 
significant reduction in retinal taurine was observed from 30 hours 
onwards. The loss of taurine may have been secondary, arising from 
disruption of photoreceptor outer segment structure. Thus, in the 
present study, retinal taurine uptakes were assessed during 0-6 hours 
of exposure ie., prior to the detection of morphological changes (Table 
21). Uptake was significantly reduced at 6 hours of exposure, 
indicating an early disturbance in taurine homeostasis in light 
mediated toxicity of the retina. However (in line with the previous 
observations of Oraedu et al, 1980) administration of taurine, this 
time orally, did not modulate the time course of photochemical damage 
in the rat under the high exposure regime used here (Table 20). Perhaps 
early damage to the taurine carrier (Table 21 ) may have restricted 
taurine transport and thus reduced the potential for protection. Thus 
the regime might have been too severe to reveal a protective role for
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taurine. It is possible that exposure to about 145 lux (cf. Fig.19) 
might be more suitable for such studies.

Changes in retinal amino acids were evaluated after 72 hours of 
light exposure to 1550 LUX. From the DNA measurements, 72 hour exposure 
led to the loss of about 68 % of photoreceptor cells. In the control 
rat, the content of various amino acids in the inner retina (given as a 
percentage of total retinal content) was determined as: taurine 43%, 
GABA 88%, glycine 77%, glutamate 64%, aspartate 62% and glutamine 62% 
(Oraedu et al, 1980). If amino acids are expressed on the basis of mg 
protein, then a loss in photoreceptor numbers would lead to an apparent 
increase in the levels of just those amino acids which are normally 
more concentrated in inner retinal layers. Thus, the increased levels 
of GABA and glycine on 72 hours exposure were as expected (Table 22). 
However, glutamine and aspartate were also considerably elevated. The 
concentration of glutamate did not change and that of taurine was 
considerably decreased.

Oral administration of taurine to control rats over a six day 
period increased retinal levels by 30%. Glutamine levels were markedly 
depressed under this regime. As already stated, administration of 
taurine to light exposed rats did not alter the gross destruction of 
photoreceptors. However, some protection was observed with respect to 
changes in amino acids. Loss of taurine was slowed, although it may be 
argued that levels appear higher because the animals were dosed for 3 
days prior to commencement of exposure, and the light-mediated changes 
in the levels of cysteic acid and aspartate were also opposed by the 
taurine treatment. Taurine administration to light-exposed rats caused 
a dramatic reduction in the level of GABA. This result is rather 
surprising in that GABA levels were not reduced when taurine was 
administered to control rats. Thus, under the conditions of light
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exposure, taurine actually depresses GARA levels well below that 
normally encountered in the inner retina. This preliminary evidence, 
therefore, suggests that oral taurine administration does impart sane 
degree of protection against light induced damage.

The CIE (1970,1975) guide for interior lighting provides values of 
light illuminances commonly employed in everyday life. The light range 
is divided into three: 20-200 lux for infrequently occupied rooms,
200-2000 lux for general lighting in working environments and 
2000-20000 lux for very exacting visual tasks such as surgical 
operations. Laboratory surfaces tend towards an illumination of about 
400 lux. Even relatively low light levels of 130 lux on a 12 hour 
light: 12 hour dark cycle produced severe retinal damage in albino rats 
after 3-7 days (Semple-Rowland and Dawson, 1987). In pigmented animals 
including man, the retinal irradiance under comparable conditions of 
lighting will be greatly reduced. Therefore, if the albino rat is to be 
used as a model of light toxicity to evaluate the protective effects of 
various compounds, a shift to very much lower light levels than those 
used in the present investigation should be made. Ideally, actual 
retinal irradiance (within an order of magnitude) should be evaluated 
and adjusted to levels normally encountered by man.
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