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ABSTRACT
Structural chances in the outer retinas of rats kept on a vi tamin

A free diet supplerented with vitamin A acia were studied by.ligﬁt and
election microscopic technigues. Retinas were sampled at fréduent in-
tervals over a period.of 11 months of vitamin A deficiency‘and théir'.
morphology coompared with that of ietinas fram rats of the same{age, féd» :{”TF;
a normal diet. Other studies done in cénjunctidn with the4abdveAinclud§§,;a\
(1) measurements of weight gain and plaswa vitamin A content in_gont;o;,,;fﬁﬁA;
and vitamin A.deficient‘rats (2) localization of acid phosphatase aqtiyity>
in the retinal epitheiium in vitamin A.deficiencyv(sj radioautegraphic
Arﬁﬁethicnine incorporation into retiﬁgs of control and
vitamin A deficient raﬁs. The results shqyéd'thét'vitamin A‘deficieh£M}
animals gained weight Hore.slowly than the controlfand suffered a rapidwu
déclinerin plasma vitawin A content after 3 weeks on the special dieﬁ.i-
Iight microscopic study revealed that the first portions of the photo-
recepter cell to suffer degeneration in vitamin A.deficiency were the
outer'segnents followed sucéeésively by the inner Segmeﬁté;.synapﬁiCV
processes and pﬁbtoreceptbr nuclei. Electron microscopic‘study revealed
that after 3-4 weeks on the special diet, correspending to the fall in
plesma vitamin A ie els, the lamellar discs of the photoreceptor outer
segrents began té brezk down into‘vesiéles’énd tubules. After 2.5 months
of vitamin A deficiency, the photpteceptor inner segments began to swell--

and shcrren and display loss of mitochonria and ribosomes in their

cywoplasn. After 4-5 ronths, many outer segments had completely disappesred



and further shortening of the inner segments was evident. -After 6 months,
very few of the remaining cuter segments were intact although it was
still pessible to identify small number of polysames and nxitoel"bﬁdria
within the proximal inner segment cytoplasm next to bthe photoreceptor .
nuclei. At this stage the photorecepter synaptic processes were also

: severely affected. The number of synaptic ve51cles in each process

was greatly reduced and large gaps appeared in the plasma membranes.

The synaptic processes were considerably shortened and synaptic .si_tes .
reduced in number. After 9 months, the outer segments had completely
disappeared except for a few ranail_iing clusters of dlsordered secéuleé. '
Both the inner segments and the synaptic processes had retracted markedly
- towards the photoreceptor nuclei. For the first time, tﬁe Iphotoreceptor
nﬁclea:; envelcpe began to break down although the nuclear chromatin
appeared unchanged. .A:Eter 10-11 mohths,‘ only a single lrreg‘ular row

of vphotoreceptor nuclei remained and each rnucleus was surrou_hded by . |

-a na.rrow rim of cytoplasm containing only a few recognizable Qréanelles .

" BEach photoreceptor celi was surrounded ’by several layers of membfanes
probably from glié.l cell processee. The cell juncﬁions noﬁnally fo:tmihg :
the outer limiting membrane were now absent in many places. Due ’eo the
loss of the photoreeeptors the :inner neural retma lay very close to the .
pigment epithelium and the outer processes of the Miller cells were |
ceflected _iai:erally, contributing to ‘the cell membranes surroundingfthe
photcreceptor remmants. Prog'_ressive changes were also noted in tbe

- structure of the fetinal epithelium .of_the vitamin A deficient animals
which were not present in Aoontﬁiol animals of the s"ameage.- By 4-5 months

of vitamin A deficiency, large numbers of lysosomes had accumulated in
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the retinal epithelial cytoplasm close to its inner border This -
increase in lysoscmes persisted throughout the study as the degeneration
of the photoreceptors continued. The 1ysosomes. and the Goigi cxinplexes '
of the retinal epithelium were found to contain the enzyme, acid phos-
phatase. The inner or apical processes of the retinal epithelim' also
proliferated markedly and became very prominent after 11 months of
&itamin A deficiency. Radiocautographic studies showed that H3—methionineﬁ
was incorporated into photoreceptors of both control and vitamin A \
déficient animals, thus indicating ﬁlat protein synthesis continued in

photoreceptors in vitamin A deficiency.



CONTENTS

Abstract AR A AN BN EENEE R NEE N EN NN RN N N Y Y R R R R RNy

.Ilist Of Figures ......'...........D......'..................

Acmledgmts A A AN R E N EENE N ENEEEE NN EN NN NN NN Y NN N Y N YN X

I mtrw.uctim"...................‘.....‘...I..'.....

II Historical- ReViW '.Q...IO.;....................'...

IIT Materials and Methods

1)

2)

3)
4)
5)
6)

7)

Animals and dietS seeveessecscsscscsvescnses
Determination of blood plasma vitamin A

level
Determination of feed vitamin A content .,....
Light MiCYOSCOPY sesessssassassssscsacssacnne
'Electron microscopy .
Acid phosphatase histochemiStry cveeeessesses

Radioautwrapl—ly—light ITL'LCIOSOOPY sesesevcoso e

IV Cbservations

A)

B)

mmucmry note 90 9908000000080 0080060088BPREGES
NOteS an Observatj-ons @0 e s 000008 OSISEISIOIODIONOES

erth curves 0."00..0b...lo.'.oo.-..o.o-...'

Plasma vitamin A levels in control and vitamin

Adeficient arlmls ;Q.'O..D..'..O‘..O...‘...

Page

'S

ii
ix,

xviii

35

36

59
40
40
42

43
Il

45

L5



C)

D)

- L

Light microscopy

1)

2)

Retinal epithelium and photoreceptors in

COI'ltIOl rats S8 6200 6008000000 RPCEEDPEIBPPENPLELOS 1+6

Retinal epithelium and photoreceptors in

Vitarnin.AdefiCienCY ..Q..........Q..........L‘-‘8

Electron microscopy

1)

2)

Normal retinal morphology

a)

b)

-

d)

e)

The retinal epithelilM seesesesssvessnes

The photoreceptor outer segments .....s. 53

The photoreceptor inner segments ..eeee.
The outer limiting membrane .cvseesssces

The photoreceptor synaptic processes ...

Retinal morphology in vitamin A deficiency

a)

b)

c)

d)

e)

£)

g)

Retinal changes after 1 month of
vitamin A defiCiency sieevescssssssosens
Retinal changes after 1,5 months of |
vitamin A deficiency .ssececcceccecenees

Retinal changes after 2 months of

VitaIﬂin A dEfiCiency ¢t 0GOS BLOEOLDIBOEIOEOESTS

Retinal changes after 2.5 months of
ﬁ-mAdEfiCiency 2SSO P BSOSO HSEPEEDDS
Retinal changes after 4-5 months of

vitamin A defiCiency .seiesssscssescssses

Retinal changes after 6 months of

Vitanj—rlAdeficierlcy O 0SSO PP OO SO ROSOESN
Retinal changes after 7-8 months of

vitamin A deficiency seeeeessscsscessens

51

o4

-55
55

58
_58
59
&
60
61

62



E)

_F)

-vii-

h) Retinal changes after 9 months of |
vitamin A deficiency .vevveieesienieens 63
i) Retinal changes after 10 mon’chs. of
Vitamin A defiCLENCY vuuueevunseennnsss 65
j) Retinal changes after 11 months of

Vithdeficien-cy oo;o‘-.o-oo-ou"t‘o 66

Acid phosphatase localization in the retinal
epi.ﬂlelim ..I.........OD...Q........O.....I.OA.‘... 68
Methionine—H3 incorporation in the retina

inVitam.inAdefiCien .000.0..‘....00...0000000.. é8

V Discussion

A)
B)

C)

. D)
"E)
F)
G)

H)

Résumé of the most pertinent reSUltS veeeeececses 132
Storage and metabolism of VAtamin A seseeeesesees 133
The photoreceptors in vitamin A deficiency-

1) The outer segments sesessasesstesscetctanssss 135

2) The inner segments, synaptic processes

and photoreceptor nuclei .. 137
The retinal epithelium in vitamin A'deficiehcy 142
Miller cells in vitamin A deficiency se.eeeeosess Lhl
Light damage to photoreceptorS veevevessssesacsss LUT
Normal loss of photoreceptors ...149

Glycogen filled-mitodmond:_cia cesesserssseasssssss 149

VI S'Lml"éry 0.....0'..!'l..'.h‘......'.l...;.......'....il.‘ 151 .



-viii-

VII Original Contributions .cull.oo..lloolol.o..-t'oooo.o156

VIII Biblicgraphy

00-..oo.-.-.l-ti-.obboo.o-.ooo...-n.....;159

Vita



~1 X~

 LIST OF FIGURES

N Page
Notes On Figure L@erlds 'l......l.......O.."..OOQCDQOOOCOOODI.' 71

Figure
1. Graph showing the growth rate of the control and vitamin

Adeficient mls/ ..............I.............’.....‘.'......72l
2a, Graph showing how the maximm absorbance of vitamin A is
obt&'ned ...l....'...............'.l'..A'.......O.'.."......;I..‘75

2b. Graph showing the blood plasma vitamin A levels in the

mnuol arld ‘rithdeficierlt animls ......'..'..O'...‘....._74‘

3. Light microgragh from a 2 month old control animal showing
the overall structure of the normal retina posterior to the
%la’tor of the eye ‘..';..;II'.....O"D...D‘.C.......OVI.‘......OOQ ?5
4. Light micrograph at higher magnification showing the
posterior retina of a 2 month old control animal ..eeeecvenses?5
5. Light micrograph showing the retina peripheral to the
| equator of the eye from a 7 month old control animal N )
6. Light microgreph showing the peripheral outer retina from
the sa?-e Smcjmn as Figure 5 .l..'lb'.l..'l.'.b..‘.....0'."...?5
7. Light micrograph showing the peripheral retina from a 12
mntkl old contml anjlral ......'.QD‘.‘.'....'O.C..U.........lI.l'76

8. Light micrograph at higher magnificatibn showing the

r

cuter retina from the same specimen as Fiqure 7 vesesesscesssalO.



Figure ' Page
9. Light micrograph of the posterior retina from an animal

which was on a vitamin A-free diet for 3.5 months Ceererareens 76

10. Light micrograph at higher magnification showing the outer -
retina from the same specimen as Figure 9 .ivevesvesvscecenees 76
11. Light micrograph showing the posterior retina from.a 6
mntl‘lvitar‘-i—rlAdeficieIlt anjml .....;...'................0.. 77
12, Light micrograph at higher magnification showing the same
SmcmnasFigurell..I..‘.....l.'..................».I...... 77’
13. Light micrograph showing the posterior retina from a 9 month
Vitmni!lAdeficieIitarlj-nall.........'.I..D......'I....-..l'... 77
14, Light micrograph at higher magnification showing the same
smcmenasFig‘Llre 13 ....0...’.‘."....l...'......;.‘.';’..’. 7‘7
15. Light micrograph showing the posterior retina of a 10 month
VimmAdeficierltarlma‘l- ...........I.....'....'....‘....l...78
16. Light micrograph at higher magnification showing the same
Smcj-rrerlasFigure 15 .0.......l....““.......'l.....’....l... 78

17. Light micrograph showing the posterioi: retina from an 11

mnth. Vj.tan‘d-n. A dEfiCient_‘anin‘al 2800000000 00000POPEROSEOERDRNS 78

18. Light micrograph at higher magnification showing the same
SmcirnenaSFigure l7 ..............Q....°’........‘...ﬂ...... 78
19. Electron micrograph showing a portion of the retinal

epithelium from a 1.5 month o0ld control animal svveessesecsses 79



Figure

" 20.

21.

22.

23.

24.

—Xi~

Pagé

Electron micrograph showing the inner retinal epithelium
and photoreceptor cuter segments from a 7 month old

ContIOl anjml o-..oo.l.....i.._.o'...o.l..l....v..lD..Ob.'.t‘..v

Electron micrograph showing the retinal epithelium and the
photoreceptor outer segments from the same specimen as

Figwe 20 ..-o-.o-oo..-ooo.oooo‘..onnooooo..o.looo--oloo.otoo.o.

Electron micrograph showing the fine structure of two
adjacent retinal epithelial cells from a 9 month old

controlar]m -.I...I..'..O.l‘.......‘............I.........;.‘

Electron micrograph showing photoreceptor inner and
outer segments from a 1.5 month old control animal ...eee.eee..
Electron micrograph showing the photoreceptor outer

seqments, connecting cilium and inner seqments from a

. 7mntl‘1 old mntmlarljmal .‘.l.l.’...‘l....0...."".0."....'....

25.

26.

27,

28,

Electron micrograph showing photoreceptor outer and inner -

segrents from the same Specimen as FAGUZe 24 cveveesssesesosss

Electron micrograph showing photoreceptor inner segments from
a9mﬂ1 Old mntro‘lml ..DO..l‘l-.l..'.li.O;...DOIClO.......l.
Electron micrograph at higher magnification Showing _ |
photoreceptor inner segments and the outer limiting

menbrane from the same specimen as Fiqure 26 veveseseseseconss

Electron micrograph showing in its center a rod synaptic '

-precess from a 1.5 month old control animal .eeceesssessscenss

30

8_'1

82

83

84
s

85

86

87



Figure

29,

30.

31.

32.

33.

34,

36.

37.

38.

-xii~-

-Page |

Electron micrograph showing the outer plexiform layer -

fram a 1.5 month 0ld control animal .eeeeeeccscceccssessasense
Electron micrograph showing a cone ‘synaptic process from
al.5 mnﬂl Old wntrol mjml ..".ID"...'.Q.l........;..'.l

Electron micrograph showmg rod spherules from a l 5

mﬂl Old COntrOl aIlmBl .c..o.oooo-oo.-ooo..-o.o-.-o..’.oo.-..

Electron micrograph showing the outer plexifonn layer

!

from a 12 month 0ld control animal ceeeecesccssconssscsossssne

Electron nu.crograph showing the photoreceptor outer segments

fram a 1 month vitamin A deficient:animal cetessssssenseenenan

Electron micrograph showing the retinal epithelium and
photoreceptor outer segments from a 1.5 month vitamin A
deficient m ..l.......O..l.iI....‘l."...l....‘.'.....‘--.l..
Electron micrograph showing photoreceptor outer segments fram

the same specimen as Figure 34 .iviiieenssciossiosscscsccconns

Electron micrograph showing photoreceptor outer and inner.

segments fram a 2 month vitamin A deficient animal ..eeeseeeos

‘Electron micrograph showing the junction between the retinal

epithelium and photoreceptor outer segments from a 2.5 month

VitaIT\in A deficient arlj-nal .;Ooloooo'...oo...'a.o....oooo.l‘..t

Electrcn micrograph showing disintegrating photoreceptor'

outer segments from the same specimen as Figure 37 viveiveeses

88

89

89

90

91

92

93

94

95

96


file:///dtamin

Figure

39.

40,

41.

42,

43,

45,

‘same specimen as Figure 40

—xiii-

Page

Electron micrograph showing the photoreceptor inner

segments of the same specimen as Figure 37

Sesss0s0r 0t ’97

Electron micrograph showing photoreceptor 'outer Segments

from a 4 month vitamin A deficient animal

Electron micrograph showing photorecéptor outer segmeni‘:s;
inner segments and the outer limiting membrane from the
99

Electron micrograph showing photoreceptor inner segments = = -

from the same specimen as Figure 40

.......‘........‘...;;;..‘.'100

Electron micrograph show1ng two adjacent retinal eplthellal

cells from a 5 mowtn vitamin A aef1c1ent an;nal ......}...... 101

" Electron micrograph showing the retinal epithelium, photo-

receptor outer segments and imner segments from a 6 month

vitamin A deficient animal S T iy ees 102

l...'........‘Ib.......'........l.

Electron micrograph showing the retinal epithelium and

- the photoreceptor outer segments from the same specimen

47,

48.

as plgl.lre 4-. 0....-.0.....'l...'l.’l.l...l...l'blll.‘....l..- 10)
¢ ° .

',] - :
Electron micrograph showing the photoreceptor outer segments -

fram the same Spécimen as Figure 44 ...iiivviinnercennnseannes 104

Electron micrograph showing mainly DnOtoreceptor inner segments

from tne sams speCLmen as Flgure 44

I ¢ 3

Electron mlcrOgraph show1ng the outer plex1form layer from the

same specimen as FIgure 44 ..vveieviviiiessssossseaccssaseeess 106



=Xiv="

Figure : ‘ . Page

49, Electron micrograph showing the photoreceptor synaptic

processes from the same specimen as Figure 48 .107

50. Electron micrograph showing the retinal epithelium
- and photoreceptor outer segments from a 7 month Vitamin

Adeflclerltmml ......l..l'.'.l..........‘...l..‘.........0 108

51. Electron micrograph showing the retinal -epithelium, photoreceptor
outer segments and inner segments from a 8 month vitamin )

A deflclent aml ......QQ..l..‘..l'..‘...‘.l’.............‘...‘.l"ogl

52. Electron micrograph showing inner segments, photoreceptor
outer segments and part of the retinal epithelium from

the same specimen as Figure 51 ......................V...'......,13_0

53. Electron micrograph showing photoreceptor inner segments from

the same specimen as Figure 2 B

54. Electron micmgraph showing the outer plexiform layer

from the same specimen as Figure 51 .........................‘.'112

55. Electron micrograph showing the outer plexiform layer from
the same specimen as Figure 54 ... 113

.

56. Electron micrograph showing the outer retina from a 9

mnth VitaIninA deficient anim-al ..........v....‘l........0.‘0... 114
57. Electron micrograph showing the retinal epithelium, remnants

of photoreceptor outer segments and poi‘tions of photoreceptof

inner segments from a 9 month vitamin A deficient animal ceees 115



—-XV-

Figure ' . - Page

58,

59.

60.

61.

62.

63.

64.

65.

66.

Electron micrograph showing the outer retina from a 9

. month vitamin A deficient animal etecsescoessessnsesnssssasses 116

Electron micrograph showing at higher magnification
photoreceptor inner segments and the outer limiting

membrane from the same specimen as Figure 58 vieevesssssecess 117

Electren micrograph showing degenerating photoreceptors
from a 9 month vitamin A deficient animal .eeeesecoesessessss 118

Electron micrograph showing the posterior outer retina

fram a 10 month vitamin A deficient animal ..eeeveveseveesss. 119

Electron micrograph showing the close association between
the retinal epithelium and the neural retinal layer at

the 10th month of vitamin A defiCiency veveeeeeesssescecscess 120
Electron micrograph showing at higher magnification the
close association between the apical processes of the retinal

epithelium and the processes of the Miller cells from the same

smcm as Figure 61.o-o..co...Q.o.o‘oo-..'....on'o000-00000.0121

Electron micrograph showing the outer retina from the same

SpeCjII'EI’l as Figllre 61 l..0..‘.....0...‘...0...l.’.o..'..b..';.’ 4122

Electron micrograph showing the outer retina from an 11

mntll \’itaInmAdeficierlt anj-Iral I‘.‘...."..D.‘.'....'.'...... 123

Electron micrograph showing the retinal epithelium and the

outer retina from the same specimen as Figure 65 veevevesessos 124



» X V-

Figure S ’ - B ~ Page

67.

68.

69.

70,

71.

72,

73.

74,

Electron micrograph showing the outer retina from an 11

H‘Onth VitaInin. A defiCient animal '.oo.y.oo.o.s‘..‘.'...0.-..‘...;. 125

Electron micrograph showing the outer retina from an 11

mnﬂl VitarlirlAdeficimtaniml .-...'..........I.......i...'. 126

Electron micrograph from the same specimen as Figuré.68

showing praminent apical processes of the retinal
epithelium and layers of membranes probably of a
glial nature surrounding each of the remaining photo-

receptor ce]-ls ...i...'_.’......’..'...l..................;...'.. 127

Electron microgragh showing acid phosphatase
localization in the retinal epithelium from the
posterior retina of a 6 month vitamin A deficient

mml '.'.‘.l....'......‘....l...'..O..I......‘.I...'.....I... 128

Electron microgragh showing acid phosphatase
localization in the retinal epithelium from the same
swcmasFigure 70 -.l........l‘.l.'.llll"ll.l‘l.l....OO.Q.‘.‘. 129
Light microscopic radicautograph showing the posterior
outer retina from a 10 month old control animal, 4 hours

after intravitreal injection of Ho-mMethionine .ueeeveseessess 130

Light microscopic radicautograph showing the posterior

outer retina frem a 10 month old control animal , 24 hours

after labelling intravitreally with Ho-methioning ....eeee... 130
Light microscopic radiocautograph showing the posterior

outer retina frem a 2.5 month vitamin A deficient animal, .

4 hours after intravitreal labelling with H3—methionine. eess 130



“-Xvii~

Figure - o | Page

75.

76.

77.

78,

79.

Light microscopic fadioautOgraph from a 2.5 month -
vitamin A déficient animal showing the posterior outer
retina, 24 hours after intravitreal labelling with
H-methicnine ......................;;..‘..'......;........,_.... 130 :
Light microscopic radicautograph from an 8 nmth vitamin |
A deficient animal, | showing the posterior outer retina,

4 hours after intravitreal labelling with H3-—methionine.. cesee 131

Light microscopic radiocautograph frem an 8 month vitamin
A deficient animal, showing the posterior outer retina,

24 hours after intravitreal labelling with H3-methionine eeees 131

Light microscopic radicautograph frem a 10 month vitamin
A deficient animal showing the retinal epithelium and the.
neural retina, 4 hours after intravitreal labelling with

HB'ﬂ‘eﬂ.lionj-ne ..l.'.........‘..........I....I.l.....l..."....‘... 131

Light microscopic i‘adioautograph from a 10 month vitamin A
deficient animal showing the same structures as Figure 78,

24 hou.fs after intravitreal labelling with H3—methionine essss 131



- =Xviii-

ACENCHLEDGEMENTS

I am much indebted te my supervisor, Dr. M. J. po]_lemﬁrg
for his assistance, guidance and encouragement throughout the course

of this study. I am also grateful to members of my thesis advisory |

committee, Drs. S. M. Drance, C. E. Slonecker, W. A, ﬁébber for their

critical review and suggestions during the preparatlon of the tbe51s.'

I would like also to thank Dr. H. W. J. Regetli, Head of Virus. .
Chémistry Division, Agricultural Canada Research Station, Vancouver,
B.C. for the use of the cecv xman DK-2A spectroohOco*eter in his lab-
oratory, the Micropiology Department of Macdonald College for the use
of darkrocm facilities and Miss Torraine Leroux for.typing the fical

draft of the thesis.

The financial support from the Medical Research Council is

gratefully acknowledced.



I INTRODUCTION

Blindness due to either ooméal, retinal or optic-: nerve damage
is the most important and striking feature of vitamin A deficiéncy.
Destruction of the cornea in ‘xerophthalmia and keratomalacia in man and
most experimental animals is due to deficiency of vitamin A (Johnson
1939, 1943; Dowling and Wald, 1958). The loss of the prosthetic group,
retinene, from the rod visual pigment, rhodopsin, leads to night blind-
ness in man and experirental animals (Fridericia and Holm,. 1925; Tansléy,
1931; Wald, 1935a, 1936; Wald et al., 1938;Haig et al 1938; Wald and.
Steven, 1939; Steven and Wald, 1940). Dowling and Wald (1960) have shown
that vitamin A deficient rats kept alive by administration of vitamin A
‘acid evehtually Jose Dhotopic as well as scotopic vision, preéwnably.
because retinene is ths pros*cl’ze’cic group for cone as well as rod visual
pigﬁent. In cat@:ie and. dogs,. vitamin A deficiency also leads to fé.ulty o
growth of bone and nervous tissue which can cause constriction of the
optic nerve (wore et al., 1935; Hart and Gailbert, 1937; Moore, 1939).

Tansley (1933, 1936) vfirst described the structural damage to the
rod photoreceptors in v:ta,m_n A deficient rats and docjs. Later Johnson.'
(1939, 1943) confirmed and extended Tansley's cbservations in the rat.
He observed by light microscopy that aftef 7-13 weeks of vitamin »Av
deprivation in young rats, many photoreceptor outer segments diSappéared i
aﬁd those that remained stained abnorma.lly. As the. déficiency progressed,

the rod inner segments also degenerated, and then successively the external



limiting membrane, the outer nuclear layer and the inner nuclear layer.
The outer segments of rods which had deteriorated only slightly showed
considerable regeneration within 24 hours of readxnjnisfration of vitamin
A. Even rods whicn had degenerated completely regéhérated within 10-18
weeks of 'dietary vitamin A supplemé.ntation. lFifteen years later, in . an
éttetrpt to map the entire course of vitamin A deficiéncy and its cure
in the rat, Dowliné ard Wald (1958) ‘approached the problén from physiol;
ogical, biochemical and histological aspects. They found that, in weanling
rats after .3 wesks of vitamin A depriva’cién , the liver V:Ltamln A content
had declined a.ﬁi a week later the blood vitamin A content also fell. At
this point, thé retinal rrodopsin content began to decline linearly and
regularly, marking the onset of night blindness. By the beginning of'
the seventh week, levels of opsin too began to decline and hlstologlcal -
: éeterioration of the retina vas obseﬁed. | | _ |

. In these Studles, the experimental animals usually died within
2-3 months Qf vitamin A deprivation. It was then disoovereci that vitamin
A acid, first preparsd by .'lrén and Van Dorp (1946), can maintain growth
in the rat without affecting tne deleterious effects of vitamin A defi- -
ciency on the visual systam. : ‘L"u_s @e a more detailed investigation
of the anatomical cb_angés in the retina vpossj_ble since animals are unable.
to reduce vitamin A acid o vitamin A aldehyde and thus influence the
visual si/sta*n (1‘;'bore, 1957). A series of studies of the effects of_‘ .
vitamin 2 deficiency ca the retina in animals supplemented with vitamin
‘A acid were then undertaksn by Dowling and his assoclates (Dowling and
.Wald, 1960; Dowling and Gibbons, 1961; Dowling, 1966_) . Histological
's'tudies on retinas of albino rats were carried out over a period of 10

months. Dowling and Gibbons (1961) observed by light microscopy that



the degeneratiori of tbe photorewptors fo]_lowed the same pattern seen
earlier by Johnson (1939, 1943). Electron mic:rosoopivc studies (Dowling
and GJ_bbons, 1961) showed that after 2 months on a vitamin A free dlet
olwented with vitamin A -acid, the first 51gn of degeneratlon of the .
pho wreaaptor outer segments was breakdown of the outer segment discs
into vesicles and tubules. After a high proportion of the discs had .
degenerated, the outer se:ments began to lose thelr normal elongated
_cyllndrlcal shape and became almost spherlcal After 6 months of v1tamJ_n
A deprivation, only fragments of photoreoeptor outer segme*xts rema.lned. :_
The photoreoeotor nuclel ‘and inner seg'nents were greatly reduced J.n number
arnd the inner segrents that remal_ned were short and t_hlcker than ‘normal.
The fine structure of the inner segments, however, "appeared normal.
Miller cell processes beca.rre highly oonspicuoﬁs in the spaces left between |
the remaining segments. By 10 ronths of vitamin A deficienoy;"' the neural
retina and the ‘xetinal epithelium adhered ti_ghtly to one ahother, tne
photoreoeptor inner and outer segments had disappeared,  and the phototecdep—-
tor nuclei had been reduced to one 1rregular row which, however, appeared
nomal The rest of the retina and the retinal eplthellum also aopeared
normal. j’I'ne ocuter plexiform layer was in dJ_rect oo*1tact WJ_th the retlnal
epith=lium but was somenhat reduced in thlckness due to a 1oss of synapt_lc
processes from the visual cells. The photoreoeptors were caDable of re-
4 generatian as long as the inner segments ware present ~ From th_. above
observations, Dowling and Gibbons (1961) concluded that loss of >opsin R

a major comronent of ths ocuter saments, (14% dry weight '_n cattle and

th

40% dry weight in frogs) was robably the primary cause of the Structural

damage to the outer segments.

More recently, 521l et al. (1971)  have shown that the effects



of vitamin A deficieney on the rat eye are | dependent upon the.
levels of illumination to which the rats are exposed daily. Anlmals
kept in Gariness retain t 1e1r normal electroretmographlc (E:RG)
fuﬁctio‘ and retinal r‘odhssm content much longer in vitamin A de—
ficiency fchan those exposed to weak cyclic light. Shear et al., (1973)
reported that the retina of alblno rats which have been kept in a cycllc
enviromment (14 howurs of low intensity 1llmm_natlon and 10 hours of
darkness) ehow dege_neration when they are killed after a 'period of 6 to
12 hours illumination. However, the retinas from those an:unals that have
speﬁt several hours in Garkness before they are killed are no‘r:malv._'- The
structural dsceneration was due to ‘a separation of the adjaoent pigmer.lf:'-. -
p thelial cells, re‘raf*tlon of epithelial apical processes and change e
O.L. the l*'el_lar discs o: tha apical 1/3 of all photoreeeptor outer,segments
‘into tubules. Pecently, Herron and Riegel (1974a, 1974b) have skx:wh_by '
radioautographic study thet praduction of photoreceptor outer -segment
protein is decreased in vitamin A deficient rats and sugcjest that v1tamm
A must be a&ailable for rod outer segment production as lack ‘of it s_lowe e
the production rate. | | .
Despite tha ‘foregoi_rig work‘ a detailed study of the eeqxlential'bre&—
down and fine structural changes in all regions of the photoreceptor oell :
in vitamin A deficiency is still lack_mg. ' Although it has been Suggested

that the retinal epithelium is uwnaffected in VJ_tamJ_n A deficiency (Johnson,

1939, 1943;

[¥%)
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“and Wald, 1958; Dowling and Gibbons, 1961), there is
as yet lictle evidence to sucport this conelu51on. Furthermore it seems
1]_1001031 that the pigrent e:u_Lhellwn would be unaffected during the |

photorecestor breakdown orocess since the retinal epithelium noma_uy is

active in the phago:ytcsis of rod outer segment fragments (Dowling and



Gibbons, 1962; Baira‘;:i and Orzalesi, 1963; Ishikawa and Yamada, 1970;
Young, 19567, 19715 Young ard Bok, 1969; Spitzmnas and Hogan 1970)
One would anticipate that there would be a marked increase in the
activity of the pigment epithelium in this regard as photoreceptors
are destroyed due to lack of vitamin A. Also in the classical studies
of vitamin A deficiency by Dowling and his associates. .(Dowling and Wald,
| 1960; Dowling ard Gi':_)bcns,' 1961; Dowling, 1966) the possible effect ofl '
light damage to the retlpa was not taken into acodunt. _There is no |
mention of the length of time each day the animals were exposed to light
and the light intensity.  2s mentioned above lighting donditions are
now known to markedly affect ohotoreceptor cell morphology (Noell and
Albrecht, 1971; Shear _e_t__el_., _973)

The present study has been undertaken in an effort to overcome
: these difficulties and aﬁgment our lmcwledge of the e\}ent, particelarly
the morphological changes taking place during vitamin A deficiency. The
study examines, by light and transmission electron micmsoopy, the
structural changes tak.ir;g place in the photoreceptors and retinal
epithelium of the albiro rat maintained on a vitamin A free diet sup-
plemented with vitamin 2 acid. The animals were kept under strictly
controlled lighﬁnfj conditions of 12 hours of low intensity light and.
12 hours of daﬁmess ver day. The fine etructure. of the photoreceptors
and retinal epithelium has been studied in detail in vitamin A deficient
and control animals of var_lng ages. Growth retes of vitamih A deficient
and control animals have been cxmpared . . Blood vitamin AS levels from
animals that were on the vitamin A free diet have been analysed. and com-

pared with controls. The details and sequence of destruction of the



various portions of the phetoreoeptors in vitamin A deficiency has been

examined at frequent intervals over a period of 11 months and compared.

with photoreceptor structure in control rats during aging. Morphological

changes in the retiual epithelium in control and vitamin A deficient

rats also have been examined similarly. Acid phosphatase localization

has been used to test for the presence of lysosomes in the ‘reti_nal

epithelium of the vitamin A deficient animals. Finally, H3,—-methionine
was administered to the vitamin A deficient animals to determine if

| protein synthesis still occurs in the disintegrating photoreceptors.

The objects of the present study are: 1). to further our und;er'—
stand_mg of the detailed sequential breakdown of the entire’ photo- R
receptor including its outer segment inner segment, nucleus and
synaptic process in vitamin A deficiency and 2). to elucidate the sub—' :
sequent effect of vitamin A deflclency on the - structure and functlon
of the retmal epltnellum and glial cells. A complete knowledge of the
above events will be beneficial in understanding the_eeutz_:al role played

by vitamin A in vision.



' II HISTORICAL REVIEW
The Early History of Retinal Investigation

Although the visual organ was one of the foremost silbjects of
interest armng' ancient scientists, detailed study of the stfuctﬁre
and function of the retina has not taken place until recent tJme
-(Polyak, 1941). The Greeks considered the retina as a "net-like
tunic" (Polyak, 1941). Kepler (1604) was the First to demonstrate
the essential role of the tetina as a photoreceptor. Lack of instru-
Iﬁents and the primitive com’itions of optical techniques at the time
prevented a more advanced investigation of its structure Development
of the first microscope led to more profitable investigation of the
visual organ. 2ntony van Ieeuwenhoek (1674) in a letter to the publisher .
of the Philosophical Transactions of the Royal Society of London reported
what bhe saw in L_b.e retina of the cow in the followmg short statement
"The thlrd tunlcle was exceed_mgly thin and tender and havmg viewed

‘1t I found it also consists of globules unlts" Ten years later, m
a letter to the secretary of the Poyal Society of London, Leeuwenhoek
(1684) again Iﬁen.tione the retina, this time, of the frog. He again
mentioned the blood vessels and the globules He was the first to see
the blood capillaries, narve cells and also the rods and cones. Un-—
fortunately his observation received little atte_ntion.

During the early part of the eighteenth century the function of



the retina was thbught to be as follows: light réys caused vibratory
motion of the optic nerve fibers, which in co—operetion with the
"spirits” mediated the reception and transmission df the Visual impres-
sions to the braln, where the cbjects were recngnlzed by the "soul"
G%altreﬁJan 1725).

Towards the end of the eighteenth century, investigation of the '
retina was. aided by the 1ntroductlon of a nuber of chemlcals as fix-
atlves and by high power microscopes. There were widely dlvergent
views regarding the structure of the retina. Some believed it to be t
a pure web of nerve fibers. Others eonsidered it as an expansion of
the medullary part of the optic nerve and still others came to the
conclusion that the retina was camposed of the mucous substance of the
brain. Fontana (1782, 1795) was the first to throw light upon the ex1st—
ing chaos of observations and hypotheses on the retina. He studled the
retina of the rabbit and visualized optlc nerve flbers,_ganglion and
other nerve cells suspended in a supporting framework of neuroglia
~and blood capillaries. Uhfortunateiy he overlooked the rods and eones.-

Treviranus, between 1835—1838, carried out a systematic study'of
the retina marking the beginning of modern investigation»of retinal
structure and functioh. His research animals ranged from fish bo'_
ﬁammals. He described the retina as being entirely comoobed of thlckly
packed and extremely dellcate tubes whose blind ends resembled Llny
warts or "papillae" which he believed to protrude onto the vitreal
: face of the retina (Treviranus; 1835); He believed the "papillae™
to be photoreceptors (Treviranus, 1335), but by mistake, he placed
thenton the vitreal face.

Following Treviranus, it was Valentin (1837) who demonstrated



that the retina was composad of .parallel, regularly arranged layers. N
He correctly feoognizad the position of the bacillal_;y layer (layer of
rods and cones) but by misteke reversed the order of the layers in tne

J;*est of the retina. The outer position of the bacillary layer was
later confirmed by Bidder (1839) who found that the free ends of the rods
were always turned toward the choroid membrane.

The stgdy of rztinal struc‘_ﬁure was advanced when Ha:movei' .(1840)
demonstrated how to eoply chromic acid to harden the rétina. This
improvement ;rade it possible to cut thin seétion of retinal tissue.
During the decade following ths intzodug:tion of chramic acid mto
laboratory techniguss, the struct:uré of the human and of other verte-
“ brate retinas was vy’o;‘:*v:ﬂy studied by Pacini (1845),

Bowman (1849), Vintschgan (1833) Koll:l_ker(1854) and espcclally by
‘Maller (1852, 1833, 1854, 1856-1857). 'Ihese studies revealed the

stratification of the retina. In addition, Miller (1851) discovered

]

fibrous structures which passed through the entire Juc}:ness of the
retina. He named them "radial fibers” and they still bear his name.
By means of phvsiological obse:vatio;’ls and with the help of pertinent
histological data, _..ﬂer (1853, 1854, 1856-57) computed the locus of
pmtdreception to be in the bacillary layer. |
The first comprehensive descriptions of retinal histology and
' fUI'ICthTL_._. mte:ﬁr L,::-v~ cns of retmal structure were put forward by
’Iuller (1853, 1854, 1835-37 ) and Kolllker (1854) They
mlie\ed that the rocs a2d conss were true p‘mtorecem,ors. , ’Becaus‘e

of the outer position of the rods and oones, the stimulating rays of

light have to pass throush zlmost the entire thickness of the retina.
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However, this bbstacle wWas largeiy reduced by the great traﬁsparenéy
and hamogeneity of the retinal substance. They suggested that excitation
in the rods and the cenes tr.ave]_'l_ed, in the direction opposite .to light,
along. the "radial fibers", through the various intercalated nuclear and
ganglion cells, and along the optic nerve fibers until firially} entering
the visual centers of the brain, |
Histologiéal technique was further J'_mprovedl when Schultze and :

Rudﬁeff (l_865) _introaucai osmium as a fixative. They substantiated
Miller and Kolliker's views regarding the functional inteprétation
of retinal structure. Schultze (1872) subdivided the retina stretch-
_ ing' from the choroid to the vitreous into the present 10 layers, namely,
1) pigment epithelium, 2) rods and cones, 3) outer limiting nénbrané

4) ocuter nuclear layer, 5) outer granular (plexiform) layer, 6) ime:
nuclear layer, 7) inner granular (plexiform) layer, ,8) ganglion cells,

9) optic nerve fibers ami_lO) inner limiting membrane. He '(1873)‘

further elﬁcidated the bis‘-:ological details of the‘ pbotoréceptor. ceils
which he called cones a_nd rods. The two types of photoreceptors were
classified on the basis. that 1) oone nuclel occupied a more scleral |
'position in oompariéon with those of the rods, 2) rod oﬁte_r ségments were
elongated, thin and cyli_r:&rical while those of the cone were thick and
tapered and 3) the rod celi ':ad a knot-like ending and the cone had a
foot-like ending. The area of the photoreceptor celi scleral to the

hoﬁoreceptor nucleus was divided into an inner and outer segment because
of differences in staining. In addition to his important odn_tribuéion
during this era, Schultze (1872) introduced the important "duplicity
theory" of vision which indicated that the rod photoreceptors: were for

dim light (scotopic) vision and cones were for omlour and discriminative
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bright iight (photopic) vision.,

Towards the end of the nineteenth century, Camillo Golgi (1873,
1878) discovered that a solution of silver nitrate stained nerve cells
black. Tartuferi (1887) applied this method to the retina and found
that the cone fibers split at their vitreal ends into a ﬁumber of
delicate filaments which entered the outer plexiform layer. Here
these cone filaments met the scleral expansions of the bipolar and
other cells whose 5odies’formed the inner nuclear layer and whose
~ Vvitreal processes descended into the inner‘plexiform layer, In the -
latter, these descending procésses seered again to merge.with eééh
other and with the scleral expansions of the ganglion cells, thus
establishing a connection between the photoreceptors,'on the one
hand, and the optic nerve fibers, 6n the other.

It was Rarmon Cajal (1892, 1911) who suppleménted the dupiicity,
theory by assuming a duplex conducting mechanism all along the visual
pathway. According to Cajal the nerve currents elicited in the receptive
elements by the photic stimuli had to pass through the fdllowing three
sets of neurons before they reach the brain: 1) the rods and cones;
2) the bipolars and 3) thé ganglioh'cells. The rods and cones each
had their own sets of bipolars and ganglion cells., Cajal also confirmed
the "Neurone Theory" which proposed that thé”neurones comprising nexve
tissues were each structural and functional entities. No longer was.

nerve tissue to be considered a continwous reticulum.



Fine Structure of the FPhotoreceptor

The outer segment

Photoreceptor fine structure was first studied by Sjostrand
(1949, 1953a). He described the outer segment of the rod photoreceptors
of the quinea pig and perch, and cone photorecepﬁor of the perch as
being composed of a pile of membranous discs enclosed within a cell
membrane. In the rod photoreceptor of the quinea pig, each disc
was found to be formed by a double membrane which appeared to be free
- of the cell plasma membrane. Each disc also possessed a single incisure
The incisures of the discs were found to be aligned foming a longitudinal
groove. These findings were also reported in photoreceptors of other
'rodents; e.g. the mouse (Cogen, 1960) and the rat (Dowling and Gibbons,
1961). Similarly, inbamphibia, Porter (1956), Yamada (1957) and Wald
(1958a) showed that the rod outer segméﬁt also.consists of a pile of
membranous discs. Instead of a single incisure in amphibia each disc
has nurerous incisures resulting in a scalloped outline. Porter (1956)
pointed out that the incisures increased the surface area of thé discs.
Subsequent studies of rod outer segments in pigeon (Cohen, 1963)) and
in man and monkey (Cohen, 1965) have also revealed a scalloped appearance
of the discs. The incisures agpear to beAaligned with each other
(Fernandez-¥oran, 1961; de ?obertis and Lasansky, 1961).

In cone outer segment, most of the discs, except for a few at the
outermost tip, have their merbranes continuous with the surface membrane

of the cell suggesting that the discs are made up of actual infoldings of
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the cell mambrane (Sjdstrand, 1959 [perchl]; Lasansky and de Robertis,
1960 [toad]; Moody and Pozertson, 1960, Yemada, 1960 [frogl; Cohen,

19561z, 1961b [monkey}, 1954 {s_quj_rrel] 1968 [frog]). In rod outer

]

SOnEN

G

the majority of the discs are isolated and separated, although

!

a few are said to commnicare with the surface membrane at the base

0

£ an outer segment (Robertson, 1965; Cohen, 1964, 1965, 1968). Yoﬁng
(1971a, 1971b) has shown by radioautographic studies that the discs of
the rod outer segrent are constantly shed and intemmittently renewed
vhile those of the cone are longlasting.

The discs of the rod outer segment are made up of two mnbra{hes.
Fach rmesbrane consists of two parallel dense layers each 20 A thick,
separated by a light interspace 35 A thick (Moody and-Robertson, 1960).
The disc has been shown by the freeze-fracture technique to possess two
dissimilar marbrane surfaces A "rough" surface studded with spherical
and linear protrusions facing the intradisc space and a "smooth" surface
facing the interdisc space (Clark and Branton, 1968; Leeson, 197O,V

1971b). rore recently, Capaldi (1974) has suggested a new rﬁodel for the
cell mewbrane which consists of a lipid bilayer 45 A thick and globillar
proteins forming intrinsic and extrinsic parts of the membrane. The
intrinsic protein formms the intsgral part of the membrane. The disc
mEmbrane has been suggastad to contain only intrinsic protein which is
the photopigment, riedopsin. In darkness, rhodopsin molecules are sub-

merged for about 1/3 of trheir diameter in the disc membrane's outer
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The oonnecting cilium

The outer segment is connected to the inner segment by a connecting
cilium. The cilium is eccentrically placed and enters the outer segment
of the rod at the base of the groove formed by the series of discAincisures
_ (Ge Robertis, 1956). Porter (1956) and de Robertis (1956) both demcnstrat—
ed that the membrane covering the outer segment is continucus with the
cell plasma membrane by way of the connecting cilium. They noted that
the cilium contains 9 pairs of peripheral tubules Eut lacks the central
pair characteristic of a motile ciliumn. Such paired peripheral tubules
have been described in the guinea pig rod (Sjdstrand, 1953a), in rabbit
rods (de Fobertis, 19565, and cones (de Robertis and Lasansky, 1958)
and in human rods (Missctten, 1965a; Yamada et al., 1958b) and oones
(Yamada éE.El:' 1958b). The peripherél tubules enter the apicai portion
of the inner segment and end in a basai body or centricle (Cohen, 1961a,
1961b; de Robertis, 1956; de Robertis and Lasansky, 1958; Sj6strand, |
1953b; Yamada et al., 1958b). A second centriole, orientated at right .
angle to the basal body, has been described in human rods and cones by
Yamada EEzééf’ (l958b)Aand in monkey rcods and cones by Cohen.(l96la,

1961b).

The inner segment

The inner segment of the photoreceptor is marked by a concentraticn
of mitochondria at its apex. This accummilation corresponds to the
eilipsoid seen by ligh£ microscopy (Walls, 1942). In the rod, the
mitcchondria are oriented with théir long axes parallelbto the axis of

the =21l (de Rekertis, 1956; Cchen, 19%6C; Yemada, 1957). However, there



appears to be no such orientation in the cone (de Robertis and Lasanksy,
1958). 1In the rod ellipsoid, endoplasmic reticulum has been observed
between the mitochondria, in man (Missotten, 1965a), in the rabbit
(de Robertis, 1956) and in the frog (Yamada, 1957), but there appears
to be little endoplasmic reticulum between the mitochondria in the
coné ellipsoid (de Robertis and Lasanksy, 1958). From the basal body
afise the cillary rootlets which run the entire length of the inner
segrent between two systems of vacuoles (Cohen, 1961a, 1961b; Uga
et al., 1970; Bairati and Orzalesi, 1963). Cohen (1960) suggested
that the ciliary rootlets may be concerned with conduction of excitation
while Uga EEﬁél' (1970) indicated they may serve as a skeletal support
for the receptor inner segments. Below the ellipsoid, the cytoplasm
contains riboscmes, rough endoplasmic reticulum and a Golgi complex
situated just above the external limiting membrahe (Sjostrand, 1953b;
Cohen, 1961b, 1963). This region is known as the myoid because in scme
lower vertebrates, it is contractile and responds to changes in retinal
illumination (Young, 1969). Membrane bound 0il droplets are found in the
cone inner segments of same non mammalian species (Walls, 1942; Duke-
Elder, 1958; Pedler and Tansley, 1963; Sjdstrand and Elfvin, 1957;
Berger, 1965, 1966; Rorwein and Hollenberg, 1973). The oil droplets
are believed to be formed by mitochondrialfusion in a vitreal to scleral
gradient (Berger, 1964; Ishikawa and Yamada, 1969; Borwein and Hollenberg,
1973).

Vertebrate photoreceptor nuclei are typically oval or spherical in
shape (Nilsson, 1964; Hollenberg and Berstein, 1966; Morris and Shorey,
1967; Dowling and Werblin, 1969) but in the newt, they are elongated,

cylindrical structures (Dickson and Hollenberg, 1971). Rod nuclei are



more electron dense than the cones (Nilsson, 1964; Diékson and Bollenberg
1971). In the frog, the cone nuclei are lécated closer to the outef
plexiform layer than the rods while the opposite is the case in the newt
retina. The nuclei are surrounded by narrow rims of cytoplasm. Cohen
(1960) noted that the rod nuclei are often packed together suggesting
the possibility of interaction between rods at the nuclear level. Where
the nuclei are sgparated, processes of Miller's fibers lie between them

(Cohen, 1961b).

The rod spherule T

The basic morphology of the photoreceptor synaptic terminals is -
remarkedly uniform in all classes of vertebrates (de Robertis, 1958; -
Oohen, 1969; Dartnall and Tansley, 1963; Evans, 1966; Stell, 1967,
Dowling, 1968, 1970; Kolb, 1970). The rod synaptic terminal often
enlarges to form a spherule. A single mitochondrion has been found in
. the rod spherule in the rat (Ladman, 1958) ard the mouse (Cohen, 1960).
Mitochondria have also been reported in both rod and cone synaptic -
terminals of monkey photoreceptors (Cohen, lé6lb) , but are absent in -
synaptic terminals of rabbit (de Robertis and Franchiy 1956) ’ guinea'-'-_répig;_
and opossum (I."'i‘ém_fﬂl' l9~58) . _3od synaps_es usually hag oniy one synaptic
ribbon (a half-moon shaped lamellar structure) associated with the pene-
trating bipolar and ﬁorizontal cell processes at the synaptic junction
(Cohen, 1961b; de Robertis and Franchi, 1956; Ladman, 1958; Sjostrand,
1958), Missotten (1965a) reported that several synaptic ribbons may be
.present in the rods of man. Ladman (1958) and Cohen (1961b) described

in rat synaptic terminals another lamellar structure related to the
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synaptic ribbon, the "rod arciform density". Synaptic vesicles are
present in the rod spherules and are thopéht to contain neuro-transmitter
substance (de Robertis and Franchi, 1956; de Robertis, 1958). Each
synaptic ribbon in both the rods and cones is usually surrounded by a
halo of synaptic vesicles‘. Gray and Pease (1971) postulated that the
synaptic ribbon possj.bly serves to direct the synaptic vesicles down to
the presynaptic membrane. The function of the arciform den51ty might be
two fold firstly, to anchor the synapt_lc ribbon to the presynaptic mem-
brane and secondly, to guide the synaptic vesicles off the ribbon on to

the presynaptic membrane after they have passed down along the surface of

the ribbon (Gray and Pease, 1971). = R —
The rod spherules make synaptic contacts with a cluster of nerve -
endings penetrating the spherule in a single invagination (Sjostrand,
1958, 1961; de Robertis and Franchi, 1956; Ladman, 1958; Cohen, 1963,
1964; Vlllegas, 1960, 1964; Mlssotten, 19650, Evans, 1966). The deeply
inserted terminal nerve fibers, s:.tuated 'in a lateral pos:.tlon have .
been identifiéd as horizantal cell axon termlnals in man (Missotten,
1965b). In goldfish the laterally placed terminal fibers are identified
as horizontal cell dendrites (Stell, 1967). The less deeply inserted  :j
terminal fibers which ‘are located centrally have been traced to bipolars
in man (Missotten, 1965b) and in goldfish (Stell, 1967). Rod superficial
contacts have been reported in the mudpuppy (Dowling and Werblin, 1969)
and in the newt (Dickson and Hollenberg, 1971). They are formed by slight
indentations in the receptor terminal surface produced by the synapsing
‘neuronal processes. Superficial contacts are found in association with
synaptic ribbons in the mudpuppy, but in the newt, synaptic ribbons have

never been identified with superficial contacts.
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Cone pedicles

Cone pedicles of vertebrates have been studied in detail by

several investigators (de Robertis and Franchi, 1956; Cohen, 1963,

1964; Pedler and Tansley, 1963; Kalberer and Pedler, 1963; Pedler

and Tilly, 1964; Villegas,‘l960; Stell, 1967;'1Evans, 1966;

HOll,nberg and Berstein, 1966; Dowling and Werblin, 1569; Lasansky,

1972). Missotten and Dooren (1966) reconstructed pedicles of human
_photoreceptors with serial sections and grouped contacts into 3 typés’
1nvag1natlons, surface contacts and 1nterreceptor contacts
(@) Invaginations: Fibers from the inner nuclear layer invaginate

deep into the pedicle forming a symgetrical triad. The two lateral
prOCQSSQS often contain enﬂoolasmic.reticulum, microtubules and

ribosomes and are now widely accepted as axons of horizontal cells.

The central process can be either horizontal cell dendrite or bipolar
cell endings (Hogan et al., 1971). Dowling‘and Boycott (1966), in odﬁ—
trast, feel the central processes belong exclusively to bipolar cells and
the lateral processss are not caaraﬁterlstlc of a1th==r dendrltes or axons.
In this way the horlzontal cells are able to receive and transmit StJHull
in a horizontal dlrectlon, thus creatlng interreceptor cross—connectlons
The synaptic ribbon faces the triad at a right angle, and the arciform
density lies hetxeen‘the synaptic ribbon and the cell membrane. There are
i’nunerous synaptic vesicles around the synaptic ribbon and the arciform
ensity. (b) Surfacs contacts: In this situation bipdlar dendrites
synapse with the cone in shallow ingantétions on the basalvsurfaces of fhe

pedicles. There is a slight thickening of the cone and bipolar mepbranes

[o}]

t this region but synaptic vesicles and synaptic ribbons are absent.



(c) Interreceptor contacts: Interreceptor synapses have been derron-—
strated in the guinea pig (Sjdstrand, 1958.), mouse (Cohen, 1960), frog
(Nilsson, 1964), monkey (Cohen, 196lb, Dowling and Boycott, 1966), man
Missotten, 1965b; Uga et al., 1970; Hogan et al., 1971) and turtle
(Lasansky, 1972). Each pedicle has several lateral expansions which
extend a considerable distance horizontally and make contact with lateral
expansions of an adjacent cone or the lateral surface of a rod spherule.
No synaptic vesicles are found on either side of the ocontact. It is

not known whether the interreceptor contacts are sites of conduction or

transmission of nerve impules (Hogan et al., 1971).

Retinal pigment epithelium

The fine structure of the retinal epithelium has been studied ex-
tensively in recent years (Yamada et al., 1958a; Bernstein, 1961, 1966;
Yamada, 1961; Dowling and Gibbons, 1962; Bairati and Orzalesi, 1963;
Breathnack and Wyllie, 1966; Leur-duPree, 1968; Leeson, 1971a; Braekevelt'
and Hollenberg, 1970). These authofs have shown that the mature retinal
epithelium is a fairly wmiform single layer of rectangular cells, situated
around the outer circumference of the retina, extendiné from the edge of
the optic disc to the ora serrata. In a tangential section cut parallel
to the pigment epithelium, these cells are hexagonal in shape. In many
species, pigment epithelial cells are characterized by numerous basal
infoldings of the plasma membrane, an extensive smooth endoplasmic reti-
culum, pigment granules and numerous apical processes surrounding the
photoreceptor outer segments. The bésal infoldings and the close presence

of numerous mitochondria suggest an active role in metabolic transcort from
o
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the choriocapillaries (Dowling and Gibbons, 1962; Bairati and Orzalesi,
1963). The metabolites are carried across the pigment epithelium and
supplied to the outer retina including the photoreceptors. In the
frog retinal epithelium, the smooth endoplasmic reticulum is closely
associated with larellated myeloid bodies. Porter and Yamada (1960)
have suggested that the myeloid body with its large surféoe area and
associated smooth endoplasmic reticulum may play an active role in
directing isamerization of all-trans retinaldehyde to the 1l-cis con—
figuration, and the reconstitution of rhodopsin from 1ll-cis retinaldehyde
and opsin. The smooth endoplasmic reticulum also may be significant in
the interconversion between retinaldehyde and vitamin A, as well as the
transport of these compounds to the photoreceptor cells. In the newt
pigment epithelium, Dickson and Hollenberg (1971) observed large lipid
inclusionsclosely associated with the smooth endoplasmic reticulum and
they have suggesﬁed that the latter is involved in lipid metabolism.
The presence of a limited amount of rough endoplasmic reticulum
and free ribosomes is also a common feature of most vertebrate retinal
epithelia. Leure-duPree (1968) has suggested that during development
the rough endoplasmic reticuium may contribute to protyrosinase and
tyrosinase biosynthesis. After their production, these enzymes are
concentrated in the Golgi apparatus and then in vesicles which sub-
sequently form pro-pigment granules. In the pigment epithelium of the .
adult albino rat, pigment granules are absent due to a genetic block
to melanization (Dowling and Gibbons, 1962). In the human albino |
melanocypte , the genetic defect has been suggested to be due to the
lack of free l-tyrosine available to {:hérfelanoscme (Mishima and Loud,

1963).
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Pigment granules are concentrated in the apical éytoplasmig pfocesses'
of the pigmented epithelium, Moyer (1969) has suggested that they may
function in absorbing light and preventing scatter, This mechaniSm B
helps in refinement of the photoreceptof stimulus thereby iﬁcreaéing ,
visual acuity. The pigment granules of certain submammaliaﬁ species
move outwards away from the apical epithelial péocesses in times of
low illumination, thus allowing maximal visualvsensitivity at the expense -
of reduced visual acuity (Moyer, 1969).

That the pigment epithelium is indispensable for the visual process
was first_noted'by Kihne (1878). He reported that a frog retinavﬁaken
out of the eye can no longer regenerate rhodopsin and that it regains
this capacity if laid back upon the pigment epithelium. He was-éonvinced
that intimate contact bétween the neural retina and the pigment epithelium
was necessary for rhodopsin to be synthesized in the rods. - Retinal.
detachment results in blindness in human subjecﬁs but when contact ié re-
established, vision is restored.. This, Wald (l958a)'felt, provided furﬁher
evidence that the pigment epithelium makes an active contribution to
the visuél proceés. In the frog eye, retinene isomerase, which is
responsible for the conversion of ll-trans vitamin A back to 1l-cis
vitamin A, has been shown to be preseﬁt in the retinal pigment epithelium
| (Hubbard, 1956); The vitamin A liberated by the bleaching of visual
pigments is rapidly esterified in the eye (Krinsky, 1958). In amphibia;
the’enzyﬁatic system concerned with this‘process is present in the_pig-
ment epithelium (Krinsky, 1958).

The pigment epithelium also pléys a major role iﬁ the turn over

. of the photoreceptor outer segments. Young and Bok (1969) have shown



by radicautograpnic studies that in the frog, newly formed radioactive
protein is incorporated into disc membranes at the base of the rod
outer segment.' These labelled discs are progressively displaced along
the outer segments as nsw discs are formed at the base. When the
labelled discs reach the end of the outer segment, they are detached
from it and subsecuently can be identified in the pigment epithelium.
Phagocytosis by the pigrent epithelium is accomplished by the
apical epithelial processes. The pﬁocesses surround’ .. the discs dt
the outermost ends of the rod photoreceptors. The discs are then taken
into the epithelial cell as phagosomes which are subsequently broken
down by lysosomal action (Spitznas and Hogan, 1970; Young, 1971a).
Failure of this phagocytic Dimction results in an overaccumulation of
rod outer segment‘" terial and subsequently, visual cell death and
blindness. This has been clearly demonstrated in the case of inherited
retinal dystrophy in the rat (Dowling and Sidman, 1962; Bok and Hall,
1971; Herron et al., 1969). Herron et al. (1969), using radicactive
amino acid, noted that the retinal dystrophic rat shows a normal rate
of odter seqgrent gzt»ﬁi until the age of 18 days. Thereafter the growth
of lamellar discs towards pigment epithelium slows down and the plg—
ment epithelium shows no 2bility to phagocytose the rod outer segments.
Dowling and Sidman (19562) found that the elecﬁroretinogram (ERG) of the

retinal dystrophic rat is :

i)

ormal until the age of 18 days. Thereafter,
a gradual deterioraticn in the ERG begins and complete loss is observed
by two months of age. Thes lamellar material of the photoreceptor outer

segments gradually builds wo at their apices while the rhodopsin content

,\

in the retina of the

U)

_.L

’strophic rat temporarily increases. Finally, all

visual cells ars lost. These investigations suggest that death of the



photoreceptors'nay be due to a primary defect in the pigment epitheliﬁm
(Herron et al., 1969; Bok and Hall, 1971). These recent findings have
strongly reemphasized tné close correlation between the retina and the
pigment epithelium in the maintenance of visual function.

In addition to the above functions, the pigment epithelium also
synthesizes and secretes part of the mucopolysaccharide material which
f£ills the spaces between the visual cell outer segments (Bermans, 1964;
Moyer, 1969). Histochemical studies have reveéled that the epithelial
cytoplasm contains high activity of glycolyfic dehydrogenase, acid
phosphatase, ATPase, AMPase, and alkaline phosphatase (Lessell and

Kuwabara, 1964).



Night Blindness and its Association w1th Vitamin A

The affliction of nicht blindness (nyctalopia or difficulty in
dark adaptation) and its cure by liver or liver oils, was Known to the
ancients, long before vitamin A was discovered. Aykroyd (1944) mentioned
that Eber's Papyrus, an ancient Egyptian medical treatise of about 1500
B.C., recommendedAroast ax liver or the liver of a black cock as curative
agents for night.blindness, The famous Greek philosopher and "Father of
Medicine", Hippocrates also prescribed ox liver for curing night blindness,
but suggested that it should be eaten in a raw state after dipping in
honey (Moore, 1957). Modern knowledge, of course, indicates thatAlivers
of almost all animals are rich in vitamin A.

The relationship of vitamin A to dark adaptation was not realized
until considerable information about the distribution and chemical
nature of vitamin A became available from other sources. In 1876, Franz
Boll made the pioneering discovery of visual purple in the retina. He
noticed that, in the frog, the pigment epithelium of the retina contained
golden coloured oil droolets which faded when the eye was brightly
~illgminated for lohg vericds. The visual purple obtained fram the frog's-
retina turned yéllow on treatment with acid. .He inferred from this change
that the visual purple was darived from the yeliow pigment which akcmnded
in the pigment epithelium. This led his colleague Capranica (1877) to
conclude that the pigment was lutein, a term which at that time covered
both éarotene and xanthophyll,

The presence of visual purple in dark adapted retinas and its absence
from retinas adapted to bright sunshine was another point established in

the early experiments. Kihne (1878) demonstrated that, in the frog's eYe,



visual purple reaprears slowly in the dark after it is bleached by light.
He also noted that, at the same time, the eye becomes more photo-sensitive
during a stay in the dark., Since the photochemical effect of a given
amount of light was found to be proportional to the concentration of
the light-sensitive substance, Parinaud (1881) supplemented the
"duplicity theory" with the assumption that twilight vision was dependent
cn visual purple. Night blindness was therefore, presumed to be correlated
with abnormal fimction of visual purple. |

In 1913,‘ McCollum and Davis noted that certain mixtures of fats of
animal origin or fats extracted from intermal organs, e.g. kidney ;or liver,
contained a factor absolutely indispensable for survival and growth. The
substance, also présent in abundance in leaves of plants and a few seeds,
was designated fat-soluble vitamin A (McCollum and Davis, 1913), When
a diet was inadequate in its content of this substance, animals become
emaciated and suffered edama of the eyes, Blindness resulted if the
animals were pemitted. to go without this dietary essential or with an
inadequate supply for a sufficient time (Holm, 1925).

An important step was then taken by Fridericia and Holm (1925)
who demonstrated that dark adaptation was defective in vitamin A deficient
raté and that the pilcment "visual 'puxplé'? could be formed only slowly in their
retinas. Early in this century, Stern (1905) , utilizing platinum chloride
fixation in the dark, was able to produce a visual purple platimm complex
which was stable in the light. Tansley (1931) applying the same technique
demonstrated that the retina of vitamin A deficient rat contained sub-
normal arounts of visual purple. Two years later, working on the histologi-
cal changes of the retinas of rats and dogs in avitaminosis A, Tansley

(1933) came to the following conclusions: 1) blood circulation was important



in the regeneration of visual purple 2) both in living and in prepared
retinas, suitably stained visual purple was always found to be present
in the outer limbs or segments of the rods and nowhere else in the
retina 3) Visual purple and the outer limbs of rods appeared simultane-
ously in developing retiné 4) in the vitamin A deficient condition, poor
regeneraticn of visual purple was accampanied by changes in the outer
limb of the rod photoreceptor and 5) in case of extreme vitamin A de-
privation, the reﬁLna was unable to form any visual purple. In develop-:
ing retinas the primary effect of vitamin A deficiency was the absence
of visual purple formation. ILater, rod structure was affected (Tansley,
1936).

So far, it had been recognized that the formation of visual purple
was influenced by vitamin A, but there was no evidence to implicate the
vitamin directly in visual processes. Evidence of the direct participa-
tion of vitamin A in dark adaptation, however, was subsequently obtained
in the classical research of Wald (l935a, 1936). In extensive studies
on retinas of frogs, piés, sheep and cattle, Wald found vitamin A in the
neural retina and the combined pigment eéithelial and choroid layer
(Wald, 1935a). The vitamin was identified by its absorption at 328 mu
in the ultra-violet and at 620 ru by the' ahtinony trichloride test (Wald,
1935a). Wald found that the dark adapted retinasof the bull frog, Rana
catesbiana, contained only a trace of Vltamln A which could be extracted |
with benzene in the dark without lnjurmg the visual purple (Wald, 1936 ).
If the retinas were then exposed for short time to light, extraction with
benzene now produced a vellow pigmeht which he named "retinene". If the
retinas after bleaching by light were allowed to stand for an hour at
25°C the yellow colour seen immediately a.fter bleaching disappeared and

extraction with benzene now produced a substantial amount of vitamin A.
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From these findings, Wald formulated a cycle (see below) which

became a landmark in the history of research on vitamin A.

visual purple

/4\

vitamin A + protein ¢ retinene + protein
("visual white") ~ ("visual yellow") v

Meanwhile, emér:'.mnts wvere carried out by a number of research-
ers on human subjects who were deprived of vitamin A in their diet
for periods which rangsd from a few weeks to over two years. (Hecht
and Mandelbaum, 1939; Wald et al., 1938; Booher et al., 1939; Steven,
1943; Hure and Krebs, 1949). 'Fhese subjects showed a deterioration'b
in their capacity for dark adaptation sooner or later in the course of
the vitamin A deficie;‘lq,f. The defect was corrected by £he administration
of vitamin A. Haig et al. (1938) noted that night blindness was also |

associated with chronic liver diseases.
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The Visual Cycle

The role of vitamin A in vision was elucidated in 3 main stages.

'..J

Firstly, a vital clus was providaed by Morton ( 1944 ) who

demonstrated that retinens was the aldshyde of vitamin A. Secondly, -

'

important studies were mzde by Wald and others (Wald, 1935a, 1935b,
1950; Wald and Rutpard, 1949; Bliss, 1951; Futterman, 1963) on the
enzyme Systems involved in the oxidations and reductions between
vitamin A and rstinsne. ‘Thirdly, the discovery of Hubbard and Wald
(1952) of the cis-trans iscmerism of retinene during the preparation
of retinens for its cowbination with opsin in the formaticn of éisual

purple. The structural formmalze for all-trans and ll-cis vitamin are shown

belor:
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All-trans retinal would not combine with opsin to form rhodopsin

(Hubbard and Wald, 1952). Combination took place, however, after the

retinene has been isomerized to the ll-cis state., Thus, a cycie of

isomerization is an intrinsic component of the visual purple or

rhodopsin system. On the basis of the above additional knowledge,

and subsequent research, Wald (1968) proposed his revised version of

the visual cycle:

retinene
_ isomerase

1ll-cis retinal

+ opsin

f DPN +
alcohol dehydrogenase

1ll-cis vitamin A

7

j[ esterifying enzymes

ll-cis vitamin A =
esters

=

Rhodopsin

b

Pre-lumirhodopsin “—
' .
v

Lunirhodopsin
|

v
Metarhodopsin I

l

v
Metarhodopsin II

1 -
All—transVretinal”“““””““"g

+ free opsin

1

1ll-cis retinal
+ opsin

Le

© All-trans vitamin A (retinol)

4

4

All-trans vitamin A esters

Wavy arrcws indicate regeneration; straight arrows indicate

thermal photoreactions. When a molecule of rhodopsin containing

1ll-cis retinal absorbs a single photon, it is changed to the

more stable all~trans form and separated from opsin. Opsin



is a lipoprotein with a molecular weight of 30,000 to 40,000 (Krinsky,

1958). The first step of the light reaction results in the formation

..

of pre—lwnirnoiops;n which is highly unstable at ordinary temperature
(Yosnhizawa and Viald, 1964). Following this, the breakdown proceeds
spontansously. OCnce all-trans retinal is releaéed from opsin, it may

be isamerized to 1ll-cis retinal to form rhodopsin or may be reduced

by a dehydrogenase and LPN to all-trans retinol and then esterfied. The
ester is stored in. tre pigment epithelium until needed for dark adaptation.
During dark adaptation, vitamin A ester is deesterified, oxidized and
isarerized bto the ll-cis configuration and once again available for
regenaration of rhodogsin. It is still not known exactly where in the
inner or outer segment of the photbreceptor ‘cell 1l-cis retinal and opsin
recorbine to form rhodopsin. The pigment épithelium has been found to
store considerable zmounts of 1l-cis vitamin A (Hubbard and Dowling, 1962;
Krinsky, 1958). In cattle eyes, retinene isamerase has been found

prirarily in the neural retina and in frog eyes it is found mainly in the

Vitamin A exists in two distinct forms (Wald, 1958b), By (retinal,

2

or retf_noll) ard 2, (retinal, or retinolz) . If the bond on the ring lat C).
of 1ll—cis vitamin & wmolecule is saturated, it is called B If this |

vigment has a maximm aosorption at 500 mu. In fresh water and scme
amchibia, the chromcghore is vitamin AZ which combines with opsin to

D)

form porphyropsin having a maximum absorption at about 525 ma (Brown

t
[}

et al., 1263). Wald (1237) reported the detection of a further pigment,

iocdossin in chicken retina. It absorbes at 565 mu and is bleached by
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red light. It is presumed to be the pigment for the obnes.

the human retina share the same basic structure
of all known visual pigments (Wald, 1969). Four ty_pes of visual pigments
have been found in the muman retina. The rod rhodopsin has a maximal
absorbance at about SOC mu {Brown and Wald, 1964). Cones have three
different visual pigments with different absorption peaks (435 mu,

540 rm, and 565 mu1) corresponding to blue, green and red sensitive
ﬁ)igr-ren'ts in the eye.‘ It is believed that only one visual pigment is
present in each photoreceptor cell. Therefore, according to this
hypothesis there are three types of cones, one absorbing maximally at

435 mu and the others at 540 m and 565 mu (Wald, 1969), respectively.
A1l four possess ll-cis retinaldehyde as the chramophore but are united
with four different opsins in the discs of the receptor outer segmenté
(Wald, 1969). Huran rrocdcosin extracted into aqueous solution bleaches
in the usual way to opsin and all-trans retinaldehyde and can be re-
generated in solution from opsin and ll-cis retinaldehyde (Wald and
Browm, 1958). Differsnce spectra on ﬁhe red and green-sensitive pigments
of cones have been measured by direct microspectrophotometry of human
and monkey foveas V(Bro.m ard ".'-I&dd,. 1963). Human cones which are blue-
sensitive have also been found (Brown and Wald, 1964). All three pigments
are regenerated on adding 1l-cis retinaldehyde to the medium, showing this

to be their commen chromoehore, joined to different opsins  (Wald, 1969).



TII MATERTALS AND METHODS

Albino rats of the Wistar strain (Woodland Farm, Chio, U.S.A.)
were used throuchout the stixdies. The animals were kept under lab-

oratory corditicons with 12 continuous hours of light and 12 hours -

-

exposed to an interval of less than 1 1/2 hours of light outside the

cages at an intensity of 25 foot candles before they were killed. The

terperatire of the roam in wiich the animals were caged was held con-
o .

stant at 207 C. The rogn in which the animals were céged was illuminated

with 4, 40 watt floursscent lights (General Electric F40, CW) situated

1) 2Animals and diets

Vleanling rats, 5 wesks old of both sexes, weighing on the
sxvverage 73 z 10 gm. were roused in individual wire cages. The raﬁs
were maintained cn a vitamin A "free" diet (prepared by General
alis, Onhio, U.S.A.; according to Roels et al.,

1964) supplemented with vitamin A acid. Water was available ad libitam.

—
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complete stock diet, Purina Iaboratory Chow



Composition of the vitamin A free diet

The major ingrdients of the basal diet were (g/kg):

Casein, vitamin free (heat treated) ‘ 180.00

Glucose ' 677.56
Cellulose : 50.00
Peanut 0il ' 50.00

Salt mixture, USP XIV (Bioclogical ‘Research Pro-

ducts, General Biochemicals cat. No. 170800) _' 40.00

The following vitamins were added to the basal diet (g/kg):

Thiamine HCL ' ’_ 0.002
Riboflavin ‘ v 0.004
Pyridoxine HC1l | | ‘ 0.004
Choline Choride. | 1.000
Inositol 1.000
p~Aminobenzoic acid _ 0.300
Nicotinamide " 0.100
Folic acid | 0.0025
Vitamin B12 (crystalline) 0.00005
Biotin ‘ 0.0001
Ergcecalciferol (40;000,000 units/g) 0.000042
Vitamin K 0.010
Vitamin A acid 0.00172

Calcium pantcthenate ‘ - 0.010



Composition of normal. diet (Purina Laboratdry Chow)!

PROTEIN % ‘ 23.'4
Arginine % | 1.38
Cystine® % » .32
Glycine % , 1.26
Histidine % ‘ .62
Isoleucine % . _ ' 1.22
ILeucine % 1.52
Lysine $ L4l
Methionine % a3
Phenylalanine % 1.03
Threon_me % .94
Trytophan % .28
Valine 1.24

FAT % 4,5

FIBER % 5.2

DN $ ' ‘ 75

NFE (by difference) % 50.8

Gross Energy, KCal/gm ' _ 4,25

ASH % : | 7.3
Calcium % _ 1.20
Phosphorus % | ' .86
Potassium % .82
Magnesium % : «26
Sodium % | ' | .49
Chlorine % .51

Fluorine , pPcm : A 35.0



Iron, ppm 198.0

Zinc, pmm 58.0
Manganese, ppm 51,0
Copper, ppm 18,0
Cobalt, ppm A
Iodine, ppm 1,7
VITAMINS
Carotene, ppm 6.5
Thiamin, ppm 17.7
Riboflavin, ppm 8.5
Niacin, ppm - 110.3
Pantothenic Acid, ppm - 248
Choline, ppm X100 _ 24,0
Folic Acid, ppm 5.9
Pyridoxine, ppm | 3.8
Biotin, ppm W07
B-12, mcg/1b. 10.2
Vitamin A, IU/gm 12,0
Vitamin D, IU/gm 5.3
Alpha-tocopherol, IU/1b. 29,8

Experimental and control animals were weighed individually
for a total of 25 weeks, For vitamin A deficiency studies, two

‘experimental animals with a control were killed for each sampling.



2) [Cetermination of Blood Plasma Vitamin A Level

Experimental animals 5 weeks old were put on the vitamin A free
diet and blood sammples were collected at 3, 4, 6 and 8 weeks later,
e animals were anaesthesized with ether and blood collected by
puncturing the descendirg aorta with a l8-gauge needle attached to
a syringe centaining 0.2 ml of heparin., Blood was collected similarly

frem control animals of 5 weeks old and also 2 and 8 weeks later.,

Bleod plazra vitamin A and carotene analyses were carried out using
Carr-Price's colorimetric method (Neeld and Person, 1963; Freed, 1966),
with a Reckman DX-2A recording spectréphotoneter, the cell champer of
which was raintained at 25°C,

Carctene and vitamin A were extracted from the blcod plasma by
the followirg procedure: |

1. 2wl cf plasma was transferred into a 10 ml glass teét tube,

2. 2 of 95% etharol was then added and followed by 3 ml of

petrolaum ether,

3. The mixture was shaken vigorously for two minutes and centri-

h

Fuced a2t low speed for three minutes to separate the emulsion,

t

. 1l of petroleum ether extract (upper layer) was pippetted

>

ard read for carotene at 450 mu against a pstroleum

ih

of
etrer blank,
5. 2l of petroleum ether extract was transferred to a 10 ml
test tube which was then placed in a water bath at 45°¢ and

the extract eveporated to dryness under a stream of nitrogen.



6. The résidue was dissolved in 0.1 ml chloroform (CHC13) ,
and a drop of acetic anhydride fram a No. 25 needle and 1
ml triflorcacetic acid (TFA) mixture (1 TFA : 2 CHC13)
were added.

7. Vitamin A was read immediately at 620 mu against a blank

of 0.1 ml chloroform and 1 ml of TFA mixture.

The above reaction gave é clear‘ blue colour which faded rapidly.
The time when the TFA mixture was added (TO) , the initial (Tl) and
final (T2) recordings of the colour absorbed were noted. The maximum
absorbance was obtained by extrapolating the slope of absorbance to

0]
vitamin A was obtained is shown in fig. 2a.

the T time. 2An example graph showing how the maximum absdrbance for

The standard curve for cardtene was obtained by dissolving 50 ug
of B—carotene (CGeneral Biochemical, U.S.A.) in a few ml of reagent
grade chloroform. Petroleum ether was added to a final volume of 100 mi
in a volumetric flask. This solution was then diluted 1 to 100 with
petroleum ether to prepare the intermediate standard. This intemediate
solution was further diluted with petroleum ether to give solutions
containing 0.5, 1.0, 2.0 and 4.0 ng of B-carotene per ml respectively.
The optical density (OD) of carotene was read at 450 mu against a
petroleum blank. Thus a standard curve made up at OD 450 against
the concentration of B-carotene was obtained. The B-carotene solutions
were again read at 620 mu against the petroleum blank. The ratio of the
two sets of readings at the two different wavalengths was determined as
oD 450/OD620=O.3. Since the p@troleum extract of blood olasma contained

both carotene and vitamin A, the ratio was used to correct the inter-



ference caused by carotene at OD620 in ofder to estimate the concentration
of vitamin A accurately. "

The standard curve for vitamin A was obtained by using transretinol
(Sigma Cherﬁical Campany). Five milligrams of transretjnol was dissolved
in a few ml of reagent grade chloroform and diluted to 50 ml in a
volumetric flask. Vitamin A standards were prepared frcm this stock
ocontaining 10, 20, 30, 40 and 50 u@fm respectively. To prepare the
standard curve, 0.1 ml of each of the above standards was placed in a
1 ml capacity cuvette for reaction with 1 ml of TFA mixture. The
procedures that followed were the same as described above for vitamin A
determination in blood plasma.

From the standard curve of vitamin A at OD the factor F,

620’
which is the correlation between concentration of vitamin A per tube

and its optical density at 620 mu, was determined as:

r= A9 vitamin A/ tube _ 3 - 7.1

optical density at 620 mu 0.42

Therefore, vitamin A level in 100 ml blood plasma:

[OD620—‘(OD450 X 0.3)] (7.1 X 75) = ng vitamin A/100 ml plasma

3) termination of feed vitamin A content.

Three samples of Purina Laboratory Chow and 3 samples of the
vitamin A free diet were analysed for vitamin A content. Twenty
grams of each sample, finely ground, was’ extracted for 2 hours with
petroleum ether in an extraction apparatus. The ether was evaporated

off and the residue saponified. After saponification was completed,



carotene and vitamin A were extracted by ether.  The ether extract
was used to read carotene and vitamin A at 450 nu and 620 mua
respectively following the same nethod as described above. Purina
Iaboratory Chow was found to contain 3.97 ug of vitamin A/g of feed
and the vitamin A "free" diet, 0.21 nug of vitamin A/g of feed, i.e.
5% of the vitamin A content of the normal diet. |

A

4) Light microscopy

The animals were anaesthesized with sodium pentobarbital (nembutal)
injected intraperitor}eall'y and the eyes removea with a pair of scissors.
The enucleéted eyes were punctured at the ora serrata with a sharp razor
blade to facilitate penetration of the fixative, and then fixed in a
cold (4°C) solution of 2% paraformaldehyde and 2.5% glutaraldehyde in
0.1 M sodium cacodylate buffer at pH 7.3 for 4-5 hours. ‘fhe cornea
and lens of each eye were removed. The eyes were then rinsed in 3%
sucrose and 0.1 M sodlum cacodylate buffer at 1°c overnight, and post-
fixed in 2% osmium tetroxide in 0.1 M sodium cecodylate buffer for 2
hours at'-room temperature. Dehydration was carrled out in ethanol,
starting with 15%, then,30%, 50%, 70%, 80%, 90% é.nd 100% ethanol, each _
for 15 minutes. After going through the last change of ethanol, the
eyes were transferred to undiluted propylene oxide, two changes, each
for 30 minutes. Each eye was hemisected antero-posteriorly before it
was transferred to an equal volume of propylene oxide and epon 812
mixture. Before embedding, each half of the eye was further cut
meridionally into 3 to 4 smaller pieces. The tissues were embedded

in epon 812 mixture and polymerized at 60°C overnight. The epon
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embedded material was sectioned at 0.5-1.0 u on a Reichert Om U2
ultramicrotome. Secticns were mounted on glass slides and stained
with 0.25% alkaline toluidine blue at 65°C for 1-2 minutes. All
conventional light micrographs were taken with a Leitz Orhthoplan
light microscope and recorded on Kodak Panatamic X film with an 6range
or green filter. The film was developed for 9 minutes in Kodak
Microdol-X at room temperature and prints were made using Kodak

Kodabreomide photographic paper.

5) Electron microscopy

For transmission electron microscopy, epon embedded materié.l, |
prepared as above, was sectibned with a diamond knife on a Reichért
Om U2 ultramicrotome. Silver to gray sections were placed on 0.25%
formvar coated 75/300 or 150/150 mesh copper grids and then doubly
stained with saturated uranyl acetate and lead citrate (Reynolds,
1963). They were examined by a Philips 300 electron microscope
operated at 60 kv. All electron micrographs were recorded on Kodak
fine grain positive 35mm film. They were developed in Kodak D-19
for 6 minutes at room tamperature and pfinted on Kodak Kodakbromide

photographic paper.

6) Acid phosphatase histochemist:ty

Acid phosphatase is generally accepted as a lysosomal enzyme
(De Duve, 1963) and is the most widely used histochemical marker for
the demonstration of lysoscmes.

- Portions of the posterior retina, hemisected antero-posteriorly



from both experimental and control animals were used for sﬁudy éfb
lysosomal activity in the retinal epithelium. After fixing in oold
(4°C) sodium cacodylate buffered solution of paraformaldehyde and
glutaraldehyde as described in section 4, the hemisected rétinas

were cut antero-posteriorly into small size, and washed in oold

0.1 M sodium cacodylate buffer containing 3% sucrose for 1 hour.

During washing, the retinal epithelium with choroid was detached from
the retina proper and the sclera by peeling slowly with a pair of fihe
forceps (Ishikawa and Yamada, 1969). To demonstrate acid phosphatase
activity, the method of Millar and Palade (1964) was used. The retinal
epithelium with choroid was.incubated in Gomori medium with sbdiﬁm |
beta—glycerophosphate as substrate at 37°C for 30-40 minutes. The
control for the acid phosphatase reaction was run by iﬁcubating some
tissues in Gomori medium without sodium beta-glycerophosphate. The
tissues wére rinsed briefly in?cold 0.05 M sodium acetéte buffer

(pH 5.0) containing 75% sucrose, postfixed in 2% osmium tetroxide for
1 hour, then dehydrated rapidly with 70%, 90% and 100% ethanol, each
change for 10 minutes. They were transferred to propylene oxide, two
changes, each for 20 minutes and then to an equal volume of propylene
oxide and epon 812 mixture and sectioned and photographed}as described
under section 5. A black precipitate of lead phosphate indicates the

presence of acid phosphatasebin the tissue.

Note: Gomori medium is prepared by dissolving 0.12 g. lead nitrate

[Pb (NO ] in 100 ml 0.05 M sodium acetate buffer (pH 5.0)

32
containing 7.5% sucrose. Then 10 ml of a 3% solution of sodium

beta-glycerophosphate is slowly added. Before use, the ﬁixture



is warmmed at 60°C for 1 hour , cooled to room temperature
and filtered to eliminate the slight precipitate which. usually

develops.

7) Radicautography-light microscopy

Animals that had been on the vitamin A free diet for 2.5, 8 and
10 months and a pair_ of 10 month old control animals were labélled
jntravitreélly in each eyé with 100 uC of H3—inethiorﬁ11e (sp. activity:
4.02 C/mM, New England Nuclear, U.S.A.). Before injection, the alcchol
solvent of the tritiated methionine was evaporated off and re?ladéd
with Kreb's solution. The animals were labelled for "4 and 24 hours.
The enucleated eyes were processed as described under section 4. For
light microscopic radicautography, 0.5-1.0 ,u.sections from the epon-
embedded material were cut on a Reichert Om U2 ultramicrotome and plaoedv
on clean glass slides. e slides were dipped in Kodak NTB2 liquid
emulsion kept at 45°C in a water bath. Dipping was done under a
Wratten #1 safe light, kept at least 6 feet away from the emulsion.
The slides were allowed to dry in total darkness and at 75-80% relative
numidity. The dry siides were kept in .black plastic boxes with several
grams of "Drierite" and eéch box was wrapﬁ)ed in aluminium foil. Following
an exposure of 2 monthé, the slides were developed in Kodak D-170 for
6 minutes and fixed in 242 sodium thiosulfate for 3 minutes at 18°C
(Kopriwa, personal communication). The developed slides were stainea
with alkaline toluidine blue for 5 minutes and destained in acid alcohol.

Light micrographs were taken and developed as described in section 4.



IV (OBSERVATIONS

Introductory Note

In the preparation of this thesis particular care has been
taken to provide comprehensive figure legends to facilitate review
of the micrograpns. The figure legends, in this cése, provide a
canplete record of the research which can be followed independently
of the section on cbservations if desired. This approach has, of
necessity, produced a certain fedundancy between tﬁe figure legends
and the observations secticn. It is suggestea ﬁhat the figuresand

figure legends be perused prior to reading the observations section.



2)

Znimals were put on the vitamin A free diet when they were 5
veekxs old. Therefore an animal designated as a 5 week vitamin

A geficient animal is actaully 10 weeks old.

"

Posterior retinza" means the area behind the equator close

to the optic nerve of the eye and "peripheral retina" means
the area in the region of the equator and towards the ora
serrata

L\ n

inner

exrmns

ot

b) The and "apical" used in association with the

etina and retinal epithelium respectively mean toward the

]

N

vitrecus or cantzr of the eye while "outer" and “"basal"

mean towards the sclera.

c) The term "distal” used in association with photoreceptor

oucer and inner segments means farthest sclerally from the

proorecepcor nucleus, and "proximal" means nearest to the

photoreceptor nucleus.




A) Growth Curves

Weanling rats 5 weeks old of both sexes, weighing approximately
73 g. were put on the.vitamin A free diet, supplemented with vitamin A
acid. Their growth was compared with litter-mates also 5 weeks old,
fed Purina Laboratory Chow and water ad libitum (Fig. 1). Each point
on the curves represents the mean weight of 10-19 control animals or
14-45 vitamin A deficient animals, recorded at various times during
the course of the experiment. The vertical bar at each point represents
plus or minus the standard deviation of the mean, Both the vitamin A
deficient and control animals grow at approximately the Vsame rate- UI:Ii;il
the 4th week. A perceptible difference in their rate of growth is then
apparent. The control animals continue to ga:i-.n‘ weight rapidly until the
15th week when they assume a slower rate of growth, The vitamin A
deficient animals display a more gradual growth rate untii the 21st week
when their growth rate reaches a plateau. None of the vitamin A deficient
or control animals died during the course of the studies, The vitamin A
deficient animals appeared in good and healthy conditi‘on , except for a
few which éhowed cloudiness in the cornea and exudate around ‘the eyelids.

B) Plasma Vitamin A Levels in Control and Vitamin A Deficient Animals

Weanling rats about 5 weeks old were divided into two groups: one
group was fed Purina Laboratory Chow and water ad libitum and served as
controls; the other group was put on the vitamin A free diet. The

experimental animals were killed at 3, 4, 6 and 8 weeks after they were




on the vitamin A free diet. The control animals were sampled at

0 (5 weeks old) 2, and 8 weeks, It was assumed that the blood vitamin A

)

level of the control znimals would remain stable and therefore they *.Arer-e'
not szmpled ccnctrre.ntly z_»#ith the experimental animals, - =-”7The blood |
collectad wa s analysad for :Lts vitamin A content and the results are

showm in Figure 2, Each 9oint in the curves »represents the mean vitamin

A content/10Cml of blood plasma of 1-2 ‘animals. ‘The size of each |
sample was not sufficies ’*’1y big to account for the blologlcal variation, »
howeaver, the de erminaticr. vas merely ‘d'one to confixfm what Dowlinq and‘ ald

/

(1958) had done earlier for the presentw system., T'ne v:LtomJ.n A content per
100 m1 of blood plasma from the 3 samples of the control anmals was o
fond to be 58.5, 46.5 and 52,5 ug respectively., The blood vitanu'n A
content of the v*tc.rﬂ n 2 ceficient animals declined rapidly after the
animals weré on the vitamin A free diet for 3 weeks. By the 4th week

their vitamin A level fell fram 57.5 1g to 30.0 ng per 100 ml blood plasma,

By the 6th week the vitzmin A level fell further to 9.5 ng/100 ml blood

'g
w

the 8th wesk when the experiment terminated, the v1tam1_n A
ceficient animals had a mean vitamin A content of 7.0 ug per 100 ml of

plood plasma, about 13% of the vitamin A level of the control animals.

C) ILight
1. Retinal epithelium and photoreceptors in control rats.
The vertedrate retina is conven\_lonally divided into 10 layers
represanting, in the main, various portions of four different types of
cells, retinal epithelial cells, .photoreceptors , bipolar cells and

ganclion cells, The lavers are from outside inwards (Fig, 3): 1, retinal



epithelium; 2, layer of rods and cones; 3, outer limiting membrane;
4, oufer nuclear layer; 5, cuter plexiform layer; 6, inner nuclear
layer; 7, inner plexiform layer; 8, ganglion cell layer; 9, nerve
fiber layer; 10, inner limiting membrane.

The retinal epithelium consists of a single layer of cells. Each
epithelial cell has 1-2 nuclei which are large and oval in shape
(Fig. 4).‘ The layer of rods and cones contains the pho£oreceptor outer
and inmner segments. ' In a 2 ronth control animal it measurés about
9.6 u thick (Fig. 3). The segments are closely packed together
postériorly (Fig. 4) but those from the peripheral retina lie further
apart (Fig. 7). Both the photoreceptor outer and inner segments ére
elongated and cylindrical (Fig. 8). The outer linﬁting membrane forms
a line of demarcation between the outer nuclear layer and the photo-
receptor inner segments (Figs. 4, 8). The outer nuclear layer, comprising
the cell bodies of the phoﬁoreceptbrs, contains about 9#ll‘rows of nuciei
in the posterior retina. Two types of nuclei are found in the rat
retina, rod and cone nuclei (Fig. 6) but rod nuclei predominate in this
nocturnal animal. The rod nucleus is characterized by a large block of
centrally located chromatin whereas in the cone nucleus the chromatin is
more diffuse and usually divided into several lobes. No appreciable
difference in the photoreceptor nuclel is observed between 2 month old
and 12 month old animzls. In Figure 5, a photoreceptor nucleus is seen
lying among the photoreceptor inner segments. At higher magnification,
three displaced photoreceptor nuclei are identified between the retinal
epithelium and the photoraceptor imner segments (Fig. 6). Nucleus No. 1
is at the junction of the photoreceptor inner and outer segments, nucleus

No. 2 at the junction of the photoreceptor outer segments and retinal




epithelium énd nucleus No. 3 lies bartly wifhin'the retinal epithelium.
The photoreceptor cells:dindnish in number perceptibly £owards the
periphery. Figure 5 shows the peripheral retina from a 9 month old
control animal. In the retinal periphery thefe'is a reduction in the
thickness of the outer nuclear layer to 5-6 rows of nuclei. ‘The outer
pléxiform layer is the synaptic zone between the receptors and bipolar
and hbfizontal neurons. It has a reticular structure under the light
microscope (Figs. 3, 5). The inner nuclear layer oconsists of the cell
bodies of four types of cells: bipolar gells; horizcntal cells, Mﬁller
cells and amacrine cells. The inner plexiform léyer'marks the ju;ction
between the cells of the imner nuclear layer and the ganglion cells of
the‘fetina. Tt also has a finely reticular appearance and: contains
large blood vessels and capillaries (Figs. 3, 5). The cell bodies df
the ganglion cells are>found.in_the-éanglion cell layer. _Theyvare
round and closely spaced in a single row (Fig. 3). The‘nerve fiber
layer is éomposed of the éxnns of the ganglibn cells. .Processesvof

the Mﬁllér cells are known to form the inner limiting membrane. The
retina has a blood supply fram two sources (Fig; 5).. The outer retina, 
the retinal epithélium and the photoreéeptors are‘nourished mainiy by
choriocapillaries from the choroidal circulation. The inner retina in
most mammals is nourishad mainly by capillariés 1éading‘from branches

of the central retinal artery (Polyak, 1957)..

2. Retinal epithelium and photoreceptors in vitamin A deficiency

The following observations refer to the posterior (this term has
been defined in the notes on cbservations) retina unless otherwise

indicated. BAnimals were placed on the vitamin A free diet when they



were about 5 weeks old. 2After 3.5 months on the vitamin A free
diet, the photoreceptor outer and inner segments fram the posterior
retina appear fragile and broken (Fig. 9). At higher magnification,
many of the photoreceptor cuter segments show eﬁidence of disintegration.
The photoreceptor immer segments are shorter than normal and some .a.ppear
slightly swollen (Fig. 10). 2bove the outer nuclear layer the outer
limiting membrane is visible. The outer nuclear layer contains 9-11
rows of nuclei. The cuter plexiférm layer is lightly stained while
the inner neural retina appearé normal (Fig. 9).

The layer of photoreceptor outer and inner segments décrease; in
thickness after 6 nonths of vitamin A deficiency (Fig. 11). The
layer measures 4.4 u in thickness compared to 8 u in a control animal.
At higher magnification (Fig. 12), severe breakdown of photoreceptor
outer segments is evident. They lose their highly ordered orientation,
appear irregqular and display many empty spaces. The photoreceptor inner
segments are shorter than their normal céunterparts. The outer limiting
membrane is present. The cuter nuclear layer now has only 3-5 rows of
photoreceptor nuclei (Fig. ll).. The lightly stained outer plexiform
layer appears thinner. The inner neural retiné is unchanged. In the
retinal epithelium many swall dark granules are present along its inner
surface (Fig. 12).

An overall reduction in the retinal thickness is noted in the
posterior retina after 9 ronths of vitamin A deficiency (Fig. 13).
The photoreceptor outer segments have almost disappeared. The inner
segments are round and short (Fig. 14). The layer of imner and outer
segments now measures 3.2 j in thickness. The outer limiting membrane

is clearly visible. Thers ars now 2-3 rows of photoreceptor nuclei.



remalru_ng In Figure 13, three ghotoreceptor nuclei are seen outside

the outer nuclear layer and in Figure 14 one nucleus lies outside the
outer limiting membrare. The outer plexiform layer is thin‘and no longer
forms a distinct zone between the outer and imner nuclear layers.
Numerous small dark granules are seen within the innér surface of the
retinal epithelium (:_g..lé).

In a 10 month vitamin A deficient animal, the posterlor retina ;
shows further degeneration. There is greater approximation of the |
retinal epitheliun and the neural retinal layer (Figsf 15, 16).

The photoreceptor outer and inner segments have disappeared. The
outer limiting membrane is visible and now demarcates théAouter border
of the neural retina. Cnly 1-2 rows of photoreceptor nuélei are ob—
served. Unidentified cells are visible ambng the photoréceptor nuclei.
The outer plexiform layer is no longer visible in same regions but the
inner neural retina is essentially unchanged (Fig. 15).

The posterior retina fram an 11 month vitamin A deficient animal
is further reduced in thickness (Fig. 17) Some photoreceptor nuclei
are present between the retinal epithelium and the neural retina
(Fig. 17, 18). The retinal eoithelium lies immediately next to the
neural retina. The outer nuclear layer contains only one irregqular
row of photoreceptors with lightly stained cytoplasm. Cells from the
inner nuclear laver agtear between photoreceptor nuclei (Fig. 17).

The outer limiting membrane forms a distinct boundary above the ocuter
nuclear layer. The cuter plexiform layer is obscure although tbe imner

neural retina acpears aimost normal (Fig. 17).
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D) Electron Microscopy
1. Normal retinal morphology
(a) The retinal epithelium

.The retinal epithelium consists of a single layer of cells which
appear rectangular in cross-section. The fine structure of two adjacent
epithelial cells is shown in Figure 19 and Figure 22 which are from the
posterior retinas of 1.5 month and 9 month old control animals respective-
ly. The basal surface of each cell is infolded. A basement membrane is
present beneath the epithelial surface which forms part of Bruch'é mem—
brane. Bfuch‘s membrane also has a core of collagen and dense fibrillar
material and an outer layer formed by the basement membrane.of the chorio-
caéillaries. The inner epithelial surface displays both long and slender,
and short and broad processes. The former often form a palisade around
the photoreceptor outer segments. Both the basal infoldings and the
long apical processes are usually devoid of identifiable subcellular
structures. However, in a 1.5 month old control animal (Fig. 19),
premelanosomes are present in the broader inne: processes. They are
absent in older animals (Figs. 20, 21, 22).' Néar,the inner or apical
surfaces, epithelial cells are joined by junctional complexes consisting
iﬁ each case, of a zonula occludéns and zonula adherens (Figs. 19, 22).
The zonula adherens lies just sclerad to the zonula occludens. Both
of these portions of the junctional complex have the typical structure
described originally by Farquharvand Palade (1963).

The epithelial nucleus is 1argé.and oval, containing diffuse chromatin.
Nuclear pores are often observed (Fig. 19). The epithelial cytoplasm is

characterized by a predaminance of smooth endoplasmic reticulum (Figs. 19,
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20, 21,>22). Rough endoplasmié reticulum is also present scattered

in the cytoplasm, but more often, aggregated close to the epitheliél
inner_surface (Figs. 19, 21). Polysomes are dispersed sparingly in the
cytoplasm. A single row of mitochondria is present inside the Basal
infoldings and along the lateral cell border. Some mitochondria are
also found close to the epithelial imner surface. The miﬁochondria

are usually rod-shaped in longitudinal section and round in cross-
section. One_or'mofe well-developed Golgi camplexes are foundinear»

the nucleus in each epithelial cell (Figs. 19, 21). Microtubules

can sanetimes be observed in the cytoplasm (Fig. 19). Several tyﬁeé“.
of dense bodies are also visible in the cytoplasm. The type most
commonly observed has a dense hamogeneous matrix suriounded by a
distinct clear space and then an outer single membrane; These dense
hcdigs vary from round to oval inbshape and vary in size from 0;2)1

t0 0.5 in 'diameter'.(Figs. 19, 22). They have been fowd to be acid
phosphatase positive (Yamada, 1969) and hence are thought to be lysosomes.
vLamellar-like structures enclosed within a membrane closeiy resembling |
the lamellar discs of the photoreceptor oﬁter segments are frequently
observed in the cytéplasm as well (Fig. 20). They are discarded portions
Qf the photoreceptor outer segments which have been phagocytosed by the
.retinal epithelium. These cytoplasmic inciusion bodies have been termed
"phagosomes"” (Young, 1967). Dense bodies that contain undigested
lipofusin-like materials (Fig..20) are found in addition and have been

' designated ﬁresidual bodies" (De Duve et al., 1966). Lastly, lipid
droplets are preéent occasionally in the cytoplasm.and can be éésily
recognized by their honogeﬁous but less dense ﬁatrix. They are_iarger
than the lysosames and the cell membranes. surrounding the lipid droplets

are indistinct (Fig. 34). Pinocytosis is often observed along the



plasma membrane of the basal epithelial surface and coated vesicles
are seen scattered in the epithelial cytoplasm (Fig. 22).

t is important to note that the structure of the pigment
epithelial cell described above does not change with aging from 1.5

to 12 months of age (Figs. 19, 20, 21, 22).

(b) The photoreceptor outer segments

Rats are nocturnal -animals and their photoreceptors are predominant-
ly rods. 1In the following description, unless otherwise stated, the
term photoreceptor refers to rods.

The photoreceptor outer segments are cylindrical in shape and
each is camposed of a stack of flattened saccules or discs surrounded
by a cell membrane continuous with the plasma membrane of the inner
segment (Fig. 24). The discs are regularly arranged and stacked at
right angles to tne length of the outer segment. Each disc is composed
of two membranes that are oontz_rvuous at the edges. The membranes enclose
a less dense narrow space, the intradisc space. The distal portion of
each outer segment is surrounded or encircled by apicél processes of the
retinal epithelium (Fig. 21) and the proximal outer segment is continuous
with the inner segment through a connecting cilium (Fig. 24)‘. Each
lamellar disc inveginates at the same point forming é longitudinal
groove or incisure which extends the whole length of the outer segment.
Portions of the longitudinal groove of the outer segment are seen in
Figure 24. Frecuently, irregularly arranged saccules are seen at the
bases of the outer segments (Fig. 25). Further up the outer segments
the irregular saccules give way tb the highly ordered lamellar discs.

Other subcellular structures are absent in the outer segments.
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The connacting cilium originates in the basal body which is
located in the cytoplasm of the distal inner segment slightly to the
side of its central axis, facing the outer segment. TIt's fine structure
was first described by de Pobertis (1956). .It contains nine doublets
of peripheral tubules. The central pair of tubules which are character-

istic of motile cilia (Faicett, 1958) are absent here (Figs. 23, 24, 26).

(c) The photoreceptor inner segments

The inner segments are elongated, cylindrical stfuctures containing
finely granular cytoplasm. Long, slender mitochondria with well developed
transverse cristae are arranged around the periphery of each inner segment.
In both the 1.5 and 9 month old control animals, the mitochondria are
observed to extend dovn to the proximal ends of the inner segments
(Figs. 23, 26, 27). | Occasionally, mitochondria containing glycogen
granules are observed in inner segments from older Eut not younger control
rats (Figs. 24, 27). It is important to note that this is the only
significant change that separates the morphology of photoreceptors from
ages 1.5 to 12 months in the control rats studied. From the basél body
of the cilium, a striated rootiet exténds soine distance down. the inner
segment (Figs. 23, 25). Polysomes are abundant and they are evenly
distributed in the cvtoplasm. A Golgi apparatus surrounded by numerous
small vesicles is present in the basal region of each inner segment
(Figs. 26, 27). Rough endoplasmic reticulum is abundant and a few smooth
cisternae can be observed (Figs. 26, 27). The immer segments are not in
direct contact Iltn adjacent photoréceptors but are separated from each

other by thin villous extensions of Miller cells (Fig. 26).
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(d) Tb° outer limiting membrane

By light microscezy, the cuter 1imiting membrane appears to be

a thin line separating ths cuter nuclear layer from the photoreceptor
inner segments., Electron microscopy shows ﬁhat fhe outer limiting
membrane is formed by 2 single row of cell junctibns between the
photoreceptor irmer segze&ts and Miller cells, and also between
adjacent Miller cells (Figs. 26, 27). These cell junctions have often
been named “terminal bars" or "desmosomes". Cohen (1965), in a study
of primate eyes, correctly interpreted the cell junctions that form the -

"membrane" as "Zonulae adherentes". His work has been confirmed by

Spitznas (l970)lin a stuay of the human eye,

(e) The photorecertor synaptic processes

The synaptic processes of the photoreceptor extend a short distance
inward and make synaptic contact wiﬁh neuronal processes derived from
cells in the inner nuclear laver (Figs. 28, 29). Two types of synaptic |
Lterminals are obseﬁved. The rod synaptic process ends in anoval structure
known as a "spherule" (Fig. 28). The cone synaptic process ends in a
broad swelling called 2 “pedicle" (Fig. 30). o

The basal surface of =ach rod spherule is invaginated by two neuronal
processes forming a dvad (Fig. 29). Sometimes, in addition to the two
lateral processes, a third éentral process is present forming a triad.

In the study of monkey and human retinas, Dowling and Boycott (1966)
have indicated that the central process of the triad is derived exclusively
from a bipolar cell ard the lateral processes from horizontal cells.

If the rat outer plexiform layer i is similar in structure to that in monkey



and huran (Dowling and Boycott, 1966), then the two lateral processes

in rat would be horizontal cell processes and the central one bipolar cell
process & The cell wall of the spherule enclosesthe terminations of

the neuronal processes. The rod spherule and its‘enclosed neuronal
processes comprises the.synaptic wnit or'synaptic complex, It consists
of three parts: presynaptic (the spherule), synaptic (spherule-bipolar
and spherule-horizontal cell contacts), and post synaptic (bipolar
dendrite, horizontal cell processes) (Hogan et al,, 1971). The
presynaptic membrane is separated from the post synaptic membrane by a
synaétic cleft, The spherule contains a large number of presynaptic
vesicles which are evenly distributed and one or two mitochondria and
some polysomes (Figs. 28, 29, 31). Within the spherule, an osmiophilic
lamellar structure, the synaptic ribbon is found at right angle to the
dyad ér the triad, It is a crescent shaped structure (Ladmén, 1958)
cdntaining five layers, three dense layers separated fram each other by
two less electron-dense layers (Fig. 28). Each synaptic ribboh is
surrounded by a halo of synaptic vesicles. Between the synaptic ribbon
and the presynaptic membrane lies a dense structure, the arciform density
(Ladman, 1958). ét the base of the spherule, superficial contact with
other neuronal processes originating from cells in the inner nuclea:
layer is marked by a slight indentation’and increased density of the
presynaptic membrane (Fig. 28). 1In this area, no synaptic ribben is
present. The most cormon type of synapse observed is between the spherules,
the horizontal cell processes and the.bipolar cell dendrites (Figs. 28,
29, 31). An additional type of rod synapse where the post synaptic
processes make direct contact with the kody of the rod cell and the
synaptic rikbon lies near the receptor nucleus (Fig. 29) is élso present,

This synapse has been termed "scmato dendritic synapse" by de Robertis



and Franchi (1956).

‘The cone pedicle, in contrast to the rod spherule, has é cemplex
structure. Each cone pedicle makes contact with a number.of processes
originating in the inner nuclear layer. These processes possibly from
horizontal and bipolar cells invaginate the cone pedicles to éstablish
contact and synaptic ribbons are present in the cone cytoplasm at these
sites (Figs. 30, 32). Hence cone pedicles typically contain a larée
nurber of synaptic ribbons. Other processés from the inﬁer nuclear
layer make contact with the surface of the pedicle forming what have
been termed superficial coﬁtacts (Fig. 30).‘ The cone pedicle typically
contains large nurbers of synapﬁic vesicles which are usually evenly
distributed. Same synaptic wvesicles, however, are always present

congregated at the site of the synaptic ribbons,



2. Retinal morphology in vitamin A deficiency
(a) Retinal changes after 1 month of vitamin A deficiency

Change in retinal structure is first observed in the portion of
photoreceptor outer segments nearest to the retiﬁal epithelium. Some
lamellar discs became swollen and break down into vesicles (Figure 33). !
A distorted outer segment in which the lamellar discs have opened up
to form an almost oval lamellar structure surrounded by the apical
processes of the retinal epithelium is ;Aseen in Figure 33. Some vesicles
are visible within the distorted lamellar strﬁcture. The rest of the
photoreceptor cells, the inner retina_ and the retinal epithelium are

normal.

(b) Retinal changes after 1.5 months of vitamin A deficiency

Structural breakdown of the photoréceptor outer segﬁzents lis
grad‘ué.l and occurs époradically among the outer segments. ~ Some oufer '
segments show more severe breakdown while others are less affected
(Fig. 35). A large number of vesicles and some abnormally arranged
saccules can be observed in the buter segments undergoing the severest
degeneration.

In the retinal epithelium, many lysosomes are now present in the
cytoplasm close to its imner surface and also in the broad apical or
inner .processes (Fig. 34). Disintegrating phagosomes, too, are seen
‘near the epithzlial inner surface (Fig. 34). The long and narrow apical
processas which surround the degenerating outer segmenté do not contain

organeslles,
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(c) Retinal changes after 2 months of vitamin A deficiency

More severe disintsgration of the pﬁotoreceptor outer segments can
now be observed. Most of the lamellar discs in the outer segments
are wmable to maintain their structural integrity and break down into
tubules or vesicles (Fig. 35). Near the base of the outer segments;
some lamellar discs appear intact. The connecting cilia, photo-

receptor inner segments and the inner neural retina remain normal.

@ tinal changes after 2.5 nonths of vitamin A deficiency

.The breakdown of the p?x:toreéeptor outer segments continues.
The outer segments contain many vesicles, tubules and disordered
saccules. Many lamellar discs have disappeared completely leaving
intracellular spaces (Fig. 38).

The photoreceptor inner segments. begin to show same mdrphological
changes at this stage of vitamin A‘defi.ciency. The distal portions of
the inner segments for the first time are slightly swollen and their
cytoplasm is almost devoid of polysames. Large vacuoles can be observed
-in affected regions of the inner segments (Fig. 39) .

At this stage, the apical or inner processes. of the retinal
epithelium are irregularly oriented and appear actively engaged in
engulfing degenerating outer segments (Fig. 37). The smooth endoplasmic
reticulum, mitochondria and the Golgi complexes in the retinal epithelium

remain unchanged.
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(e) %u_ﬂal Changss after 4-5 months of vitamin A deficiency

The photoreceptor outser segments show further deterioration.
Vesicles, tubules and disordered saccules result from breakdown of the
laﬁellar discs. Due to loss of outer segment material 'many‘ intra— and
extracellular spaces are formed (Figs. 40, 41). The lamellar discs that
are still present within the outer segments are frequently loosely |
arranged or oriented ch'.v— rently from their normal pos:.tlon perpendlcular
to the long axes of outer segments (Flg. 40) |

The photor%ptor immer segments lose their ‘elongated and cylindrical:
structure. They acpear shorter g.han normal and are barrel—shaped In |
particular, the inner segrents are retracted towards the photoreceptor
nuclei (Fig. 41). The swollen ends of the inner segments, observed
previously, have disacoearsd. The mltochondrla in each inner segment
appear largely unaffected. Dolvsomes gather ma_mly in the inner halves
of the inner SCgr.enw. In this region, rough endoplasmlc reticulum and
a few large vacwoles can also be identified. Intact connecting cilia and
striated rootlets are present (Figs. 41, 42). Degeneration of entire
photoreceptor inner secments can also be ohserved (Fig. 41). 1In Flgure
42, a degenerating innsr segznent'i-}ith very dense Cytoplasm can be seen.
- It contains several mitochondria, two of which are greatly enlarged and
contain glycogen granules. . The outer limiting membrane is Stlll intact
at this stags .(;Fig. 41) .‘ H_ous e.xtensloqs of the Mull;r cells project
through the intercellular soaces separatmg adjacent photoreceptor 1nner
segments (’E‘ig.. 42).

The apical processes of the retinal epithelium show slicjht prolifera—

tion and there is an increase in number of lysosomes near the epithelial-



innexr surfaoé (Fig. 43). The basal infoldings and other subcellular

structures in the retinal epithelium appear unchanged.

(f) Retinal changes after 6 months of vitamin A deficiency

The deterioration of the photoreceptors has progressed and the
inmmer segments now lie close to the retinal epithelium (Fig. 44). Few
of the outer segments appear intact. Some outér segments and their
contained discs have been lost (Fig. 44) and others have broken down into
vesicles (Fig. 45). Still other discs have lost their compact and
transverse arrangement within the cell membranes (Fig. 46). Many, intra-
and extracellular spaces are observed.’

The photoreceptor inner segments are marked .by different stages of
shortening (Fig. 47). Those that are not shortened‘ too extensively
show a perceptible difference in the polysome distribution between the
distal and basal (imner) halves of the cytoplasm. In the distal halves
of these inner segments, the cytoplasm is less granular as most of the
polysomes aggregate Qlose to the photoreceptor nuclel (Figs. 44, 47).

The cisternae of the smooth endoplasmic reticulum that remains are dilated
and rough endoplasmic reticulum is absent (Fig. 47). 2An inner segment,
almost oval in shape, is seen in Figure 47. It contains a lérge nurber
of polysomes, an ill—defined Colgi apparatus, several short mitbchéndria
and a small amount of roucgh endoplasmic reticulum. |

The outer limiting membrane is present, composed of cell junctions
between photoreceptor inner segments and Miller cells and between adjacent
Miller cells (Fig. 47). Between ad;j acent photoreceptor inner segments,
the intercellular spaces are wider and more Miller éell processes extend

through them (Fig.. 47).



The photoreceptor synaptic processes show visible norpholbgical
changes for the first time at this stage of vitaim A deficiency. In
each synaptic process there are fewer synapfic vesicles, many lying
immediately adjacent to synaptic sites (Fig. 48). Plasma membranes
between adjacent synaptic processes ha§e broken down and cytoplasm
merges freely across the sites of breakage (Fig. 48). The cell
membranes of mitochondria within the synaptic processes are also
affected. In Figure 48, a mitochondrion which displays swelling of
part of its outer membrane is seen. More seriously affected mito-
chondria are observed in Figure 49. The mitochondrial membranes
appear to lose their structural integrity and most of the transverse
cristae disappear. At the synaptic sites, the synaptic ribbons surroumaed
by a cluster of vesicles persist. The postsynaptic processes containing
closely packed synaptic vesicles are unchanged.

An accumulation of lysosomes along the inner surface of the retinal
epithelium is again ébserved. The’apical processes of the epithelium -
are numerous but are shorter than normal and appear to be active in
engulfing degenerating outer segments (Figs. 45, 46). A phagosome-

like body is seen in the retinal epithelium in Figure 45.

(g) Retinal changes after 7-8 months of vitamin A deficiency

Approximation of the photoreceptor inner segﬁents and the retinal
epithelium is again evident (Fig. 51). As before, degeneration of the
‘photoreceptor outer segments involves breakdown of discs (Figs. 50,'51)'
and abnormal arrangement of.the remaining discs (Figs. 51, 52). Intra-
and extracellular spaces are abundant. Some outer segments do not seem to

be as badly damaged as those observed in animals at 6 months of vitamin A



63

ceficiency (Fig. 44).

Morphological changes observed in the photoreceptqr inner
segments resemble those described at the 6th month stage of ﬁtarnin A
deficiency. The inner segments have vshortened to different degrees.

The distal halves of the inner segments are less granular and contain
dilated profiles of smooth endoplasmic reticulum (Figs, 51, 53).
Polysomes gather mainly in the basal halves of the inner segments. In |
Figure 52, a strucﬁmre resembling a discarded inner segﬁuent lies close to
the retinal epithelium. It contains lysoscxnés and aggregated dense
material. | ' | k

The photoreceptor synaptic processes are now shorter and display
fewer synapses (Figs. 54, 55). Each photoreceptor synaptic.process
contains only a few synaptic vesicles. The breakdown of cell mémbranes :
between adjacent synaptic processes and of mitoc&andria within the
synaptic processes is again evident. Occésionally, unidentified.cells
containing large numbers .of lysosomes and undigested debris can be
identified (Fig. 55).

The retinal epitheiium is marked by a vefy large increase in
lysosanes aggregated close fo the inner epitheliél -surface and in the
broad apicai processes. Cther lysosoines lie near 'the. Golgi apparatus
(Fig. 50). There appears to be a proliferation of apical épithelial
processes (Figs 50, 51). In the 8 month vitamin A deficiént animal,
the apical processes of me retinal epithelium are short and irregﬁlarlyi

oriented (Fig. 51).

(n) PRetinal changes after 9 months of vitamin A deficiency

At this stage, striking morphological chahges» are evident. The



photoreceptor outer segments have disappeared except for a few sporadic
clusters of disordered saccules (Figs. 56, 58). Thé photoreceptor

inner segments are shortened considerably (Figs. 56, 58, 59, 60). The
inner segments contain vacuoles of various sizes, several unusually short
mitochondria and scme polysames (Figs. 56, 58, 59). Tn the longer
'inﬁer segments, polysames and sarme rough endoplasmic reticulum can be found
in basal regions close to the cell nucieus.» Within the inner segments,
some mitochondria show evidence of membrane degeneration (Figs. 56, 59).
The extensively retracted inner segments still contain polysomes and
rough endoplasmic reticulum (Fig. 60) but mitochondria, normally é
characteristic feature, are no longer present. Cilia in cross-section
can be identified lying between adjacent innervsegments (Fig. 59). The
outer limiting membrane is now fommed more by cell junctions between
Miller cells than between photoreceptors and Miller cells (Figs. 56, 58).
The approximation of neural retina and the retinal epithelium continues.
Many villous processes of the Miller cells extend through the intercellular
spaces between adjacent inner segments (Figs. 58, 59). The photoreceptor
nuclear chromatin appears unchanged, but for the first time the nuclear
membranes show evidence of degeneration (Fig. 60).

At this stage the shortened synaptic processes‘of the photoreceptors

contain very few synaptic vesicles. Synaptic ribbons, each surrounded

by a cluster of vesicles still persist, however, in some photoreceptors
(Fig. 60). As before, lysoscmes are abundant in the epithelium close

to inner epithelial surface but the other subcellular structures of the
retinal epithelium are unchanged (Figs. 56, 57, 58). The apical

epithelial processes are now numerous and prominent but the infoldings on
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the basal epithelial swriace are unchanged from the normal. The apical
processes are regularly arrangad and point towards the neural retina

>

(Figs. 56, 57, 58).

(1) PRetinal changes after 10 months of vitamin A deficiency

The most striking feature characterizing retinal strﬁcture at this
stage of vitamin A deficiency is the close association between the
retinal epithelium and the neural retina -(Eig. 61) . The accumulation
of lysosames in the inner retinal epithelium and in the broader e‘pithelial.'
processes is still present (Figs. 614 64). Also some lysoscmes can be
found in central regions of the epithelium near the Golgi apparatus
(Fig. 64). The prominent apical processes are regularly oriented and
abut directly on‘ the neurzal retina or interdigitate with outer processes
of Miller cells (Figs. 61, 83).

The photoreceptor cuter segments have compietely disappeared except
for a few degenerating fragments, often oval in shape (Figs. 62, 63).
These fragments, oontainirg a large number of vesicles and tubules and
same saccules, are found among the processes of retinal epithelium and
the Miller cells, In Figurs 64, remmants of two §hotoreceptor inner
segrents are present between iuller cell processes. One of them has
an intact oconnecting cilivm and a basal body. Its cytoplasm contains
numerous velysares and a cbu;le of mitochondria.' Remnants of a photo-
receptor cuter segrent ars also present lying transversely next to the
inner epithelial sur:’a@ (Fig. 64). Also in Figure 64, a degenerating

cone photoreceptor cell situated in a niche of the neural retina, can

3

be identified by its characteristic nuclear chramatin which is less



66

dense and more diffuse than that of the rod. The cone nucleus seems
intact and a few mitochondria, some polysomes and an ill-defined Golgi
apparatus are visible in the cytoplasm, |

The outer limiting membrane is now composed almost entirely of
cell junctions bétween adjacent Miller cells ‘(Fig._ 63). The photo-
receptor cells (mainly rods) that remain have prominent nuclei but
display only a narrow rim of cytoplasm containing a few polysemes and
other ill-defined isuboellular structures (Fig. 61). Synapses have almost
canpletely disappeared. The photoreceptors and other unidentified cells
lying next to them are now surrounded by several layers of membranes prob—

ably of a gllal nature (Flg. 61)

(j) PRetinal changes after 11 months of vitamin A deficiency

Retinal structure at this stage is marked by a close structural

association between retinal epithelium and neural retina. Iarge nunbers
of lysosames lie beneath the inner epithelial '_surface” and the apical
epithelial processes remain prominent (Figs. 65, 66, 67). Frequently,‘
there are regions where the apical processes are deflected sideweys
by the neural retina (Figs. 66, 67). There are also areas where segments
of the retinal epithelium which do not possess aplcal processes are in
direct contact with the neural retina (Fig. 66). Remmants of photorecep-
tor outer and inner segmeuts are still scattered among the processes of the
retinal epithelium aud Miller cells.

' The eell junetions between adjacent Muller cells ‘uﬁrsist
(Fig. 69). At some areas close to the outer border of the .neural
retina, Miller cell processes bend sideways and irwards, possibly

contri.buting to glial membrane formation (Fig. 67).
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S§ﬁapses 0f pnotorecsricrs with nerve processes of cells of the
inner nuclear layer ard svrmaptic ribbons are now absent. Unidentified
cellsvappear between the thotoraceptors. These cells, like the photo-
receptors are surrounded by several layers of membranes (Figs. 65; 68) .

Capillaries ncw can be foumd lying close to the retinal epithelium

due to the absence of ghotoreceptors. The endothelial cytoplasm of

the capillaries cdemonstrates active pinocytosis (Fig. 66).



E) 2Acid Phosphatase Iocalization in the Retinal Epithelium

The retinal epithelia from the posterior retinas of animals which weré
6 ronths vitamin A deficient, were used to locate sites of acid phosphatase
activity as a test for'th_e presence of iysosomes. The inner surface
of the retinal epithelium is distorted because the retinal epithelium
with .the choroid layer was detached from the retina proper by means of
a pair of forceps during tissue preparation. Fragments of photoreceptor
outer segments adhere to apical epithelial processes. When tissues are
incubated in Comori medium with sodium bei;_a—glyoemphosphate as substrate,
acid phosphatase activity causes the lead nitrate [Pb (NO3) 2]. contained
in the Gomeri medium to react with the substrate producing lead phosphate.
The reaction product, lead phosphate, is seen as black ‘pPrecepitate within
the cellular structures indicating the sites of acid phosphatase réaction.
In the retinal epithelium, reaction product is present around the
periphery of lysosomes lying beneat'n thé inner epithelial surface (Fig. 70),
in phagoscmes (Figs. 7.0, 71) and in cisternae of the Golgi apparatus
(Fig. 71). 1In the tissues that were incubated in Gomori medium without
the sodium beta-glycerophosphate, reaction product was completely absent

in the retinal epithelium.

F) Methionine—H3 Incorporation in the Retina in Vitamin A Deficiency
Iv"Jez‘u:hionine—H3 was injected intravitreally into the eyes of control
and vitamin A deficient animals to test for the presence or absence of
amino acid uptake and protein synthesis in the photdreoeptoré.
In retinas of 10 month 0ld control animals, silver grains are

evenly distributed in the retinal epithelium, photoreceptor outer
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segments, inner segments and the outer-nucléar 1ayér (Fig;>72) 4 hours

after injection. After 24 hours, there is a marked increase in

labelling over the retinal epithelium, the photoreceptor inner segﬁepis

and the outer nuclear layer. An accumulation of.the label is visibiéf

at junctions between photoreceptor immer and outer segments and also

in the basal portions of the outer segments. In the outer nuclear

layer, silver grains are found primarily in the cell cytoplasm (Fig. 73).
In 2.5 month vitamin A deficient animals, 4 hours after injection,

the label is evenlyldispersed over the retinal epithelium, the photo-

receptor outer and inner segments and fhe outer nuclear layer (Fi;. 74);

After 24 hours, there is a slight increase of the label over the éhoto—.

receptor inner segments and the outer nuclear layer. Silver grains are

especially concentrated at the junctions between the photoreceptor inner

and outer segments. In thevouter nuclear 1ayér, silver grains are ob-

served in the nuclei and in the cytoplasm (Fig. 75). )
In the 8 month vitamin A deficient animals, 4 hours after labelling

with,methionine-H3, sparsé lébelling is visible over the retinal epithelium,

photoreceptor inner seéments and the outer'nuclear_layér (Fig. 76}. |

After 24 hours, there is a marked increase in labelling over the retinal

epithelium, photoreceptor outer ségments,‘ihner segments and outer nuclear

layer. Silver grains are again observed concentrated at the basal pbrtions

of the outer segmeﬁts; In thé outer nuclear layer; the label is mainly

localized around the periphery of the nuclei and in the cytoplasm (Fig. 77):
In 10 month vitamin A,deficient animals, only 1-2 rows of photo-

receptor cells remain. In this retina, 4 hours after injection with

nethionine—H3, there is little incorporation of radioactive material
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into the neural retina and none over the few phbtorece_ptor cells
observed (Fig. 78). After 24 hours, there is a visible increase in
labelling over the retinal epithelium, the photoreceptor cells and
the neural retina. In the photoreceptor cells, silver grains ‘are
distrib r*u’t:ed T*m“xly around the periphery of the nuclei. (rlg. 79).

- Thus, despite the presence of severe structural changes in:the
retina due to viatmin 2 deficiency, incorporation of metkuonine-H3
persists in the remnants of photoreoeptor cells and in the retﬁnal

epithelium.
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FIGURE LEGENDS

Notes on Figure Iegends:

1)

2)

3)

Animals were put on the vitamin A free dietvwhen they were 5

weeks old. Therefore an animal designated as a 5 week vitamin A
deficient animal is actually 10 weeks old.

In the following electron micrographs all horizontal bars represent

1 u unless otherwise specified. - e
Definition of terms:

a) '"Posterior retina" means the area behind the equator close to
the optic nerve of the eye and "peripheral retina" means the

area in the region of the equator and towards the ora serrata.
b) The terms "inner" and "apical" used in association with the retina
and retinal epithelium.respeétively‘nean towards the vitreous or ‘

center of the eye while "outer" and “"basal" mean towards the;scié:a,'

c) The term "distal" used in association with photoreceptor outer

and inner segments means farthest sclerally fram the photoreceptor

nucleus and "proximal" means nearest to the photoreceptor nucleus.
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Figure 1.

Gragh showing the growth rate of the control and Viﬁarnin A
deficient animals. Each point represents the mean weight of 14-45
animals in the curve of vita@in A deficient animals. In the curve
representing the weights of control animals ,- each point represents
the mean weight of 10-19 animals. The standard deviation (i S.D.)V
of each mean is represented by the vertical bar at each point...

» The ‘experiment began when the animals were 5 weeks old and weighing
orivthe average 73,0 g. Both the vitamin A deficient and control
animals grow at appmximately the same rate until the 4th week.

The control animals continue to gain weight rapidly ﬁntil the ‘lSth
week when they assure a slower rate ot growth. The ifitamin A
deficient animals display a more gradual growth rate u.ntll a plateau
is reached at the 21st week, . None of the control or vitamin A
deficient animals died during the course of the studies, The
vitamin A deficient animals appearéd in good héalthy condition,
except for a few which shd\red cloudiness in the Vcornea and reci |

exudate around the eyelids,
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Figure 2a.

Grag;h showing how the maximum absorbance of vitamin A is obtained.
Ty represents the time when the TFA mixture is added to vitamin A
solution; Tl represents the time when the initial optical density

of the vitamin A solution is noted; T, represents the time of ‘the

final absorbance of the vitamin A solution which is zero optical .

density. The maximm optical density of the solution at TO is

obtained by extrapolating the slope of absorbance of Tl and T2

to T0 (dotted line).
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Grazch showing the bleod plasma vitamin A levels in the control
and vitamin A Geficient c;pw'*als, AWeanling rats, about 5 weeks old
were placedon a vitamin A free diet and litter-mates also 5 weeks ‘old
were ussd as controls. Fach point t)n thé curves represénts the mean |

vitamin A content/100ml of blood plasma of 1-2 animals. The v:'ctamin

=y

A cdeficient animals were sampled at 3, 4, 6 and 8 weeks after they
were on the vitamin A free diet. The control animals were sampled a,t;'_
0 (5 weaks o0ld), and 2 and 8 wesks,. . The v:Ltamln A content/lOOml
of the three samzles of the control animals was found to be 58 5

6.5 and 52,5 wg res;aectivel + The blood plasma v:.tam:.n A content

of the vitamin 2 deficient animals decllned rat:ldly after 3 weeks on

f

the vitamin A free diet, BEy the 4th wesk, 'the vitamin A level fell

=h

zom 57.5 g to 320ug per 100ml blood plasma. By the 6th week, the

vitamin A level fell to 9.5 n1g/100ml blood plasma and by the 8th wesk

12 vitamin A cdeficient animls had a vitamin A content of 70)1g/100ml
of blocd plasma, That was about 13% of the vitamin A level of the
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Figure 3.

Light micrograph fram a 2 ronth old control animal showing the
overall structure of the 'zor‘al retina posterior to fhe equator of
the eve. Fram outside imwards: 1) retinal epithelium, 2) photo-
recepeor cuter and inner segments, 3) outer limiting membrane r . 4)
cuter nuclear layer, 9-11 nuciei thick, 5) outer plexiform layer,‘
6) inner nﬁclear layer, 7) 1rme: plexiform layer, 8) ganglion cell
layer, 9} nerve fiber layer, 10) inner limiting Mrme. |

bv=blood vessel.

x 1,190

Figure 4.

Light micrograph at ‘bigher magnification show:l.ng the posteriof
.retina of a 2 month old cx:fptrol animal. The retinal epithelium
(RE) consists of a single layer Qf cells. Each epi.thelial cell -
h@s 1-2 nuclei (N) which are oval in shape. The thickness of the
layer of photoreceptor outer (CS) and inner segments (IS) is about.
9.6 u. The segments are closely packéd together. Thé outer lJ'_.miti_ng
membrane (OLd), formed mainly by ceil junctions between the Mﬁiler
cells and the photoreceptor inner segments is visible. The photo- :

receptor nuclei form the outer nuclear layer (ONL).

% 4,750
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.'Figure 5

. Light micrograph showing the retJ'_na peripheral to the equator of
the eye from a 7 month old control animal. The choriocapillaries
with many red blood cells are seen above the retlna proper. The
outer nuclear layer is about 5-6 nuc1e1 thick. A displaced photo-
receptor nucleus (axrow) is seen lying among the pho’coreoeptor o
inner segments. A retinal blood ve essel lies in the inner nuclear -

layer.
x 1,190

Figu.re 6.

Light micrograch sl'ming‘ the peripheral'outer retina fram the same
- specimen as Figure 5. Three displaced photoreoeptor nuclel are seen
lymg between the retinal epit Lne_um (RE) and the photoreceptor J_nner
- segments (IS): nucleus Mo. 1 is at the junction of the photoreceptor
inner and outer segments; nucleus No. 2 at the junction of the photo-
receptor outer segments and retinal epithelium and nucleus No. 3 is
seen partly within the ret_hal epithelium. Two types of photoreceptor
nuclei are found in the out ter nuclear layer (ONL). Rod nucleJ_ pre-
dcominate over the cone nuclei in the rat. The rod nucleus (RN) has a
dense block of centrally located chromatin whereas the cone nucleus (CN)

has more diffuse chromatin usuelly divided into several lobes. '

% 4,750
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Figure 7.

Iight micrograph showing the peripheral retina fram a 12 month
old control animal. The laysr of chbriocapillaries can be seen above
the retina proper. The phd'mz&ceptor outér segments are less cldsely
packed together than in the posterior retina. ‘The outer nuclear
layer is about 5-6 nuclei thick. Several capillé.ries (cP) are

present in the inner muclear layer.
x 1,100

Figure 8.

Light micrograph at higher *\:».gnlflcatlon showing the outer retina
from the same specimen as Figurs 7. | Two epithe.lial nuclei and scme
dark granules (arrows) are seen in the retinal épithelium. Both
photoreceptor outer (0S) and inner sments (IS) are élongated |
structures and‘ cyllndrlcal in shape. The oﬁte:c 1ﬁniﬁng membrane‘

(OIM) demarcates the photorsceptor inner segments and the outer nuclear

layé: (ONL) .

% 4,750
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Figure 9.

Light micrograph of the posterior retina from an animal which
was on a vitamin A free .diet for 3.5 months. The choroici layer is_v
seen above the retlnal epithelium. The photoreceptor outer and inner
| segments appear fragile and broken and the layer measures about 10 u
thick. The outer limiting marbrane ‘is Visiblé above the outer nUélear
layer which is about 9-11 nuclei thick. The outer plexiform layer,
about 4.7 u thick, is lightly':“;tained. The inner neural retiha appears

x 1,190

Figm_:e 10.

Light micrograph at higher magnification showing the cuter fetiha'
from the.same specimen as Figure 9. The retinal epithelium displays
three oval epithelial nuclei I(N) . The photoreceptor outer segments
(0S) are not well defined and show evidence of disﬁtegration :

(single arrows). The photorecsptor mner segments (IS) are shorter
than they normally are and sare appear slightly swollen. (double arrows).
Above the ocuter nucléar layer (L) the outer limiting rdeinbrane is not |

visible due to the plane of the section.

x 4,750
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Figure 11.

Light micrograph show:ng the vosterior retina from a 6 month
vitamin A Zeficient animal. The layer of photoreceptor inner and
outer segrrents measures apbcut 4.4 u in thickness compared to 8 u
in a control animal of about the same age. The outer limiting membrane
is visible above the cuter nuclzar layer which is about 3-5 nuclei
thick. The lightly stained outer plexiform layer measures 1.8 u

in width while the inner nsural retina appears unchanged. A blood

vessel is seen in the inner neural retina on the left.

% 1,600

Figure 12.

Light micrograph at hicher magnification shbwing the same
Specimen as Figure 11. Severe breakdown of the photoreceptor
outer segrents (0S) is evident. The outer segments are‘ irregular
in shape and there are many oty spaces (X) between them. The
E;u‘rsr limiting mearbrane (OL2f) is present and the photoreceptor
nuclei in the outer nuciear layer (ONL) appear normmal. In the
retinal epi'—}'zeliwn, many soalil fiaik granules (arrows) are visible

along its inner suriace.

x 4,750
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Figure 13.

Light micrograph showing the posterior retina from a ¢ month
vitamin A deficient animal. The outer segments have almost disappeared
and the inner segments are markedly erduced in thidmesé. The layer )
of inner and outer segments measures 3.2 u in thickness. The outer
limiting membrane is distinct. There are about. 2-3 léye_rs of photo- |
receptor nuclei remaini.ng. Three photoreoeptor nuclei are seen out-
side the outer limiting membrane. The retinal epithelium 1s darkly
stained. Thinning of the outer plexiform layer, which now measureé

0.9 u in thickness, causes the inner nuclear layer to appear closer to

the outer nuclear layer.

x 1,600

Figure 14.

Light micrograph at higher magnification showing the samev
specimen as Figure 13. The inner segments (IS) that are discernable
are short and round and lightly stained. Fmpty spaces above the 1nner
segments are comnoniy seen. A photoreceptor nucleus is visible between |
the retinal epithelium (RE) and the outer nuclear layer (CNL). The |
inner nuclear layer (INL) appears intact. The outer plexifom lé.yer
(white arrows) no. longer forfns a distincﬁ zone ,between the outer and
inner nuclear layers. Small dark granules (black arrows) are still

observed along the inner surface of the retinal epithelium.

x 3,880



,.w i el 4 .4“.. N /. u e e i
. RO A BT S W

o




T8a

Figure 15.

Light micrograph shoving the posterior retina of a 10 month
vitamin A deficient animal. The retinal epithelium, which is darkly
stained, is closely apposed to the neural retinal layer. The outer
nuclear layer contains only 1-2 rows of .photoreoeptor nuclei. The
outer limiting membrane appears to lie nearly adjacent' to the retinal
epithelium. The outer plexiform layer has disappeared in some regions

(axrrocws) wm_ie the inner neural retina appears unchanged.
x 1,600

Figure 16.

Light micrograph at higher magnification showing the same
specimen as Figure 15. Further approximation of the retinal epithelium
(RE) and the remaining photoreceptor -nuclei ‘in the outer nuclear layer
(ONL) is evident. The outer limiting membrane (OLM) is still present
despite the severe loss of photoreceptors. Unidentified cells (arrows)
appear between the few remaining photoreceptor cells. The outer piexi—-

form layer is discernable only at some regions.

x 4,750
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Figure 17.

Light microgreph showing the posterior retina from an 11 month
vitamin A deficient a.niwal. Cnly cne irregular row of photoreceptor
nuclei is left. Sare photoreceptor p.uclei are again bbserved Be—
tween the retinal epithelium and the neural retinal la;yer.. The
outer lmltmg membrane is present. ‘Occasionally, cells from the
inner nuclear layer are seen in the outer nuclear layerv (arrow) .

The outer plexifram layer has almost disappeared. The inner neural

retina appears wunchanged.

x 1,600

Figure 18.

Light microgragh at higher magnification showing the same
s;;ecimen as Figure 17. A cone photoreceptor nucleus is seen close
to the retinal epithelium (arrow). The outer lJ_mltJ.ng membrane (OLM)
is clearly visible. The photorsceptor nuclei in the outer nuclear
layer (ONL) appear to be each surrounded by a narrow rim of cytoplasm
which is very lightly stained. It is. possible, however, that the
clear zone outsiae the photoreceptor nuclei repres_eﬁts a shrinkage
artefact. The cells in the imner nuclear layer (INL) appear largely

unchanged.

x 4,750



78 €

v s

S & P N

[ . v




79a

Figure 19.

Electron micrograph showing a portion of the retinal eéithélium
from a 1.5 month old control enimal. The fine structure of two adjacent
epitbel‘ial cells is shown. The basal surface (B) of each cell is in- |
folded.\ A layered basement merorane whlch forms part of Bruch's membrane
(BY) is present beneath the basal surface. The epithelial inner
‘surfacz displays numerous lc«:zg‘ zrd slender processes (AP). Premeléno—
son.es (PM) are present in the trocesses. Apical cell junctions (ACT)
between adjacent epithelial cells are composed of a éonula occludens
and zonula adherens. The zonuia adnerens, marked by dense plasma
merbranes and ’ocmdepsa"cim of subjacant'cyﬁoplasmic matrix, lies just
sclerad to the zanula occludens. The ‘epithelial nucleus »(N)' contéins
diffuse chromatin. uclear porss (MP) are present.»' The epithelial
cytoplasm is characterized by a predbnﬁnance of smooth endoplas:rﬁ_c
reticulum (SER). PRough endoplasmic reticulum (RER) is also present,
scatterad in the cytoplasm and aggregated along the inner surface of 'E.he
retinal epithelium. 2 singls row of mitochondria (M) lies.insidle the
basal infoldings and along ,aue.. ral cell borders. One or more well |
developed CGolgi cn*m'ex,s (G) are found near the nucleus in each
epitheliial cell. Polysomes (P) are coarsely distributed in the cytonlasm_
and rnicrotubules (3T} can ke cossrved. Photoreceptor outer segments (0OS)

can be identified lying betimen the apical processes of the epithelium.’

x 17,500
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Figure 2@.

Electron microcraph stowing the inner retinal epitheliim and
photorece;:toi outer segments from a 7 month old control animal. 2An
abundance of smooth endoplzasmic reticulum (SER) is present in the

retinal epithelizm. Iamellar-iike structures or phagosomes (Ph)

present in the epit :=>_.al cell cytoplasm, probably represent
discarded portions of photorecestor outer segments. Residual bédies
R), whlcn ?robably represent cebris from disintegrating phagoscmes
are obéerved. A mitochondrion is seen near the ingésted fragments
and a lysosame (L). above the phagoscme. Iong, slender apical processes .
(AP) extend inwarﬁ and surrcund each photoreceptdr outer segment (0S).

The apical processes are devoid of identifiable subcellular structures.
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Figure 21.

Electrbn micrograph Showing the retinal epithelium and the photo- |
receptor outer segments from the same specimen as Figure 20. Rough |
endoplasmic reticuimn (RE:R) is visible just inside the epithelial
' inner surface. The buik of the epithelial cytoplasxﬁ_ contains smooth
éndoplasmic reticulum (SER). A well developed Golgi oompléx @)
and several mitochondria (M) are visible. Epithelial apicél processes
(ap) form a paliéade around the orderly arranged photoreceptor outer
segments (0S). ‘Ihe photoreceptor outer segments are gylindrical |
structu.res and each is cawposed of a séries of discs or flattened
saccules surrounded by a plasma membrane (PM) . The'disds are regulérly :

arranged and stacked at right angles to the length of the outer segment.
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Figure 22.

Electron micrograph showing the fine structure of two adjacent
retinal epithelial cells from a 9 month old control animal. The fine
structure of the retinal epithelium does no£ change with aging in
control animals. Bruch's membrane (BM) overlies the retinal epithelium
and part of the fenestrated endothelium (E) of the choriocapillary
can be seen. Basal infoldings (B), and apical junctional complexes
are present. The zonula occludens (Zo) is clearly vi's‘ible and the
zonul‘a adherens (Za), is marked by prominent plasma membranes and
condensation of subjacent cytoplasmic matrix. Smooth endoplasmic -
reticulum (SER) predominates in the cytoplasm. Several lysosomes "
(L) and residual bodies (R) are present. Mitochondria lie close to

“the basal infoldings and alcng the lateral cell borders. Pinocytosis
(Pi) occurs at the basal surface and coated vesicles (CV) can be seen

scattered in the cytoplasm frcam the basal to the apical surface.

X 21,060
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Figure 23.

Electron micrograph showing vhotoreceptor inner (IS) and outer
segments (0S) from a 1.5 moath old control animal. Each outer segment
consists of stacks of regularly arranged lamellar discs enveloped with-
in a plasma Héﬁtmane. The cuter segment is connected to fhe inner
segment by a cilium (C). The inner segment contains numerous polysomes
(P). Long, slerder mmﬁp_a (M) are arranged mainly aroﬁnd the
| periphery of the inner segment. A striated rootlet (SR) extends from

the basal body (Bb) of the cilium down the inner segment.
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Figure 24.

Electron micrograph showing the photoreceptor outer segments (03),
oconnecting cilium (C) and inner segments (Ié) from a 7 month old control
animal. The regularly arranged lamellar dis}:s of the outer segxlnent.
are surrounded by a single plasmavmembrane (PM) which is continucus
with the plasma membrane of the inner segment. The discs appear
identical to those seen in the 1.5 month o0ld control animal. | Each
lamellar disc contains an invagination at the same point forming a
longitudinal groove of incisure extending the whole length of the
outer segment. Portions of such longitudinal grooves are indicated
by arrows. A mitochondrion containing glycogen granules (SM) is seen

at the lower right hand corner.

% 29,720

Figure 25.

Electron micrograph showing phdtoreceptor outer (0S) and inner
segments (IS) fram the same specimen as Figuie 24. At the base of the
outer segment, irregularly arranged saccules are seen. Next to them,
the discs have a more regular appéaranoe and further up, the lamellar
discs are precisely arranged. The inner segment contains mitochondria
(M) , polysames (P), smooth (SER) é.nd rough endoplasmic reticulum

(RER) .
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Figure 26.

Electron micrograph showing photoreceptor inner segments (IS)
from a 9 month old control animal. The inner segments are long and
cylindrical in shape. Elongated mitochondria (M) with well deveioped
transverse critae are arranged mainly around the periphery of the
inner segments. A Golgi apparatus (G) surrounded by numerous vesicles
- is present in the basal region of the inner segment. A few smooth
surfaced cisternae (SER) are visible in the cytoplasm. Polysomes (P)
are evenly distributed. The connecting cilium (C) originates in a
basal body is located in the cytoplasm of the distal inner segment
slightly to the side of its central axis. The striated rootlet (SR)
extends from the basal body (Bb). The imner segments are. closely
packed together. Nevertheless, they usually are separated at their
vbases fram each other by thin, Vvillous extensions of Muller cells

(MP). The outer limiting membrane (arrows) is formed mainly by
cell junctions between photoreceptors and Milller cells. Portions of
t:&o rod photoreceptor nuclei (PN), each characterized by a large dense

block of centrally located chramatin are shown in the lower part of the

micrograph.
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Figure 27.

4Electron micrograph at higher magnification showing photoreceptor

inner segments and the ‘o.uter limiting membrane from the same specimen
as Figure 26. Mitochondria are seen disposed lateraily in the inner

segments. Two senile fn_itochondria (8M) each containing é- large number
| of glycogen granules are seen in the inner segments. The Golgi compleXes
(G) are surrounded by mnercus vesicles. Smooth surfaced cisternaeik ' |
(SER) and rough endoplasmic reticulum (RER) are visible in the inner
segments. The cytoplasm is rich in polyscmes(P), The closely packed {
inner segments are separated by Miller cell .pfq_cesses (MP), Zonuiae
adherentes (arrows) between the inner segments and the Miller éells.
fo.rm the outer limiting membrane. Portions of three phétoreceptor , .

nuclei (PN) are seen at the bottom of the micrograph.
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" Figure 28.

Electron micrograph showing in its oentér a rod synaptic procéss AR)
~ from a 1.5 month old 'ccntrol animal. The process ends J_n an oval structure
known as a "spherule". The basal surface of the Spﬁerule is invaginated
by two lateral processes probably from horizontal cells (H) and one central
' process probably fran a bipolar cell (B) of the inner nuclear layer.

The cell wall of the spherule enciosés the terminations of these neﬁfonal
processes. The rod spherule and its invaginating neuroﬁal processes
oamprise the synaptlc wnit. The cytoplasm of the rod synaptic processes
contains a large number of synaptic vesicles (SV), same pélyédnes (_P)

and one or two mitochondria (M). A synaptic ribbon (Sr) is typically
found at the invaginating type ofvsynaése. It is a'crescent shaped
structure composed of three dense layers separated from each other by

two lighter layers. Below the synaptic ribbon lies condensed material
forming the arciform density (Add). Superficial contacts with nem:oﬁal
processes fram the inner 'nuclear layer are marked by a promirienoe of

the presynaptic membrane of tﬁe rod spherule (long arrow). At the

site of superficial synépses the synaptic ribbon is not present. The
| rod spherule shown in the. center of the micrograph.is surrounded by

portions of several other rod spherules.

x 46,700
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Figure 29.

Electrcn micrograph showing the outer plexiform layer from a 1.5
month old .oont_ml an_imai. Two vhotoreceptor nuclei (PN) are shown at
the top of the micrograph. Synapses and synaptic ribbons (Sr) are
numerous. Each synap‘cic’process‘is full of synaptlc vesiéles. (sv)
and ocontains one or more mitochondria(l) Aﬁ the synaptic site, each
synaptic ribbon is sn_tr:r.mmded by a cluster of synaptic vesicles. The
most oamnon type of synapses cbserved are contacts between rod spherules
and processes of horizantal (H) and bipolar cells. Iess commonly,
post—synaptic processes, instead of penetrating into a spherule,
make direct contact with the surface of the cell body. In this
situation the synaptic ribbon lies near the receptor nucleus (arrow
head). This type of contact has been 'descfibed as a somatodendritic

synapse.
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Figure 30.

Electron micrograph showing a ocone synaptic process (C) from
a 1.5 month old control znimal. The synaptic process ends in a
broad swelling which has been called a "pedicle". 'I“he.oone ﬁedicle
is characterized by its complex base into which btller neu.ronél pfocesses
from célls of the inner nuclear layer penetrate and make syhaptic
contact. In the cytoplasm of the pedicle, synaptic vesicles (SV) are
evenly distributed and one or rore mitochondria (M) are oftén present.
There are more synapses of the invaginating type and therefore more |
synaptic ribbons (Sr) than in the rod spherule. Each synaptic ribbon
is seen to be surrounded by a cluster of synéptic vesicles. Sﬁperficial
synapses can also be obseffed at the basal surface of the pedicle |

- (arrow) .

S

x 19,750

Figure 31.

Electror} micrograph showing rod spherules (R) fm a 1.5 nonth
0ld ocontrol animal. The spherule makes synaptic contact with the
neuronal processes Ifrum U;e inmer nuclear layer. Synaptic vesicles
(SV) are evenly distributed in each spherule. Note that the horiéontal
cell proéesses also contain vasicles which resemble the synaptic vesicles
of the spherule. Synaptic riboons (Sr) are found at the invag:inaf:ing

type of symapseé .
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Figure 32.

Electroﬁ mc:rcgrapn showing the outer plexiform layer from a
12 month old contzrol animal. A cone §edicle (C) is shown partially
surrounded by several rod spherules (R). Synaptic vesicles (SV)
are murerous and evenly distributed in both the rod and cone éynaptic
processes. The rod synepse typically receives dendriteé from one
bipolar cell and usually onljé cne synaptic ribbon (Sr) is seen at the
synaptic site in a cross-section. The cone synaptic pedicle is more
ccmplex than fhat of the rod, and it probably makes contact with
several bipolar and horizantal cells. Therefore, more synaptic sites
and more synaptic ribbons are cbserved in a cross-section of a cone
pedicle than a rod spherule. On the ldﬁei' left of the micrograph a
mitochondrion in on2 of the synzptic probesses has accumulated
glycogen granules. At the top of the Ifigure, portions of four

photoreceptor nuclei are sesn.
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Figure 33.

Electron micrograph showing the photoreceptor outer segments

from a 1 month vitamin A deficient animal. The distal portions of

the outer segrfents (0S) are the first portions of the photoreceptors

to show signs of change. Some of the lamellar discs break down into
vesicles (arrows). A distorted outer segment m which the lamellar
discs have opened up to vform longitudinally arranged lamellar strucl;_uxes,
appears to be partially engulfed by apical processes (AP) of the retinal
epithelium (RE). Part of the retinal epithelimn containing a Golgi
apparatus (G) is shown on top of the micrograph. Note the .‘absence

of many lysosames in the retinal epithelium at this stage.

x 21,060
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Figure 34.

Electron micfograph showing the retinal epithelium and photoreceptor
outer segments fram a 1.5 month vitamin A deficient animal. The outer
segments (0S) are now more severely affected. More lamellar discs |
have broken down into vesicles (V). Sane disordered saccules (axrrow
heads) are also observed. The disintegrating outer segments are
closely suxrbunded by apical processes of the retinal epithelium (RE).
In the retinal.epithelim, lysosares (L) have gathered within its
inner surface. Ph1 and Ph2 are two partially disintegrating phagosomes.
A lipid droplet (LD) is seeﬁ on the right hand side of the micrograph
in the retinal epithelium. Polysomes are scattered in the epithelial
cytoplasm. Rough endoplasmic reticulum is found close to the inner

surface of the epithelium.

x 28,080
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Electron microgragh snowing photoreceptor outef segments (0S)
igure 34. Affected outer segmentsde-
generate to different degrses. The rore severely affected outer
segments are almost ocampletely surrounded by apical epithelial
processes, which agpear to be in the act of ingesting them. Part
of the retinal epithelium (RE) with lysosomes (L) along its

inner surface is seen at the too right hand corner. Note the

apical cell juncticon (2C3J).
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Figure 36.

Electron micrograph showing photpreceptor outer and‘inner segments
from a 2 month vitamin A deficient animal. Most of the lamellar |
discs. in the outer segments are affected and are in various stages of
_disintegratioh. However, near the base of each outer segment, same
~ lamellar discs appear intact. The inner segments (IS) contain large
nurbers of polysomes. Mitochondria (M), cilia (C) and basal bodies (Eb)

are still present and are unchanged in appearance.

x 21,060
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Figure 37.

Electron micrograph showing the junction between the retinal
epithelium and photoreceptpr outer segments from a 2.5 month vitamin
A deficient animal. The section is cut slightly obliquely. The
apical processes (AP) of the retinal epithelium (RE) appear to have
undergone a siight pmlifnratidn and are irregularly oriented.
They appear to be acta.ve in engulfing degenerating outer segments (OS) .
The smooth endoplasmic reticulun (SER), mitochondria (M) and Golgi

complexes (G) in the retinal epithelium remain unchanged.

x 18,650
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Figure 38.

Electron micrograph snowing disintegrating photéi‘eceptbr
outer segments (0S) from the s=we specimen as Figuré 37. More
outer segments are affected and the destruction is more extensive
than in the 1.5 month vitamin A deficient animals. The disintegrating -
outer segments contain vesicles and tubules. Many discs have dis-
appeared completely leax'n'.ng behind large intraoellular spaées '(x)>.
Apical processes (AP) of the rstinal epithelium in irregular -

array .a_re seen at the top left hand ocorner of the micrograph.

% 14,040
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- Figure 39.

Electrcn micrograph sl*adig the photoreceptor inner segments
(IS) of the same specimen as Figure 37. At this stage of vitamin A
deficiency the distal poftions of the inner segments also show
morphological change. The distal portions are slightly swollen and
their cytoplasm is almost devoid of polysomes. Vacuoles (V) which
may result from fusion and Gilation of the smooth endoplasmic
reticulum are observed within inner segment cytoplasm. Cross—
sections of two connecting cilia (C) are present and appear nommal
Some obliquely cut outer segments (0S) which have yet to undergo
severe degeneration are present between and above the affected inner

segrents.
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Figure 40.

Electron micrograph showing photoreceptor outer segments (OS)
frcm ‘a 4 month vitamin A deficient animal. Within the outer
segments, some of the lamellar discs have broken down into vesicles -
(V) while othersare either loésely ‘arranged or oriented J_n an abnomal
'directions. Many lamellar discs have completely disappeared leaving
enpty spaces (X). Apical processes (AP) of the retinal epithelium

(RE) are seen surrounding the degenerating outer segments.'

x 28,080
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Figure 41.

Electron micrograph showing phétéreceptor outer segments (0S) ,.
inner segments (IS) and the outer limiting membrane from the same
specimen as Figure 40. Many ocuter segments hé\}e now disappeared
leaving gaps .(x) . The inner segments appear shorter thanrnonnal.
Basal bodies (Bb) é.nd striated rootlets (SR) are still present in
the inner segments., Polysares (P) have gathered J_n the inner hélves
of the inner segments. Rough erxiopiasnd.c reticulum (RER) and large
vacuoles (V) can also be identified in inner segment cytoplasm. |
Sare photoreceptor inner segnaﬂ.ts nave undergone almost camplete
degeneration and can be seen as three dense structures in the
micrograph (arrows). The outer limiting membrane appears .intact

(double arrows). Portions of two photoreceptor nuclei are séen at -

the bottom of the micrograch.
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Figure 42,

Electron micrograph sﬁowing photoreceptor inner segments (IS)
.frcn the same spécimen as Figure 40. Smooth endoplasmic reticulum
and vacuolés (V) are visible in the short and plunp innerisegmehts.
Mitochondria (), commecting cilia (C) and basal bodies (8b) in the
inner segments appear intact. A degenerating inner segment (IS)
is séen in the center of-the microgragh. Ité dense.cytoplasm
contains several mitochondria; two of which (SM) are swollen with
glycogen granules. Many Miller cell processes’(MP) extend between -

adjacent inner segments.

x 18,650
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Figure 43.

Electron micrograph showing two adjacent retinal epithelial cells
(RE) from a 5 month vitamin A deficient animal, Bruch's membrane (BM)
appears normal. Basal infolding (B), apical cell junctions (ACJ) and
- mitochondria (M) in the retinal epithelium are :Lntact | The smooth
endoplasmic reticulum (SER) of the retinal epithelium has not been
altered either quantitatively or structurally. The major changé is
a blarge increase in lysosomes (L) near the inner epithelial border.
The apical or inner processes (AP) of the retinal epifheliwn have
lost their typical regular arrangement.' Portion of an outer segment

(0S) is seen at the bottam of the micrograph.
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Figure 44.

Electron micrograph showing the retinal epithelium, photoreceptor
outer segments and inner sagments from a 6 month vitamin A deficient
animal. More severe destruction of the photoreceptors is in evidence.
The outer segments (OS) have lost their normal highly ordered orientation.
None of them appear intact. Many intra- and extracellular spaces (x)
are ooserved The inner segments now are closer to the retinal

'epithelimn. The inner segments display shorter mitochondria than
normally and the cytoplasm in their distal halves contains few polysqnes.
The retinal epithelium, contains an elongated nucleus (N) and displays
a marked increase in lysosomes (L) along its inner sﬁrféce. The apical
processes (2P) of the retinal epithelium appear to be engulfing the

degenerating outer segments (0S).

x 12,090
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Figure 45.

Electron micrograch showing the reti_nal eéitheliufn (RE) and the
photoreceptor ocuter segments (CS) fram the same specimen as Flgm:e 44.
A phagoscme (Ph) is seen in the m'ddle of the epithelium._ An increase
. of lysoscmes (L) along the epithelial inne'r'surface is bevidentr The
“apical processes (AP) are Sl.ort and randomly oriented. The. dlSln- '
tegratlrg motorscesoor outer segments have lost their nomal regular

orientation and many intra- and extracellular spaces (x) have formed.

x 16,470
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Figure 46.

Eiection micrograph showing the photoreceptor outer segments
fran the same’ specimen as Figure 44. Most of the outer segments (0OS)
- show degenerative changes. Scme outer segment discs have lost their
normal compact and horizontal arrangement and as a result the outer -
| segments appear badly aamaged. Other groups of discs have a suréris—
ingly normal appearance. The entire iéyer of photorecepfor outer
segments is greatly reduced in thickness. Parts of two photoreceptor
inner 'segments (IS), one with an intact connecting cilium, are seen
at the lower right hand cormer. 2t the top left is part of the

retinal epithelium with several lyscsomes (L).

x 21,060
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Figure 47.

|

lectron micrograph showing mainly photoreceptor inner segments

(IS) from the same specimen as Figure 44. Above the inner éegments, éevere
destruction of the outer segments is observed. The inner segments have
undergone different stages of shortening. In the less coi'ltracted J_nner
segments to the brig'-’r{:, thers is a perceptible difference in the poly-
some distribution between the distal and basal halves of the cytoplaém.
The distal halves of the inner segments (towards the retinal epithélium)
contain fewer polysames (P). The smooth cisternae (SER) are slightly:
dilated but the basal bodies (2b) and striated rootlets (SR) are intact.
The basal portions of the inner ségments close to the photoreceptor
nuclei contain same polyscres and smooth endoplasmic reticulum.
Mitochondria (M) appear shorter than they ‘normally are, though they

are structurally unchanged otherwise. 2An almost oval j‘.nner segment is
seen to the left of the microgreph. It contains several polysomes. and

a few mitochondria. There are wide intercellular spaces between adjacent
inner segments and many Miller cell processes (MP) extend freely through
them. Cross sections of cilia (C) are found near the inner segments.
Cell junctions between vhotoreceptorsand Miller cells (éingle arrow)

and between Miller cells and Miller cells (double arrows) are observed.

x 21,060
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Figqure 48.

Electron micrograph showing the vouter plexiform layer from the

same specimen as Flgure 44, ‘T.’:,e synaptic processes show several

signs of degeneration in vitamin A deficiency. In each synaptic
‘process, there are fewer svnaptic vesicles (SV) than normal and many |
are found lying immediately adjacent to the synaptic sites. Plaéma
membranes between adjacent synégtic processes have broken down and -
thé cell cytoplasm appears to merge freely across the.provoe_ése_s‘ | |
(arrows) . A mitochondrion (M) w1th a siight swelling of part of its :
outer membrane is observed (Gouble arrows). Synaptic ribbons are |
present at the synapﬁic sites, and each is surrounded by a cluster
of synaptic vesicles. The subjacent horizontal cell processes (H)

contain post-synaptic vesicles and appear nommal.

x 21,060
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Electron micrograph showing the photoreceptor synaptic
processes‘ iran the sae specizen as E‘igﬁre 48. Breakdown of
the plasma nembranes of synaptic processes is in evidence (arrows).
Fach synaptic process contains sparsely dispersed synaptic vesicles
(sV). Mitochondria (M) within the synaptic processes are also
affected in vitamin A deficiency and appear markedly swollen. Most
of the transverse cristae have disappeared. The synaptic ribbon (Sr)
as well as the horizontal cell processes (H) containing closely packeéi

post-synaptic vesicles are essentially unchanged.

x 32,700
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Figure 50.

Electron micrograph showing the retinal epithélium (RE) and
photoreceptor ocuter segments (0S) f;:om a 7 month vitamin A deficient
animal. Bruch's rreaorane (81} is intact. In the retinal epithelium
the_ basal infoldings (B), mitochcndria and other subcellular_structures
appear unchanged. A remarkable increase of lysosames (L) is observed |
deep to the inner surface of the retinal epithelium. There is some |
proliferation and disorganization of the apical processes.(AP) of the |
epithelium. The lamellar discs of the outer segments have broken !
down into vesicles (arrows) and groups of discs have disappeared |

(double arrows).

x 15,700



108 b




105

Pigure 51.

Electron micrograph showing the retinal epithelium (RE), photo-
receptor outar segrents (CS) and inner segments (IS) fram an 8 month
vitamin A deficient animal. The photoreceptor inner segments and the
retinal epithelium are now closer together. Degeneration- of the outer
segments involves loss of discs (x) and abnormal oﬁentaﬁon of many
of the remaining discs (arrows). The distal portions of the J_nner |
segments shown in the micrograph contain few polysames (P; numerous. -
short mitochondria (M) and a few dilated smooth cisternae (SER).

The retinal epithelium is marked by an increase of lysosames (L) which
aggregate mainly beneath the inner epitheiia.l surface and in the wider
apical processes (2P). The apical processes of the epithelium are

irregularly oriented and apoear to have increased in number.

X 13,300
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Figure 52.

Eiectron micrograph showing inner segments, photoreceptor outer
segments (0S) and part of the retinal epithelium fram the same speciﬁlen
as Figure 51. At the top left hand corner, an outer segmént is seen With |
its lanéllar discs in disarray. Samne of the laméllar disés have also
broken down into vesicles. The few outer segments seen at the lower
right are also distortedi. In this zone of the retina, the »phbtorecéptor
outer segments have diéintegrated to such an extent that same inner
segments now lie almost adjacent to thé retinal epithelium. Thé large
structure in the center of the micrograph is probably a degenerating
inner segment (IS) undergoing autolysis. Its cytoplasm is full éf
lysoscomes and aggregates of dense material. This structure is almost
in contact with the apical epithelial processes (AP). Part of an |
epithelial nucleus is seen at the top right hand corner. The apical.
processes of the retinal epithelium are short but appear to have lncreased
in number. Several lysosares (L) are found. in the thicker processes of

the retinal epithelium and in the inner epithelial’ cytoplasm.
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Figure 53.

Electron microgragh showing photoreceptor inner segments from
the same specimen as Figure 51. The segments show different degrees
of shortening. A less contracted inner segment (IS), in the center

=

of the micrograph, shows slight s.‘.elling of its distal end. The
distal portion of the inner segment contains an elongated vacuole (V)

but very few polysares(P), Most of the polysames are confined to the

- -inner portions of the inner segments shown. Other photoreceptor inner

segments have shortened further. A well developed Golgi apparatus (G)

" is seen in one of the inner segments. Degenerating outer segments are

- seen above the inner segments. (M, mitcchondrion) -

x 21,060






Lliza

Electron micrograph showing the cuter plexiform layer from the

same specimen as Figure 51. The sinaptic processes (SP) are now

shorter but a few synacses persist. Zach synaptic process qontains

a few synaptic vesicles (SV), many lying immediately adjacent to the
synaptic sites. This is reminiscent of those seen in the specimens

fran 6 montnn vitamin A deficient animals. Breakdown of plasma membranes
(arrow heads) between adjacent synaptic processes 1s again observed.

At the synaptic site synaptic;_rﬁla’mp.s (Sr) are still present and process'és
of horizontal cells (H) contzining synaptic Vesicles appear intact.

Several photoreceptor nuclei (EN) are seen in the upper half of the

- micrograph and an unidentified cell, possibly a horizontal cell, is

visible in the lower half.
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Electron micrograch siowing the outer plexiform layer from the
same specimen as Figure 54. Breakd i of the plasma membrahes (arrow)
betveen adjacent synaptic processes and also of the mitochondria (M)
within the sifnaptic processes is evident. The synapticvpi'ooesses
only contain a fow Gispersed synaptic vesicles. Synaptic ribbons
are not opserved in this sec—a_cn 2n unidentified cell (U) undergoing
autolysis is seen. This cell contains lysoscomes and a large maés
of dense material. Portiams of two wnidentified cells in the inner |

nuclear layer are seen at the bottom of the micrograph.
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Pigure 56.

Electron micrograph showing the outer retina from a 9 month
vitanin A deficient animal. The photoreceptor outer segments have
Adisaépeared except for occasional remnanté of discs (0S). The
micrograph shows two photoreceptors with markedly altered:inner‘
segments (IS). Although connecting cilia are not cbserved, basalv
bodies (Bb) stili persist in.theiinner segments. Polysames and shpft,

- cylindrical mitochondria arefstill-found—in the retracting inner
segrents. Same mitochondria with parfly disintegrating plasma membranes’
. (double arrows) are present in one of the immer segments. The photb—'
receptér nuclei (PN) that remain do not show any variation froﬁ the -
normal in their chramatin distribution. The outer limiting membréne

is now formed mainly by cell jﬁnctions between Miller cells (arrows).

In the retinal epithelium (RE), lysosomes (L) aggregate close to its

- inner surface. Proliferation éf the apical epithelial process (AP)

is praminent. The basal infoldiﬁgs-(B) and other subcellular struciuresi

in the retinal epithélium appear unchanged. ' (MP. Miller cell Pﬁoces????
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Figure 57.

Electroﬁ micrograph showing the retinal epithelium (RE), remants
of photoraceptor outer segments (0S) and protions of.photoreceptor
inner segments from a 9 month vitamin A deficient animal.’ A loosely
arranged lamellar structure'representing a degenerating and distorted
outer segment (0S) is seen to the right of the micrograph. Another
disintegrating outer segment‘which consists only of an aggregation of
‘tubules and vesicles is seen to the left surrounded by epithelial
apical processes (AP). The photoreceptor inner segments’ (IS) have
retracted further and Miller cell processes (MP) are now seeﬁ‘extending
above them. The apical processes of the epifhelium have'proliférated
markedly. HMany lysosanes (L) are stili found beneath the inner surface

of the retinal epithelium. (N, retinal epithelial nucleus)
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Figu;e 58.

Electron micrograph showiﬁg the outer retina from e 9 month
vitamin A deficient animal. Sporadic.clusters of saccules (arrowsj
are all that remains of the photoreceptor outer segments. The
photoreceptor inner segments (IS) are closer to the retinal epithelium
than before. Same inner segments have retracted more than others but
all have undergone severe degeneration In the distal or scleral halves
of the inner segments, only a few polysomes remain and vacuoles (V)
are present. The remaining mitochondria observed in each innerxr segmeﬁt ‘
are mostly round and short. Numerous polysomes persist in the basal
halves of the inner segments. Photoreceptor nuclei are seen at the
bottcm of the micrograph. Their ﬁuclear chramatin appearsnormal.
Jﬁnctions between Mﬁller cellsnow comprise almost all of the outer
limiting membrane (double arrows). As photoreceptor outer and inner
segﬁents are discarded, Miller cell processes (MP) move in to oecupy
the tissue gap. Lysosomes (L) stillvaggfegate close to the surface
of the retinal epithelium. The apical epithelial proceeses (&P) have |
markedly proliferated and now lie adjacent to the inher segments in same

regians.

- x 14,040
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Figure 59.

Electron micrograph showing at higher magnification, photo-
receptor inner segments ard the outer limiting membrane from the ssme -
specimen as Figure 58. In the retracting inner segments (IS) shown,
subcellular structures such as the Golgi apparatus and roﬁgh endoplasmic
reticulum have disappeared. A few polysomes (P), some mitochondria (M)
and smooth endoplasmic reticulum diiated to form vacuoles (V) are left.
A mitochondricn in one of the innervsegments.shows detachment and
- elongation of part of its membrane (double .arrows) . An almost ovoid |
inner segment containing an intact basal body (Bb) is seen in the center
of the micrograph. Clusters of saccules which are remnants of the outer
' segments (0S) are seen above the inner segments. Same epical epithelial
processes (AP) are visible at the top right hand corner of the micro—
graph The outer llmltlng‘ﬂemorane is now formed mainly by cell junctlons
between Miller cells (arrows). Several Muller cell processes (MP) extend
through the extracellular .space between ths inner segnents A cilium
(C) in cross-section is visible lying freely among the Miller cell |

processes.

x 29,720






118a

Figure 60.

Electron micrograph showing degenerating photoreceptors from a
9 month vitamin A deficient animal. The photoreceptors ‘show marked
retraction of both inner segments (IS) and synaptic processes (SP).
In the inner segments, the mitochonaria have entirely degenerated
and disappeared. Some polysomes (P) and rough endoplasmic reticulum
(RER) are still present. The chromatin of the photoreceptor nuclei (PN)
appears normal but the nuclear membranes show evidence of breaxdown
(thick érrows) . There are few synaptic vesicles (SV) left in the .
dege.neratirig synaptic process shown in the micrégraph. The synaptic

ribbon (Sr) surrounded by some synaptic vesicles still persists.

x 18,650
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Figure 61.

Electron micrograph showing the posterior outer retina from
a 10 month vitamin A deficient animal. There is a closer association .
betveen the retinal epithelium and the neuial retina than observed at
earlier intervals. Two adjacent retinal epi’cheliai cells (RE) are
shown. The retinal epithelium contains a large number of lysosomes.
close to the inner epithelial surface and in some of the broad apical
processes. The apical processes (AP) are numerous and now regularly
oriented. The epitheiial nucleus (N) and other subcellular structureé
in the retinél epithelium are essentia]_ly unchanged. Remnants of
photoreceptor outer (0S) and inner segments (IS) are scattered armong
the apical epithelial processes. Miller oeli junctions (arrows) are
now widely spaced and mark the outer limit of the néural retina. A
displaced photoreceptor cell is seen at the upper right of the micro-
graph (Gouble arrcws). The photoreceptor cells (PC) that remain have
very little cytoplasm containing only a few polysomes and an occasional
mitochondrion. Each of the remalmng photoreceptor cells is surzbunded

by several layers of membranes (Gn) probably of glial origin.

x 12,090
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Figure 62.

Electron micrograph showing the close association between the
retinal epithelium (RE) and the neural retinal layer at the 10th month
of vitamin A deficiency. The retinal epithelium contains numerous
lysosares (L) mainly aggregated close to its inner surface. Lysosomes
are also present in more central‘regions‘of the epithelial cells. An
oval structure consisting of éaccules, tubules and vesicles, the remnants
of a photoreceptor outer segment (0S), is seen partially surrounded by
apical processes (AP) of the retinal epithelium. The outer_limiting f
menbrane now appears to be foﬁmed by cell junctions between processes
of Miller cells (arrows) although the presence of cell processes from
other types of glial cells cannot be excluaed. Bruch's membrane (BM)

overlying the retinal epithelium appears unchanged.

x 18,650
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Figure 63.

Electron micrograph showing at higher magnification the close -
association between the apical processes (AP) of the retinal epithélium
(RE) and the processes of the I~i11_1ér cells (MP) from the 'same specimen
as Figure 6l1. Some apical prbcess of the epithelium are displaced side-
>ways by the processes of the zfﬁuer cells and othersinte'idigitate with |
the latter. The outer limiting membrane is well defined in this region
(arrows). A disintegrating pi'ntoréoeptor outer segment (0S) with part
of the inner segment (IS) is seen at the lower left of the micrograph.

A pair of centrioles (c) is visible in the cytoplasm of a Miller cell.
Parts of two retinal epithelial cells with several lysoscmes are seen
at the top left hand comer. 2pical cell junctions (ACT ) of the retinal
epithelium are still intact. 2 portion of a pﬁotoreoeptor cell remant - |

is present at the lower richt.

x 25,730
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Figure 64.

Electron micrograph showing the outerv retina from the same specimen
as Figure 61. In the retinal epithelium (RE) same lysoscames (L) are
found in the vicinity of the Golgi apparatus' (G) but most of them are |
Close to the inner surface of the retinal epithelium. The apical
epithelial processes (AP) are numerous and prominent. A photoreéeptor
c21l (PC), possibly a oohe, is seen in the neural retina. The phofo—
receptor nucleus appears intact while a few degeneré.ting mitochondria,
(ﬁ-{!) + Some polysames and an ill-defined ‘Golgi apparatus (G) are discen'ilable
in its cyboplasm.. © A couple of photofeceptor inner segments (IS) are
present. One of them has an intact connecting cilium (C) with a basal
body (Bb) . The cytoplasm of this cell contains numeroﬁs polysoméé and
a couple of mitochond.ria.' Remmants of a photoreceptor outer segment
(CS) can also be distinquished lying next to the inner surface of the

retinal epithelium.

x 21,060
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Figure 65.

Electron micrograph showing the outer retina from an 11 month_
vitamin A deficient animal. As usual, the inner cytoplasm of the
retinal epithelium (RE) is marked by the presencé of a 1a£ge number
of lysosomes (L) while the epithelial nucleus (N) and the other
subcellular structures in the epithelium appear normal. The apic;al-
processes (AP) of the epithelium.remain nurerous and prominent. ,
Remnants of some photbreceptor inner segments (IS) and outer segments’
(0S) can be seen among the apical processes of the retinal epithelium.
One of.the inner segments lies inside the outer limiting membrane and
is surrounded by glial membranes (Gm). Two unidentified cells each
with scanty cytoplasm are seen in the center of tﬁe micrograph; They |

are each surrounded by several layers of membranes.

x 12,090
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Figure 66.

Electron micrograph showing the retinal epithelium and the
outer retina from the sawe specimen as Figure 65. The proliferation

of lysosanes (L) close to the inner surface of the retinal epithelium
is striking. At one regim, the retinal epithelium lies imneaiately
adjacent tb tne neural retina. At that site, the apical epitheliél -
processes have disappeafedb(arrows) but on both sides of this region,
apical epithelial processes (EP)'remain praminent. A retinal capillary

 (CP) lies close to the retinal epithelium. Note the layers of glial

mermbranes (Ga) above the capillary.

x 13,700
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Figure 67.

Electron micrograph showing the outer retina from an 11 ronth '
vitamin A deficient animal. Lysosomés (L) lying close to the inner
surface of the retinal epithelium and numerous, apical processes
(AP) of the epithelium are again noted. Remnants bf pﬁotoreoapbor
outer segments (0S) can vstj_ll be seen above the neural retina.‘ In this
micrograph, what appear to be Miller cell processes (MP) bend laterally
and cqntribute to the array of glial membranes (Gn) Visible above and
to the sides of the photoreéeptor cell (PC) seen at the lower left
comer. The scanty cytoplasm of the photoreceptor contains little or
no recognizable subcellular structures. Cell junctions betwéen Miller

cells-éan be distinquished (arrow).

x 18,650
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Figufe 68.

Electron micrograph showing the outer retina from an 11 month
vitamin A deficient animal. | In the retinal epithelium a well developed
Colgi apparatus (G), numerous lysoscames (L) and prominent apical
processes (AP) are visible. Fragments of photoreceptor‘ inner éegments
(IS) lie scattered among Miller cell processes (MP). | The latter, ar
majority of which appear in cross-section, are seen in abundance in this
region. In the neural retina, areas .not occupied by photoreceptqrs i
or unidentified cells are replaced by numerous layers of glial membranes )

(Gm) .

x 18,650
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 Figure 69.

Electron microgrdph from the same specimen as Figure. 68 showing
promirient apical proéesses (AP) of the retinal epithelium and layers
of membranes (Gm) probably of a glial nature surrounding each of the
remaining photoreceptor cells (PC). Numerous well marked céli junctions
probably between Miller cells (MJ) are seen forming a limiting membrane
at the outer edge of the neural retina. 2above the neural retina,
many Miller cell processes (MP), most of them cut in cross-secl;ion,

are present and show a tendency to bend sideways.

x 23,000
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Figure 70.-

Electron micrograph showing acid phosphatase localization in the
retinal epithelium from the posterior retina of a 6 month vitamin A
deficient animal. After fixation, the tissue is prepared by detaching
the retinal epithelium and choriocapillaries from the rétina proper. .
This procedure causes some structural distortion of the inner retinal
epithelium particularly the apicél processes. The deﬁached tissue is-
then incubated in CGomori medium with sodium—glycerophosphate as sub—'
strate and postfixed in 2% osmium tetroxide. The tissue is Sectioned.
and double stained with uranyl acetate and lead citrate. A black
precipitate of lead phosphate indicates the presence of the enzyme acid
phosphatase. In the micrograph, black érecipitate of lead phosphate
can be observed around the periphery of the lysoscmes (L) and in the
phagoscmes (Ph), but nowhere elée in the epithelial cytoplasm. (B,

~basal infolding of retinal epithelium; M, mitochondria.)

x 32,700
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Figure 71.

Electron micrograph showing acid phosphatase locaiization in the
retinal epithelium from the same specimen as Figure 70.7 A bladc
precipitate bf lead phosphaﬁe is present }in the lysosomes (L),
phagosames (Ph) and Goigi apparatus (G). Phl indicates a newly
ingested phagosame which is just beginning to be subjected to lysoscmal

enzyme activity. (&P, apical processes of retinal epifhelimn.)

x 32,700
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Figure 72.

Light microscopic radicautograph showing the posterior outer
retina from a 10 month old control animal, 4 hours after intra-
vitreal injection of H3—rret’n_ionj_ne. The section has been exposed
for 2 months a.nd poststained with toluidine blue. Sparse, evenly
diStributed radioactive material is present in the retinal epithelium
- (rRE), phbtoreceptor outer segments (0S), J_nner segrents (IS) and the
outer nuclear layer (OWL). The backgroxmd is almost clear of radio-

active mater_ial.
x 4,750

‘Figure | 73,

Light microscopic rédioau’tograph showing the posterior outer
retina fram a 10 ronth old control animal, 24 hours after labell:i.ncj
intravitreally with H3-rret’n.ionine. The section has been exposed for
two months and poststained with toluidine blue. There is a marked
accumilation of radicactive material over the retinal epithelium, the
photoreceptor inner segments and the outer nuclear layer. An
accumilation of the radicactive material can be observed at junctions
betweeﬂ photoreceptor mner and outer segments and also in the basal
porticns of the outer segments (black arrows). In the outer nuclear
layer, silver ‘grains are found primarily in the cell cytoplasm (white

aYYOWS)

x 4,750
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Figure 74.

Light microscopic radiocautograph showihg the posterior Quﬁe:t
rétina fram a 2.5 month vitamin A deficient animal, 4 hours after
intravitreal labelling with H3—methionine. The section has been exposed
for 2 months and poststained with toluidine blue. Radiocactive material
is evenly distributed over the retinal epithelium, the photoreceptoq:

outer and inner segments and the outer nuclear layer.

x 4,750

Figure 75.

Light microscopic radioautograph frcm a 2.5 month vitazrﬁn A
deficient animal showing the posterior outer retina, 24 hours after
intravitreal labelling with H'3—methionine. The section has been
e.%:posed for 2 months and poststamed with toluidine blue. This
oblique section shows a silight incfease in labelling over the pk.loto—‘
receptor inner segments and the outer nuclear layer. Silver grains
are especially concentrated at junctions between the photoreceptorv
inner and outer segments (black arrows). In the oﬁtef nuclear layer,
silver grains are observed in tﬁe nuclei (white dotted arrows) and

in the cytoplasm between the nuclei (white arrows) .

x 4,750
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Figure 76.

Ligl;lt mic:roscopic radicautograph from an 8 month vitamin A
deficient animal, showing the posterior outer retina, 4 hours after
intravitreal labelling with Ho-methionine. The section has been
exposed for 2 months and poststained with toluidir;e blue. Spars_e
labelling is present over the retinal epithelium, photoreceptor
outer segments, inner ségﬁents and the outer nuclear layer. In
the latter, silver grains reside primarily around the periphery
of the nuclei.

x 4,750

Figure 77.

Light m.j.crosoopic radicautograph from an 8 month vitamin A
deficient animal, showing the posterior outer retina, 24 hours after
intravitreal labelling with H3—methionj11e.' The section has been |
exposed for 2 months and poststained with toluidine blue. A marked
increase of radicactive material is‘ Seen over the retinal epithelium,
photoreceptor outer segments, inner segments and outer nuclear layer.
Silver grains are especially concentrated at junctions between the
photoreceptor inner and buter segments and in basal portioné of the
outer segrents (black arrows). Marked incorporation of radiocactive
material is found around the periphery of each photoreceptor nucleus
(white dotted arrd-is) - Some silver grains are also observed in the_

cytoplasm (white arrows) around each photoreceptor nucleus.

x 4,750
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Figure 78.:

Light microscooic radiocautograph from a 10 month v1tam A
deficient animal showing the retinal epithelium and the neural retina,
4 hours after in‘ﬁravitreal labelling with H3—methionjne. The ééction
has been exposed for 2 months and poststained with toiuidine blue.
Little“ radioactive mterlal is seen over the retinal epithelium (RE),
inner nuclear layer (DIL) and inner plexiffom layer (IPL). DNone is‘
present over the few photoreceptor cells (arrows) seen in_ the micro-

graph.
x 4,750

Figure 79.

Light microscopic radicautograph from a 10 month Vitamin A
deficient ammal showing the same structures as f‘iguré 78, 24 hours
after intravitreal labelling with H3—methioni_ne. _The section has
been exposed for 2 months and poststa:.ned with toluidine blue. There
is an increase in labelling of the retinal epithelium (RE), inner
nuclear layer (INL), and inner plexiform layer .(IPL)'. Some silver
grains are found over the few photoreceptors (PC) seel;z in the micro-.
grapn They are distributsd ra_vnl_/ around the périphe:cy of the nuclei

(black dotted _a:c-r:orers) .

% 4,750
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V. DISCUSSION

A) Résurd of the Most Pertinent Results

Morphological changes in the photoreceptor cells and retinal epi-
thelium produced by vitamin A deficiency were studied in the albino
Wistar rat by light and electron microscopy. The process of degeneration.
of the photoreceptors in Qitamin A deficiency noted in this study can
be summarised as follows., First, the lamellar discs of the photoreceptor
outer segments broke down into vesicles and tubules after 1 month of
vitamin A deprivation. After 2.5 months, the distal portions of the
inner segments became slightly.swollen and the distal inner segment
cytoplasm suffered a loss of polysares and underwent swelling of the
endoplasmic reticﬁlum. By 6 months of vitamin A deficiency, the.photo-
receptor synaptic terminals were affected. Fewer synaptic vesicles were
present in the cytoplasm and the plasma menbranes in the synaptic region
developed large gaps. As deterioraticn of the photoreceptors continued,
'only fragments of the outer segments>remained vwhile degenerating inner
segrents and synaptic processes gradually retracted towards the phbto—
receptor nuclei. The nuclear envelopes of the photoreceptors beQan to
disintegrate at 9 months, By 1l months, most of the photdreceptor cells
had disappeared and only one irregular row of photoreceptor nuclei remained,
Each of the remaining visual cell nuclei was surrounded by several layers
of glial membranes. The neural cells of the inner retinal layers appeared
unchanged although these were not studied in detail by electron micro-
scopy. In the retinal epithelium, a marked increase of lysoscmes close to

the inner epithelial surface and a prominent proliferation of the apical
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processes were observed during the breakdown of the phdtoreceptors.

Tn addition to the structural changes noted, the vitamin A deficient
animals gained weight more slowly than the control animals, Their plasma
vitamin A levels declined rapidly after 3 weeks on the vitamin A free diet
supplerented with vitamin A acid. The acid phosphatase test confirmed the
presence of a large number of lysosomes in the imner retinal epithelial
cytoplasm of the vitamin A deficient animals. Radicautographic data of

3 _ethionine inco'rporation- indicated that the degenerating photoreceptors
were still capable of amino acid uptake and protein synthesis.

B) Storage and Metabolism of Vitamin A

According to Moore (1964), in the human body, about 90% ‘of the \}itam’jxi is
stored in the liver as vitamin A palmitate. The blood contains about
0.45% of the total body stores in the form of vitamin A alcohol which is
kept at a remarkably constant level in spite of dietary fluctuations,
Only 0.005% of the body's vitamin A, in the form of vitamin A aldéhyde is
present in the retina, The remaining vitamin A is present in the other
organs and fatty tissues of the body. When anirals are placed”ori a
vitamin A free diet, the concentration of vitamin A in the liver slcwly
declines, whereas the blood vitamin A level remains relatively constant
until liver stores are practically depleted (Olson, 1969). Dowling and
Wald (1958) reported that vhen weanling rats were placed on a vitamin A
Geficient diet, their liver stores of the vitamin A declined linearly to
zero in about 3 1/2 weeks. After 3 1/2 weeks on the diet, the blood vitamin
A level fell precipitously to zero and rhodopsin content in the reﬁina
cammanced a linear decrease, mkmg the onset of night blindness. By

2 months, opsin levels in the retina also declined and histolegical



+04

deterioration of the rstina v.és coserved. In the present study, the blood
vitazmin A ccntert of the vitamin A deficient rats declined rapidly after

3 weeks of vitamin A deficiercy when the first anatomical changes in

the restina were detected, In this study, althoﬁgh vitamin A content of
the liver was not analyseq, the fact that the blood vitamin 2 began to
dacline after the 3rd week ¢ vitamin A depfivation ihdicates that
Cdepletion of liver stores of vitamin A should have occurred before

this time according to Dowling and Wald (1958). The retinas of .the
experimental animals in this study began to degenerate about a month
earlier after introduction of the vitamin A déficient_diet than the rats
coserved by Dowling and Waid (1958). Since in the early stages of this
study only a few lamellar discs in the distal portions of the photoreceptor

=

outer segments ware notad o be affected, it is possible that such changes

nd Wald, Another possibility is that the room

Y

were overlocked by Dowling

]

in vhich the rats were Xert in Dowling and Wald's study was not as brightly
lignted or' lighted for as lomg a timé as in the present study. Unfortunately,
the lighting cenditicns were not specified in the reports of Dowling and
Wald (1938).

The vitamin A Ceficient animals in the present investigation began
to show a slower weight czin than the control animals at about the same:
time that thelr blood vitzmin A levels began to decline, This finding

)

implies that the functicn of vitamin A in the body was only partially

Jd

fulfilled by ths vitamin & =2cid which supplemented the vitamin A free
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C) The Phctoreceptecrs in Vitamin A Deficiency
1. The Outer Segzents

Tansley (1933,1935) and John.éon (1939,. 1943) ,'by light micro‘scopy,.
noted that after young rats had been placed on a vitamin A free diet
for 7-13 weeks, many ohotoreceptor outér segments dis'appeared and those |
that remained stained acrormally. Dowling and Gibbons (1961), too,
reported that when young rats were raised on a vitamin A free diet supple-
mented with mtmlr A acid the photoreceptor outer segments stained less
intensely than nommal and arpeared fragile and broken after 2 months on
the diet. Only fragments of the outer segments remained after 6 ;rxonths
on the diet and they cazpw_e%.ely disappeared by 10 months. Dowling and
Gibbons (1961), by electron microscopy, abserved that degeneration began |
with a marked swelling of the highly ordered transverse discs of the
outer segrént which pinched off to form large vesicles and tubules., After
a high propertion cf the discs had degenerated :Ln this way, the outer
segments lost their normal elongated, cylindrical shape and became almost
spherlcal Most of the interior of the spherical outer segments was
filled with distended vesicles and tubules, Fragments of the outer :seg-
ments were frequéntlyi coserved lying free in the space between the i'etina
and the pigment epithelium,

In the present study‘, morphological changes observed by lightAmicroscopy
in the outer segments cf the degenerating photoreceptors were similar to
those described by Tanslsy (1936), Johnson (1939, 1943) and Dowling and
Gibbons (1961). Fowever, the fine structural changés of the photoreceptor
outer segments were studied in greater detail in this work and a nurber

of new details of the dscererative process have been uncovered. It was
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noted that the breakdown of the lamellar discs .Lnto vesicles began from
| the distél portions of the photoreceptor outer segments and progressed
towards the inner segments, There was same variation in the degree of outer
segment involvement from one animal to another whlch may be related to
differencés :'Ln vitamin A stores in the liver at the time the animals were
placed on the special diet. The basal portlons of the outer segments were
always cbserved to contain some normal looking lamellar discs ‘during the
early stage of degeneration. Radioa_utographic studies of protein synthesis
in rod photoreceptors by Droz (1963) in rat and mouse, Young (1967) in
rat, mouse and frog and Young and Droz (1968) in frog ﬁave indicated that'
the labelled amino acid are concentrated initially in the inner seément
of the cell. Within. 24 hours, the radioactive material is displaced to
the base of the outer segment, where it accmmlates as a distiﬁct reaction
band, | The reaction band than gradually moves distally along the outer
segment and ultimately disappears at the apex of the cell to reappear
later in phagosomes in the pigment epithelium. This finding indicates
that the p'ro’vcein. ccmponent of the rod photoreceptor outer segment is-
continually renewed by repeated appositicn of material at the base of the
outer segment in conjunction with a balanced removal of material at the
apex. From this work it seems likely that the ,nofrral lobking discs .
observed at the bases of the degenerating outer segments in the preseﬁt
study were newly formed, | | _ -

Dowling and Wald (1958) and Dowling and Gibbons (1961) have suggested ‘
that in vitamin A deficiency the cause of the breakdown of the lamellar |
discs in the outer segments is due to a ioss of opsin 1n the absence of
vitamin A aldehyde. Since opsin is stabilized by comblnlng with vitamin |

A to form rhodopsin (Radding and Wald, 1956; Hubbard, 1958), opsin may
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deteriorate in prolonged vitamin A deficiency when there is no vitamin |

A available for it to combine with. In the present study, incorporatioh

of H3—methionj_ne into the inner segments was found to continue in vitamin
A deficiency indicating that there is still protein synthesis .in the inner
segrments of the decjenerating photoreceptofs.. In the vitamin A deficient
animals, in this study, the raaioactive material was observed to .ooncentrate
at the junction of the inner and the outer segments and also at the bases
of the outer segments 24 hours after labelling, Presumably, opsin was
synthesized, but was not utilized in the absence ‘of vitamin A aldehyde.
Thérefore , the disc membranes brocke down in spite of the fact that protéin
synthesis continued in thé inner segments. ‘This finding supports the
hypothesis of Dowling and Gibbons (1961), that vitamin A aldehyde, besides .
initiating visual excitation, also functions in maintaining the structural
integrity of the disc membranes. 2Another possibility is that the protein
synthesized in the inner segment is abnormal or decreased and this will

be considered later,

2, The Inner Segments, Synaptic Processes and Photoreceptor

Nuclei

Dowling énd Gibbons (1961) have observed that the photoreceptor |
inner segments became gréatly reduced J.n nutber and shorter and thicker
than normal after the animals have been on the vitamin A free diet for
6 months. However, no changes were noted by these authors in the fine
structure of the components of the inner sagments such as the mitochondria ’
the cytoplasmic granules, and the éytoplasmic membranes.I vChanges occurrmg _

in the photoreceptor 'synaptic processes as a result of vitamin A deficiency
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have not been previcusly studied. The results of the present study in-
dicate that, in contrast to the results of the prior study by Dowling
and Gibbons (1961), the photoreceptor inner segments show marked

Changes during and after the degeneration of the outer segments., The
distal portions of the inner segments became slightly swollen and contain
only a few polyscmes and some large vacuoles after 2.5 months of vitamin
A deficiency. Iater, the inner segments gradually loose their elongated,
cylindrical structure and became short and barrel-shaped as they retract
towards the nuclei. In the inner segment cytoplasm, the mitochondria
also gradually shorten and decrease iﬁ nurber, the polysares gather
mainly in the proximal halves and the Golgi complexes become ill-definéd.

The synaptic processes, also, show retraction towards the nuclei, account
ing for the thinning of the outer plexiform layer cbserved by light
microscopy. FEach of the shortened synaptic processes contains only a

few synaptic vesicles and the plasma membranes between adjacent synaptic
brocesses form gaps. The membranes of the mitochondria both in the inner
segments and the synaptic processes show evidence of degeneration.

What causes death of the photoreceptoré in the vitamin A deficient
animals? Dowling and Wald (1960) have suggested that disintegration of
photoreceptor outer segments in vitamin A deficiency deprives the
photoreceptor cells of stimulation from photochemical excitation, .This
lack of stimulation might then cause the death of the visual cells.
Hansson (1970) has suggested that photoreceptor death is due to an in-
correct synthesis of protein or other elements necessary for the continuous
renewal of the inner and outer segménts. In the present study, it was
observed that, prior to photpreceptor cell death, the inner segments and
the synaptic processes underwent a continuous retraction while the ocuter

segrents were gradually disintegrating. Most of the photoreceptors then
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disappeared leaving behind only a single layer in which the cells had
lost most of their subcellular structures. I would like to suggest
that the underlying mechanism involved in the phencmena operaﬁes at
the gene level. | During vitamin A deprivation, the photoreceptor cells

could be affected samewhere along this pathway:

transcgptlonA; TRNA translation

DNA > protein

where DNA = Debxyribonucleic acid

MRNA = 'Mess’enger ribonucleic acid

Presumably sare genes could be repressed in vitamin A deficiency
so that a lesser amount of protein or a different protein is synthesized
in the degenerating photorecéptors. Data in support of this suggestion
have been provided by Tryfiates and Krause (1971) who have shown that
an altered messenger RNA is synthesized in the liver of the vitamin A _v :
deficient rat, ‘They have suggested that vitamin A exerts a cont:bbl
over cellular differentiation at the transCriptiori level by influencing ‘
the species of mRNA synthesized. Johnson et al (1969) reported that in
rat intestinal mucosa and liver, R labelling is increased after vitamin
A injection in vivo, Kleirman et al (1971) fownd that vitamin A deficiency
leads to a decreaséd incorporation of both uridine-H° and orotic acid-
s5-ct* into ru. | | |

The action of vitamin A on gene activity has been further implicated
in the following pathological studies. In vitamin A deficient rats,
bundles of keratiﬁ appear in the cél_ls of parotid duct and trachea
resulting in metaplasia and hyperplasia ‘(H-ayes et al., 1970; Wong and Buék,

bl97l) . In the male reprbductive tract of the vitamin A deficienti rat,
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spermatogenesis stops and the semiferous epithelium degenerates

- (Thompson et al, 1964). In comnective tissues of lung, bone and dura
mater, the synthesis and/or turnover of collagen and mucopolysaccharidé
ground substances appears to be disturbed in vitamih A deficiency result-
ing in measurable excesses of these camponents. These excesses are
‘thought to be involved in the thickening of the dura mater and the
associated impaired reabsorption of cerebral spinal fluid noted in vitamin
A deficiency (Cousins EE;EEJ 1969). They may aiso account-for excessive
growth in periosteal bone also noted in this conditién (Hayes and Cousin,
1970) . The above pathological alteration imply: that the result of

vitamin A deficiency ié to limit differentiation of recently divided cells
towards a favoured pathway so that, for example, in spermatogenesis, the
unidirectional differentiation of Spermatozoa»is blocked resulting in
testicular degeneration (Hayes, 1971)., Similarly in the studies of pafotid
duct’ (Hayes et al., 1970) and trachea (Wong and Buck, 1971), the bipotent
epithelial basal cell in these oigans is restricted in vitamin A deficiency
to synthesis of fibrous, keratinizing proteins at the expense of mucous
cell production (Hayes, 1971). 1In bone and collagen, the periosteal
progenitor cell and the fibroblast favour the synthesis of collagen fibers
and ground substance in vitamin A deficiency (Hayes, 1971).

In the preseht investigation, the deéenerating photoreceptors were
capable of protein synthesié as evidenced by the incorporation of‘H3—»
methionine in the inner segments. Although the protein synthesized has
not keen analysed‘quantitatively or qualitatively, it has been shown in
fadioautographic studies. that preduction of photoreceptorvouter segment
material is decreased in vitamin A deficient rats (Herron and Riegel,

1974a, 1974b). The reduced amount of protein synthesized may have been



in an altered form, as suggested by Hansson (1970), and could not be
used by the visual cells to maintain their normal structure. The visual
cells, therefore, began to dedifferentiate along a "retrograde“.pathway
manifested by retraction of photoreceptor processés and the degeneration
of subcellular structures observed in the present study. DMost of the
photoreceptor remnants were then discarded by an wnknown mechanism and
removed by the retinal epithelium,

It has been suggested in many studies that membranes are ﬁajor sites
of vitamin A alcohol (retinol) action, particuiarly lysosomal and
mitochondrial membranes. Roels et al. (1969) reported that in liver of
vitamin A deficient rats, lysosomal membranes were more labile. éﬁé‘; )
menbranes of erythrocytes obtained from vitaminiﬁfééficiént rats wefé_
found to be markedly swollen and distorted and_sdbﬁecﬁnﬁo faster hermolysis
canpared to those from control animals (Anderson et al., 1967). In
epiﬁheliél cells of the bulbourethral glands of vitamin A;deficient rats,
Iatalski (1972) observed a great redﬁction in-fhéiﬁumber-of cristae of |
the mitochondria present in the cell cytoplasm. He suggested such changes
were due to a disturbance in permeability and stability:of the ii;oéégtein
rmenbrane of the involved mitochondria. A similar type of disturbance
was observed in the mitochondria of degenerating photoreceptor inner
segrents and the synaptic processes in the present study. Moreover,
plasma membranes and nuclear membranes of the phbtoreceptors too, showed
evidence of breakdown in the present study. Foels et al (1969) have
suggested that vitamin A alcchol regulates the binding of the membrane
bound ATPase responsible for lipbprotein interaction in specific areas
of certain biological membranes and thereby influences their structure -

and stability. It is possible therefore that if vitamin A alcohol is also
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present in the mitcchondrial, nuclear and plasma mémbranes of the visual
cell, prolonged vitamin A deficiency would deplete vitamin A in these
membranes leading to nembrane breakdown.

In the vitamin A ceficient animals of this study the degenerating
photoreceptors were discarded so rapidly that only one irregqular row
was left by the 1lth month. The nuclei of the remaining photoreceptors
appeared normal, yet the cther parts of the cells such as the outer and
inner segments and synaptlc processes had disappeared. Whether the
nuclear chromatin or gene structures had been altered qualitatively is

not known. Further studies would be necessary to examine this possibility.

D) The Retinal Epitheliwm in Vitamin A Deficiency

According to Dowling and Gibbons (1961) the retinal epithelium of
the albino rat remained unchanged after 10 months of vitamin A deprivation.
Hansson (1970) ~Cosexved by scanning electron microscopy that after 6
months of vitamin A deficiency, the apical processes of the retinal
epithelium were thicker and shorter than normal. The results of the
present study indicate clearly that marked changes do occur in the structure
of the retinal epithelium of the vitamin A deficient rat. The most
notable change was a large increase in small dark granules with the
ultrastructural characteristics of lysosomes beneath the iﬁner epithelial
surface after 4-5 menths of vitamin A deprivation. A positive reaction
for acié phosphatase confirmed that the granules were lysosomes. The
lysosomes were scmetires cbserved near the Golgi apparatus and appeared
to stream towards the epithelial inner surface. A positive reaction for
acid phosphatase was also presenﬁ in the CGolgi apparatus, and phagdlsomes

of the epithelial cell. This finding tends to confirm previous work that
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primary lysosoares are formed in the Golgi apparatus (DeDuve and
Wattiaux, 1966) and that phagosames are degraded in the retinal
epithelium by the hydrolytic enzymes of the lysosames (Ishikawa ana
Yamada, 1970). In the present study, it was found that the increase of
lysosames persisted throughout the photoreceptor degeneration process.
The apical processes of the retinal epithelium proliferated slightly at
first and later became very prominent. These changes were not Cbserved
in the retinal epitl"le]_itm'of control animals of the same age.

The physiological significance of the close structural relation of
the pigment epithelium to the photoreceptors was first noted by
Kihne (1878) who found that in vitro regeneration of visual purple tock
place only if pigment epithelium remained in contact with the photoreceptors.
In recent years, much more has been learned of this intimaté relationship
between the pigment epithelium and the photoreceptors. For example,
experiments utilizing horseradish peroxidase as a diffusion tracer have
pointed out the importance of the pigment epithelium as a selecﬁve
filter, preventing intercellular diffusion of larger molecules from the
choriocapillaries into the retina. (Bok and Young, 1972). | In the frog,
it has bee.n shown that radicactive vitamin A is rapidly taken into the
oil droplets of the retinal epithelial cells within a few mihutesv after
intravenous injection (Bok and Young, 1972). Glycerol and palmitic acid
are also avidly taken up frem the blood stream and concentrated in the oil
droplet as weil (Bok and Young, 1972), The mucopolysaccharides of the
interphotoreceptor matrix are believed to be synthesized within the pigment
epi’chelial cells and later secreted extracellularly by the well developed
Golgl system of these cells (Berman, 1964). The enzyme iscmerase,

responsible for isomerizing vitamin A to the ll-cis configquration, has
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been identified in both rod outer segments and thé retinal pigment
epithelium in ampghibia (Fubbard, 1956). The pigment epithelium also
acts as a scavenger, as it normally phagocytoses and then destroys
packets of outer segment discs. This phagocytic function of the retinal
epithelium has been well studied by many investigators (Dowling and

| Gibbons, 1962; Bairati and Orzalesi, 1963; Ishikawa and Yamada, 1970;
Young, 1967, 19713; Young and Bok, 1969; Spitznas and Hogaﬁ, 1970).

In the present study, in vitamin A deficiency, the apical processes
of the retinal epithelium appeared to be more active in engulfing
photoreceptor fragments than in the control animal. Displaced photo-
'receptor nuclei were often cbserved unusually close to the retinal
epithelium in vitamin A ceficient animals and it seems likely that all
parts of the photoreceptor cell including the nuclei are phagocytosed by
the pigment epithelium in the vitamin A deficient rats, - The presence of
the large nurber of lysoscres beneath the inner epithelial: surface suggests
that the photoreceptor fragments were degraded by _the lysoscomes és soon
as they were phagocytosed. This may. e#plain why in this study portions
of photoreceptor cells aside from outer segment fragments were not seen
within the retinal epithelial cytoplasm. The fact that in this study
the time of proliferation of lysosamal activity in the retinal epif.helium
correspondad to the time.of breakdown of the photoreceptors strongly

supports a causeand effect relationship.

E) Miller Cells in Vitamin A Deficiency

Miller cells, the most prominent nonnervous elements situated among
the retinal neurons, are thcughtto provide mechanical support and

physiological insulation for intervening nerve cells (Polyak, 1957).
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Vore recently, they have been shown to be the main sites of carbchydrate
storage in the retina (Kuwabara and Cogan, 1961; Magalhaes and Coimbra,
1970). They also of course are capable of synthesizing protein (Hodson
and Marshall, 1967). It has been noted, in addition, that glycogen
synthesis (Magalhaes and Coimbra, 1970), as well as certain enzymatic
activities (Cogan and Kuwabara, 1959; Kuwabara and Cogan, 1960; lessell
and Kuwabara, 1964) prevail at different sites in the Mﬁller cell, This
suggests that the cell might play different functional roles at different
levels of the retina. It has been pointed out in several animal species
that the distribution of organelles in Miller cell cytoplasm differs

as one moves from the inner end of the cell at the inner.limiting membrane,
to the outer end at the outer limiting.membrane. For example, vesicles
and fibrils have béen observed in the cytoplasm of the inner end of the
cell in reptiles (Pedler, 1963), cat (Ladman, 1961) and man (Hogan and
Feeney, 1963). Mitochondria have been found in the outer end of the

cell in reptiles (Pedler, 1963) and the rabbit (Sjdstrand and Nilsson,
1964), but in the inner portion, in man (Fine, 1961). Magalhaes and
Coimbra (1972) have suggested that the Miller cell of the rabbit can

be divided into 3 portions, each characterized by certain ultrastructural
features, possibly having distinct functions. The inner portion is
characterized by a great density of glycogen particles and microfilaments,
a network of smooth endoplasmic reticulum and the presence of some dense
bodies. A high rate of glycogen synthesis is present in this portion
(Magalhaes and Coimbra, 1970) although the smooth reticulum is believed
to be the site of nearly all glucose-6-phosphate activity in the

retina (Magalhaes and Coimbra, 1972). The middle portion of the
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Miller cell is marked by the presence of ergastoplasm and Golgi complexes,
suggesting protein synthesis (Magalhaes and Coimbra, 1972). .The Millexr
cell outer portion seems well adapted to absorption and intracellular
transport. . An absorétive function is suggested by the presence of

long microvilli and microtubules while the presence of mitochondria

in this part of the cell suggest that active intracellular transport

is taking place (Magalhaes and Coinbra, 1972). In addition, the outer
portion of the Miller cells may play a role in the pathologicai condition
of photoreceptor destruction as shown in the present investigation.

As degeneration of the photoreceptors in the vitamin A deficientfaninhls
continued, the terminal processes of the Miller cells became highly '
conspicuous. In late stages of degeneration (11 months of vitamin A
deficiency), the remaining photoreceptors and other unidentified cells
of the inner nuclear layer were each surrounded by several layers of
membranes probably of a glial nature. The terminal processes of the
Miller cells were frequently observed slanting iaterally and probably
contributing to glial membrane formation and encirclement of the
remaining outer neurones. It is possible that these merdoranes serve as
barriers preventing the remaining photoreceptor nuclei from béing
phagocytosed by the retinal epithelium,

In this study, by light microscopy, the cells of the inner retinal
layers appeared unaffected even after all the photoreceptors had disap-
peared. These cells were not examined in detail by electron microscopy.
The possibility of alterations in the inner retinal cells in vitamin

A deficiency therefore, remains to be investigated.
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F) Light Damage to Photoreceptors

It is of interest that animals that have been exposed to continuous
illumination show a similar degeneration or destruction of the photo-
receptors (Wéell, 1966; Moell et al, 1966; Grignolo, 1969; Weale, 1969;
Tso, 1973; Lawwill, 1973) to that observed in vitamin A deficiency.
Kuwabara and Corn (1968) have shown that the photoreceptor outer segments
of the albino rat demonstrate severe membranous changes upon exposure
to continuous relatively cold light at a brightness of about 750 foot-
candles. In their studies, the lamellar discs at the outermost tips
of the photoreceptors broke down and formed vesicles after 1 hour of
exposure to light. When the retinas of the rat werevexposed to light
at that intensity for periods from 6 to 24 hours, the discs in the
outer portions of the segments lost their regular lamellar structure
and became markedly separated and vacuolated. When the animals were
exposed for more than two days, the discs broke down into tubules and
became irregularly packed within large, round, or pear-shaped outer
segments., Later, the swollén outer segments became separated from the
inner segments. The isolated outer segments were then found among the
apical microvilli of the pigment epithelium and gradually broke down
into smaller sizes. Kuwabara and Gorn (1968) thought that the
membranous changes were a type of cellular reaction of the photo-
receptors to extreme bleaching circumstances. Continuous exposure
to the light appeared to overbalance the bleaching and recovery
mechanisms of the photoreceptor cells., Since bleaching of the visual
pigments causes a loss of some vitamin A (Wald, 1955), prolénged
illumination would.cause excessive loss of this prosthetic group from

rhodopsin. Therefore, rhodopsin cannot be generated to restore the
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structural integrity of the lamellar discs and consequently the
latter break down in a similar mammer to that cbserved in vitamin A
deficiency. Again the stabilizing effect of vitamin‘A aldehyde on
the structure of the outer segment discs is implicated,

Recently, shear et al (1973) have shown that retinas of'albino
rats exposed to continucus low ihtensity of fluorescent light (18 foot-
candles) for periods of 6 to 18 hours display fine structural changes
in both the retinal epithelial cells and the outer segments of the
photoreceptor cells. Adjacent epithelial cells were separated by
wide gaps and suffered retraction of the apical processes. Thé'
lamellar discs of the photoreceptor outer segments became progres-—
sively more tubular. These changes wére reversible in an envirohwent
of cyclic light (14 hours of light and 10 hours of darkness). In the
present study, the vitamin A deficient animals and their controls
were kept under lighting conditions of a maximum of 10 foot-candles
during £he 12 hours of light per day. Since the vitamin A deficient
animals and their controls were always killed after less than 1 1/2
hours of light adaptation at an intensity of 25 foot-candles, it seems
unlikely that the structural changes cbserved in this study in the
retinas of the vitamin A deficient animals were influenced by the
lighting conditions. Also the control animals iﬁ this study, which
were kept under identical lighting conditions did not show significant
morphological changes with aging in either photorecepfor cor retinal

epithelial cells.
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G) Normal Loss of Photorsceptors

In control specirens of the present study, a very small nuvber of
photoreceptor cells. cansisting of praminent nuclei surrounded by a-
narrow rim of cytoplasm were cbserved lying outside the outer limiting
memorane between the retinal epithelium and the neural retina. Photo-
receptor nuclei were also opserved partially embedded in the retinal.
epithelium. These findings suggest that under the lighting conditions
of the present study scme photoreceptor nuclei normally make their
way towards the retinal epithelium where they are eventually phago-
cytosed and degraded. Thus, throughout life in the rat, there may
be a continual loss of ghotoreceptor cells. Apart from the work on
light démage, visual cell loss of this sort, to my knowledge, has not
been described in ths retina of ény vertebrate studied to date. The
significance of this process, which may be a normal aging change, is

still cbscura.

H) CGlycogen Filled Mitochondria

In this study, after 4-5 nonths éf vitamin A deprivation degenerating
inner segments of an unusual type were occasionally observed. The
cytoplésm ci these inner segments became very dense and contained no
visible subcellular structures except mitochondria (Fig. 41, 42).

The mitochorndria were greatly enlarged by an accumilation of glycogen
particles within their outer membranes. Degenerating inner seqments
of this type were also crserved in the control animals, Glycogen
filled mitochondria have been reported to be present in rod ellipsoids
of toads (Ishikawa and Yamada, 1969), rats (Ishikawa and Pei, 1965),

in the flight muscles of aging blow flies (Sacktor and Shimada, 1972)
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and” in the heart ruscles of aging drosoghila (Sohol, 1970). The
presence of intramitochondrial glycogen is believed to be related

to aging since mitochondria of this type have never been reported

to exist in retinas of the newborn or young rats (Ishikawa and Pei,
1565). However, they were easily detected in retinas of rats 1 year
or older (Ishikawa and Pei, 1965). The present results confirm this
finding since mitochondria with enclosed glycogen were not found in
rats under 5 months of age. This type of degenerating inner seqment |
with dense cytoplasm and glycogen filled mitochondria may be due to
aging and not vitamin A deficiency since inner segments of thi; type

were found in both the older vitamin A deficient and control animals.
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Electron microscozic study showed that the la'nellar discs in the
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towards the photoreceptor nuclei and became short and barrel-shaped.

By 6 months of vitamin A deficiency, the photoreceptor outer
segments had lost their normal, regular orientation. Few of

them appeared intact.

By 6 months, the photoreceptor inner segments were shortened to
different degrees. In the cytoplasm of the inner segments,
polysdnes could be found only in the proximal portion, next to

the photoreceptor nuclei. The few mitochondria that remained were
often shortér than nomal and the Golgi complexes present showed
signs of disintegration.‘ | ;

Also at this 6 month stage, the photoreceptér synaptic terminals
were severely affected in the animals on the special diet, Fewer
synaptic vesicles were present, often.lying immediately adjacent
to synaptic sites, The synaptic ribbons pérsisted but large gaps
appeared in the plasma membranes of the synaptic processes. Within
the synaptic processes, displaced mitoéhondriél membranes and lossb

of mitochondrial cristae were apparent.

By 9 months of vitamin A deficiency, the photoreceptor outer

segments had completely disappeared except for a few sporadic

clusters of saccules.,

By 9 months, éll the photoreceptor inner segments had retracted
considerably. The shortened inner segments still contained some
polysomes and rough endoplasmic reticulum, but the mitochondria

had entirely disappeared.
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By 9 months, the nuclear envelopes showed evidence of dis-
integration although the photoreceptor nuclear chromatin appeared'

unchanged.

Also at this 9 month stage, the synaptic processes of the degenerat-—
ing photoreceptors were'very short and contained only a few synaptic
vesicles. Synaptic ribbons could still be identified in some

synaptic processes.

By 11 months of vitamin A deficiency, only one irregular row of
photoreceptors remained, The remaining neural retina adhered

closely to the retinal epithelium,

At this 11 month stage, the degenerating photoreceptors consisted
only of a nucleus surrounded by a narrow rim of cytoplasm containing
very few organelles. The photoreceptors were surrounaed by several
layers of membfanés probably of glial origin. Synapses of the
photoreceptors with nerve cells of the inner nucleér layer and

the concamitant synaptic ribbons had disappeared.

By 11 months of vitamin A deficiency the normal cell attachment
betwsen photorece?tors and Mialler cells in the region of the
outer limiting‘membrane had disappeared. The outer limiting
menbrane was now.forned by cell junctions between adjacent Miller
cells, At this stage, the terminal processes of the Miller cells
above the outer limiting membrane were seen to bend laterally,
possibly contributing to the menbrane layers surrounding the

photoreceptor remnants.
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Radicautographic studies of H3-methionine incorporation into
the retinas of control and vitamin A deficient animéls revealed
that both control and degenerating photoreceptors were capable
of protein synthesis. It is postulated that this protein might
be qualitatively different in the vitamin A deficient animals
than the protein synthesized by normal photoreceptors.

Fram the detailed studies of the structural degeneration of the
photoreceptors in vitamin A deficiency, it is suggested that in
vision, vitamin A, besides initiating visual excitation, also
funcfions in maintaining the structural integrity of disc and
cell membranes. - It is also suggested that vitamin A probably
acts at the gene level since its absence caused the photoreceptors

to dedifferentiate along a "retrograde" pathway.

In the retinal epithelium, an increase of lysosomes close to

the inmner surface was noted by 4-5 months of vitamin A deficiency.
The leosones were acid phosphatase positive. The increase of
lysosomes in the retinal epithelium persisted as long as degeneration
of the photoreceptors continued. Only a few lysoscmes were observed

in the inner epithelium of control animals,

The apical processes of the retinal epithelium proliferated slightly
by 2.5 months of vitamin A deficiency and became very numerous

and praminent by 11 months of vitamin A deficiency.

In the vitamin A deficient animals, the changes cbserved in the
retinal epithelia as a result of photoreceptor breakdown strongly

supported a cause and effect felationship.
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22, The morphology of photoreceptors and retinal epithelial cells
studied in control rats from ages 1.5 to 12 months remained
consistently unchanged, except for the appearance of glycogen
filled nd.tochoﬁdria in the photoreceptor mner segments of

older animals.
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VII Criginal Contributions

In this investigation a detailed study has been made of the

rorgnolegical changes which occur in the outer retinaA(primarily
retinal epithelial'édi photoreceptor cells) as a result of dietary
vitamin A deficiency. Only a few prior studies of this phencmenon
have beesn made (Tansley, 1933, 1936; Johnson, 1939, 1943; Dowing and'
wald, 1958, 1960; Dowling and Gikoons, 1961; Dewling, 1966) and these

are deficient in the following respects.

l. The lighting conditions héve not been carefully.controlled.
(Tansley, 1933, 1936; Johnsdn, 1939,-1943; Dowling and Wald, 1958, 1960;
Dowling and Giboons, 1961; Dowling 1966), It has now been established
that a long pericd of exposure to light by itself can produce pnotorepepbor
damage (NOell, 1966; Noell et al., 1966; Kuwabara and Gorn, 1968; 7
Crignolo, 1969; Weale, 1969; Tso, 1973; lawwill, 1973; Shear et al.; 1973).

2, The norpnoloawczl changes examined previously have centered
on the photoreceptor outer segments only. Before the present study little
was knowmn of the sequehtial changes produced by vitamin A deficien;y in
the photoreceptor inner segments, synaptic processes and nuclei, Prior
to this study it was assumed tﬂdt the pigment eplthellum‘was unaffected
in vitamin A deficiency (Dowling and Globons, 1961),

3. The prior studies have failed to take into account the fact
that the structure of the outer retina may undergo structural changes in
normal animals during aging., This possibility has been carefully examined
in the present report.

In sumrary, the present report represents a much moré detailed and
carefully controlled study ot this phencmenon than has bteen attempted

previously. Fram this standpoint it can be stated that all the findings
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reported in the thesis possess at least some degree of originality,

The following findings reported in the thesis have not, to my -
knowledge, been reported elsewhere under any experimental coﬁditions.

In the normal retina of the rat: |

1, The fine structure of cone photoreceptor cells,

2, The presence of photoreceptor nuclei displaced outside the

external limiting membrane.

3. The complete absence of aéing changes in the photoreceptor
and pigment epithelial cells from 1.5 to 12 months of age except for
the appearance of glyéogen filled mitochondria in the photoreceptor

inner segment of older animals.
In the vitamin A deficient rat:

1. All of the changes noted in sequential fashion in the retinal
pigment epithelium including the accumulation of lysosomes and the
alterations-in the morphology of the inner (apical) epithelial border.

2. The ultrastructural changes noted sequentially in the photo-
receptor iﬁner segments, synapticiprocesses'and nuclei,

3. The alterations noted in the outer processesvof the Miller ceils°
The proliferation of glial membranesaround fhe degeneraﬁing photoreceptor

nuclei,

In terms of its significance this thesis represents another step along
the road pioneered by Wald (1935a, 1936) and Dcwlihg and Wald (1958, 1960)"
leading to a full understanding of the role played by vitamin A in vision
and the etiology of night blindnesé; It has become clear from the

present work that, in the retina the effects of vitamin A deficiency are
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more complex than had previcusly been thought. Vitamin A deficiency
leads to a Gestructicon of the rhotoreceptors in a sequential manner,

beginning with the outer sscwents, then affecting the inner seqments

Y

and synaptic processes ané finally the photoreceptor nuclei, The
Changes in the pigment epithelium appear to be secondary to, and induced
by, the presence of photc:eceptorliragments at the inner epithelial
border., In this case, the pigment epithelial cells act like_true :
macrcphages,.re:oving thé oetoreceptor debris,

If present theory is correct, and vitamin A is normally present
in quantity in the thotorscegtor outer segments, thén it is easy‘to
see why the cuter segments decanerate in ﬁitamin A deficiency. It is much
more difficult, however, to understand why subsequently the rest of the
photoreceptor cellgdies sarticularly when one remembers that this part
of the cell is not thouchi to contain more than minute amounts of vitamin
A under norral cir u%stazces (*oore, 1964)., The present results do not -
provide a definitive answer to this question., Rather, based on prior work
on VitaminvA metabolism in other antomical sitesv( Thompson gg'gi.;'l964;
Johnson gé_g%,, 1%69; =zayes et al,, 1970; Tryfiates and Krause, 1971;

Wong and Buck, 1971; Xleirzan al., 1971), it is suggested herein that,

3

in the photoreceptor cells in vitamin A deficiency, there occurs an
alteration at the gene level in the regulation of protein synthesis which
eventually leads to loss of renbranes and cell death., This hypothesis

remains to be evaluated.
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