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T JIn order to test whether reported alterations in photoreceptor -
o synaptic terminals occur in a mammalian visual system, adult, fetal and
oﬂglejz;::ea pig retinas were.exposed to a 12:12 L:D diyrnal . ",
lighting cycle, as well as b lohg-term light (L'L) and’long-term dark -
(D:D) regimes, Representative samples frod’alliretinal quadrants, )
obtained at'various times throughout %he lighting regimes, were
processed for electron’ microscopy and the synaptic terminals of all
three photoreceptor cell types‘;:ﬁnd in this retina {alpha and : ¢
paranuclear rode, and cqnes) were analysed using eomputer—assisted
morphometrics for cﬁanges ip their area, perimeter, synaptic vesiele
uume}ieal density, the degrke of plasmalemmal infolding, as well as for
synﬁptic ribbon length -and absolute number per terminal. Diumnal data
showed that all three types of adtlt photoreceptoss have, increased
synaptic terminél areas and greater synaptit vesicle numerical density,
as well as decreased terminal membranerinfolding, during the light \
period, while both types of rods 'showed increased perimeter :
measurements in the dark Results from adults maintiined in extended
lighting conditions showed no difference between these sample times
even though statistieally signifieant differences existed in diurnal
= : data. Alternatively, diurnal data from fetal and neonatal retinas
showed no signirieantly sustainable pattern in any ‘of these synaptic
‘~termina1 parameters. Similarly. synaptie ribbon length.and number per
terminal profile’ exhibited ho statistieally significant” change
tproughout diurnal or extended¥ligpting copditionsz in adult, ‘fetal or |
neonatal retinas, These quantitative findings, have led to the
cotelusion th ; although E}terations in synaptic terminal perimeter’
measuresgnts may be explained using the vesicle recycling hypothesis,
changes in terminal size and shape may be effected by an annular
confighration of cross-striated fibrils found within these receptor.
) terminals. Fﬂnther, computer-assisted morphometrics and 3-D °
\-é tﬁxq' reconstruction analyses have shown that synaptic ribben length and
) “ number per terminal profile does not change 'in guined-pig photoreceptor
- synaptic terminals.
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, - I. INTRODUCTION® ‘ ‘
ﬁi % 4 ~
o . ’ '/

A variety of different lighting conditions have been
8 -

reported to gauseéalterat{ons in the size and éhape of
phogbreceptorhsynaptic terminals \Baprand Dickson, 1983; i
Cooberfand‘McLaughlinb_1982; Cooper, McLaughlin ;nd'Boykihs,
1983;. Shaeffer and Raviola, 1976; 1378), in thé length and
number pf synaptic pibbénsﬂwithip terminals “{Grun, 1980;
Spadaro, de Simong and Puézolo, 1978; Wagner, 1973; Wagner
and Ali, 1977) &and in ihe relationship betwegn presynaptic

-

and posts&naptig e;éments (Ball and Dickson? 1983; Brandon '
and Lam, 158%; Rayﬁauld, Lavoil?tte a;d Wagnerl~1579;
Scha;ffer and Raviolaf 1976; Wagner, 1980). The majoritf of ",
these repoftéd'dhanges have been shown to occggiin lower .
vertebrates and accordingly thg universality;of these a
phenomena is open to speculation.,’ '

In order to. obtain reliable q@antitative data from a

mammalian visual system, the present s;udg was undegtaken

usinq the guinea pig as a model. The guinea pig is similar

" to primates, in that it has been shown to to have a fully

developed retina before birth (Spiéa, 1975). Spira {1975)
showed that the differentiation of the neural retina

commences around the twenty-third day of gestation and is

~.
A § x
N

; -1 -



*

fully developed between the fifty-first and the
flfty—seventh day of an average 63-day gestation period
(Draper, 1920). 'Bésed on the dlfferentratlon of the fetal
retlna 1nto ten hlstologacally 1dent1f1able layers, the
presence of rlbbon,synapses in the outer plex1form layer and

t °

fully developed photoreceptor inner and outer segmentsh |

Spira (1975) concluded that the fetal guinea pig retina was

- functionally mature in utero. Additional evidenge for _this
3

-

functional maturity comes from reports that the outer

e a

segment tipsiof fetal gulnea pig photoreceptors a¥e not only

shﬂd ;g utero (Spira and Huang, 1978),Qbut also that this

shedding follows a .cyclic pattern similar to- the one found

»

in adult gulnea plg retinas (Huang, Spira and Wyse, 1982).
Furthe studles by Huang, Splra and Wyse (1983) suggest that
this fetal outer segment eheddlng is regulated in a manner
independent from the shedding cycle of the adult.
Accordingly, it ie the hypothesis of the present study that
if alterations in photoreceptor synaptic terminals occur in
the adult, they should be evident in fetal quinea pigs as
Qell.
The photoreceptors in th tina of the guinea pigw%

+

one of the first cell types/to be examined using '
transmission electron microscopy. In this classic study, '
Sjdstrand (1953) described two types of photoreceptor cells.
The first having a nucleus in the vitreal portion o the

»

outer nyclear layer (ONL) and a triad of postsyﬂapt c

invaginations in its synaptic terminal, he design d an

‘ «..,_/



a o

-3 -

b

alpha rod.."The nucleus of the second pho&bréceptor type wds
located in the scleral portion qflthe ONL an§ the synaptic
terminals of -these cells were chaéacterizedﬁby‘multiple ‘//
postsynaptic invaginations. ThESe latter cells he termed
beta rods; however, on the basis of morphological and .

physiological criteria used today, ,they should more

t,

correctly be termed- cones (Huang'etual., 1982;
Schmalenberger, 1980). Further studies by Mountford (1963f
urevealed that, in addition to the two receptor types
outlined by Sjostrand }1%?3), there existed as well, a third .
cefil type which she called.adparanuclear rod, It had
similaromorphological chara?Eéristicé ‘to the ,alpha rod, Y
except that the nucleus was insclose proximity to the
fﬁvaginations.Sf the postsyhaptic elements., All three

~ photoreceptor tell types were‘%atér identified by Spira
* .

(1975) in the fetal guinea pig- retina. ﬂ )

' Sjostrand (1953) was also the first to-report the
occurrence of a cross—striated fibril within the inner

. segment of tﬂe guinea pig rod, and extending~;d§ards the
outer limiting membrane. This cross—g;riaged fibril was
robserved to origipnate near, or from ;hg pair of cé;;::;iés/j
in the apex of the inner segment. _} detailed account of the
extent of th}S«unusual ciliary roolet was subsequently éiven
by Spira and Milman (1979).° They described this structure
as an aggregate ofbthin cross-striated f;%éﬁents which "

extends from the inner segment -region, th}ough the full

length of the cell boéy and terminates in the synaptic
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terminal,, éhgéudémonstfateébextenéion of’ the cross-striated
‘filgment into theigyhaptic terminal'egplains the pre;ious
abservation of a "synaptic spindie" by Meuntford (1964). -
Cross—-striated filgments are not unique to thé guinea pig;

they have been noted in the retina of the developing and

matung mouse (blnéy, 1968), adult caE {Stevens, Jacobs and

. gackson, 1984) and in man (Uga, Nakao, Mimura and Ikui, °

X

%l9fb: Villegas, 1964). Although the function of' this
organelle is still a matter of‘conﬁécture, théﬂpr;sence Pfl
actin and myoéin—like immunorgactiviﬁj in rat inner segmenté

f(Drenckhahn and Groschél-Stewart,ﬁlQ??), the'loéal%zatioﬁ of
ATPase in the inner segment”of]human rodéo(Matsuqua, 1967)
and ATPase localizatioﬁ,aloné the entire extent of the (
fibril in guinea pig photoreceptors (Spiré and Milman,
1982), hag led to the suggestion t%?t E#ese'fibrilé may be
conﬁxactile. In the caty serially-reconstructed ‘
cross—st;iateé'fibrils from cone terminals (Stevens et al.,
©1984) were showrr to pe arranged in a ring-like -
configuration, surroinding synaptic.ribbons ,and invaginatfng
posﬂéynaptic eleﬁqnts. This arrangement has led sﬁééens et
ai. (1984) ;o-s;ggegt that this organelle may be regponsiblé
for docuﬁented alterations in the, size and shape of ' o

} photoreceptor synaptic terminals (Ball and ﬁickgon, 1983;
Cooper and McLaughlin, 1982; éooper et al., 1983; Schaeffer
and Raviola, 1976; 1978). This ié however éontfary to
previous studies where éynaptic terminal alterations have

been associated with the exocytosis and endocytosis’

12

N

v



. vesicles within synaptlc terﬁinals (De Robertis and Bennett,

(recycling) of synaptic vesicle membrane at the terminal -

p&asma'membrane. o N ‘b~’
Follow1ng the demonstratlon that acetylchollne was
released as discrete quantal packets (Fatt and Katz, 1952)\

/%Pd the electron microscopic observation of synaptlc

1954, Palade, 1954; Paiay, 1954), Del Castillo and Katz
(1955) suggested that transmltter release was effected
kthrough vesicle exocytosis. More recen} studies have *
provided additional evidence for the fusion of synaptie

vesicles with the presynaptic membrane (Heuser and Reese, .

1973; Heuser, Reese, Dennis, Jan, Jan ana Evans, 1979;

Zimmerman, 1978; 1979%9a, b) and w1th the complete v ¢

incorporation of the vesicle membrane 1£to the terminal
plasmalemma (Heuser and Reese, 1980). . °

. It is now generally accepted that_ the mechanism' of
transﬁitter release through synaptic vesicle exocytosis, is
couﬁfed with endesytosis, and that this second phenomenon ;;
usually observed-in close proximity to the synaptic site.
Although endocytosis has been demonstrated extensively at
neuromuscular junctions (Miller and Heuser, 1984), more
relevant to the present study, it has also been shown to
occur actively in dark-adapted retinal pﬂ;toreceptor .

iy
synaptlc terminals (Ball and Dickson, 19837 Coopesjand

McLaughlin, 1982; @er et al., 1983; Brandon and Lam,

3

1983). As fprther roof for the existence of this

¢

)
phenomenon, a number of studies, using a variety of’



vertebrates, have demonstrated uptaké'oﬁ?;he extracellular m’_

o

tracer horseradish peroxidase (HRPf:intg”photoreéeétor‘
synaptquVESicles in the dark’(Cooper and MbLaughlin, 1983;
Ripps, Shakib aﬁQNSZeDonaTa*e1976, Séhééhesy Holtzman and

Hgod, 1974, 19 h effer and Rav1‘ia, 1976) . These ’ o

authors reasone that since thlS act1v1ty was absent or

+

greatly reduced in.the light, membrane retrieval via . -
« ' exocytosis must be occhrring concurrently with synaptic

vesicle fu51oﬁkth§rrtheq, morphological evidence ha

v 2

suggested that s retrieval .is mediated hoth by coated | . °

.

vesicles'(Ball and Dickson, 1983, Cooper and McLaughlln,
1983; Schaeffer and Raviola, 1976) , and by upcoated »

vesicles, at active zones of the photoreceptor synaptic ,

1 3 ‘

‘terminal plaémaleﬁha (Cooper and McLaughlin, 1983, Cooper et

al., '1983). L .- ¢ ‘
Evidence for exocytotic release of transmitter @né the

subsequent retrieval of vesicle membrane by endocytosis 135\7~w
L - “

E

.* Heuser and Reese (1973) to suggest the vesicle recycling®

hypqﬂﬁe51s. while’ th1s proposal is still disputed by some i
|
»authors (Dunant and Israel %1979, Marghbanks, 1978; 1979)

L

who argue that exocytosis does not account for transmitter
3 - P -

releasé“and tﬁat synaptic vé@icles more likely represent - 4

% 3

storage depots for the'cytoplasmlc pool of transmitter, or

4

for calcxum, many authors (see review by HOltzman and

-

Mercurios 1980)1be11eve<§hat the vesicle recycllng

hypothesis presents an attractive solution to acéount for

the fate of membrane in éynaptic terminadls. Briefly, -the

@
®
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vesicié,Hypbthesié states that Buring transmitter release,

« synaptic ve51cles fuse w1th the presynaptbc membrane;

' o

membrane is: then internalized as ¢oated ve51cles whlch

o B 5

subsequently lose thegr clathrln cogts and fuse w1th the
saccules of’ the smooth endoplasmlc retlculum (SER) These

membrane additions to the SER result in the formatlon of

A

-enlarged cisternae, which in turn give tth to new synaptic

vesicles.. Heuser ?nd Regse (1973) termed ‘this sequence of
ements,’thé exo—endécytotic cycle, and this has formed Ehe
basxs of arguments for&explalnlng the ghanges in 51ze and ’
shape of photoreceptor synaptlc termlnals which have been
demonstrated.in a variety of vertebrates (Ball and Dackson,
1983; Brandon and Lam,'i983; Cooper énd McLaughlin, 19€i;
Raynaulq et al., 1979; Schaeffer and Raviola,. 1976; 1978;

Wagner, 1980). . T

Many of the changes that have been reported in

photoreceptor synaptic terminals ﬁave also been observed in

~

retiné% ékposgd to extremes of tempefatdre oralight.
"Schaeffer and Raviola (1976, 1?785, for example,
demonstrated increased terminal sizes in:ﬁgrtle
photoreceptors when the animé;s were.maint;ined at 49c,
They suggested that the lowered body temperature inhiﬁitéd “
the membrane retrieval process resulting in an imcrease in
tgrminal size as synaptic yesicle membrane was added'to’ the

3

plasmalemma during vesicle exocytosis. .
A variety gf:morphological changes have also been
3 * K
reported to "occur on an ongoing basis in normal, diurnally

e

)
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entrained‘animals. Coope} a?d McLaughlin (198%) and Cooper
et al. (1983) have provided evidence, to suggest éhat, in
ch%ckvphotbqeéeptor éynaptic terminals -exposed to a 12:12
L:D lightihg cycle:‘membrane diverticula are created to
;erve asa'%torage areas' for membrane added during
transmitter release.. These multiple membrane domains were
noted at various times throughout the lighting cycle, and ~
) tﬁé'athofs suggeé& ?ﬁat they disappear when the stdred

membrane is recycled into synaptic vesicles. Ball and

Dickson (1983) also reported cyclic alterations in the

S "

synaptic terminals of“aquatic newts egposed'to a 12:12 L:D
di&rnal ligh?}ng cycle. In their study, the photoreceptor
synaptic terminals Qecame significant%y larger in area late
in the dark part of the cycle, suggesting that additional
membrane was being inéorporated into the plasmalemma, due
possibly to anlincréased rate of vesicle exocytosis at this
time. Similar torOsborﬁe"andeonaghan (1976) and Cooper and
iéLaughlin (1982), hall and Dickson (1983) observed
dense-cored vesic¢les in receptor synaptic terminals near the
end of the light period. In addition, they also supported
the suggestion of Osborne and Monaghan (1976), that in the
light, synaptic vesicles may haye the opportunity to become
"supercharged” with transmitter as evidenced by the
increased number of dense-cored vesicles,

| Fluctuations in'tie physical relatioﬁship betweep the
photorecepéor synagpic terminal and the invaginating

postsyﬁaptic elements have also been reported. Brandon and

-’ -
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Lam (1983) observed an increase, during the dark, in the-

amount ‘of photoreceptor plasmalgﬁﬁa in the rat following a

period of active vesicle fusion, but suggested tha? th%f . f~
membrane addition, together with the subsequent evagiqétion

of the terminal élasmalgmma[ is localized to the ared

adjlcent to the postsynaptic horizonmtal cell processes.

Further, they suggested tha£ this localized addition and

subsequent retrieval of membrane occurs only in rod synaétic
terminals. ﬁaynauld et al. (1979) fnd Wagner (1980}, ) -
however,‘noéed an increase ih finger-like extensions of ﬁ\’ v °.
invaginating horizontal cell processes of the goldfish in ~

the light-adapted state. These structures, which they
called spinules, almost completely disappeargd after dark '

»

adaptation. Dark-adapted retinas also are reported ‘
(Schaeffer and Raviolé, 1976) to have an ingreaséd ratio of
synaptic contact area (photorecepﬁor plasmalemma adjacent to
the invaginating processes of bipolar and\horizontal.celi;)
over areas of non-synaptic contact (remainder of the
photoreceptor termirgl membréne).

To. date, attempts to quantify repor;ed morphological
ch?nges in photoreceptor synaptic terminals have been
limited., De Robertis and‘Franchi (1956) were the first to
attempt to quantify morphological alterations in .
photoreceptor synaptic terminals when th;y suggested that
the terminals of albiné rabbits kept in the dark for nine

o
days contained smaller vesicles then those terminals from

animals sampled in the light. These findings were later
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disputed by Mountford (1963) who, followind statistical <

k4

analysis of the vesicle populations, conclude that the

i)

vesicle size did not vary 51gn1f1cantly b een samples

©

btained in the light and in the dark. Crjagg (1969f°

upported the findings of Mountford (1@63), when-<he EQund no
chanyge in sihaptic‘ﬁeéicle diamd%er in newborn’rat

2.
photoreceptor synaptic terminals sampled in the light and in

the dark. However, he did report an apparent greater number

of vesicles w1th1n terminals, as well'as & decrease in

I3

termlnal width durlng the llght period of a diurnal cycle,

.When taken togther, these flndlngs led him to suggest that

*the actual number of vesicles’per synaptic terminal had not

changed, but rather the synaptic veéicle deﬁsity varied
according to the changing terminal size. This concept-of
stead§estate synaptic %erminal vesicle population gize has
recently been confirmed in the retina of an aqgatli\he&t;
ﬂé;ggh;hglmng, as well (Ball and Dickson, 1983).

Pe;habs the most controversial quantitaive studies go be
carried out on photoreceptor synap?ic terminals have been )
those Fealing wiéh synaptic ribbons. Synaptic ribbonf are~
* organelles, wﬁich appeai in thin sections as elggtron—dense'
lamellar struct?res, and have been known by a variety of" U
names, including membrane procegses (Dei:?ertis and Franchi,
1956),\§ynaptic"lamellaq (Cohen, 1960; Fiﬁe, 1962; Ladman,
1958) and synaptic ribbons (Sjdstrand, 1958). Although the

function of synaptic ribbons’(lamgllae) is as yet

3

unconfirmed, they have been suggested to subserve in the

-
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maintenance of sypaptié terminal membrsne'shape, as well as
having an orienting effectfon‘the synéptié vesicles within
the terminal (Bunt, 1971)y or pOSSlbly to functlon as )
storage slteslfor transmltter substances (Osborne and
Thornhlll 1972).

-~

Synaptlc ribbons have algo been reporteg‘to undefggi
ﬁorphologlcal alterations in response’ to llghtlng
condltlons. In f£ish, Wagner (1973)(and Wagner.ahd Ali
(1977f.reported a reductich in synaptic ribbon numbers in
cones during the dark portion of a»%lght.dark cycle,
ﬁowevqu no change,iﬁ ribbon number was“observediin rod
synaptic terminals., ﬁlternaﬁivelyr spadaro et al. (1978)
reported a decrease:in“}at rod and conef ribbon numbers in
the:dark. In addition 'to variation inZLhe number of
synaptic ribbons, a 1eduction in their‘length has also been

reported in a cichlid flSh and the A¥rican claw-toed ‘frog,

_ Xenopus, during the dérk part of the diurnal cycle (Grun,

1980), wblle Spadaro et al. (1978) noted a shortenlng in
synaptic ribbon length during the light portion of the cycle

in both the rods and cones of the albino rat. .

< .

To date, precise guantitative analyses of diurnal

?k/ﬂy\J’ vhriatipn in,photoreseptor synaptic terminal size and shape,

synaptic ribbon lengthqgndésynaptic ribborr numbers have, for

the most part, been inadequate eifypes from a samplihg or

from a statistical standpoint. Therefore, in order to more

#
t

.accurately quantify any of these variatiogs that might be o

<

A

A\
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occurring in adult, fetal and neonatél guinea pig retinas
exposed to a normal 12:12 diurnal (L:D) lighting cycle, as

‘well, as in’tiésue from long-term light (L:L) and long-term

dark (D:D) adapted adult animals, the present study has _ -

g embloyed rigid sampling criteria, coupled with morphometric

3

and *computer assisted three~dimensional reconstruction

)

analysis. ) .

- .



II. MATERIALS AND METHODS

A. Expeéimental Animals - - : - Y
Adult'Hartley—outbfed guinea pigs.(gig; Oaﬁs Farms,

" Oakvjidiie, ON) were housed in rack ééées, given food and '

' water ad libitum and entréined to a lz-hg light:12 hr dark

diurnal iightiné regime for at least 2 wk prior to the

initiation of experiments/ -

In order\yp ensure a cbntinuai supply of accurately

a

* “timed fetal aAimalé, sexually mature adg;;gmwerémaﬁ%gfggamfx
and a breediné co}ony.established; The time of mating was
estimated by aTiowihg a male to be in cont;ct with females
fér a single 24-hr period, after which tﬁé females were
‘housea.séparately. These females were then checked, by
palpation, at regular intervals to establish if they‘ﬁere
pregnant. In addition to this method of age determination
‘from mdting times, the criteria established by Draper (1920)
based on crown to rﬁmp measurements, were u'ep to confirm
fetal age at the time of sacrifice. |

Neonatal .animals were obtained from breeding colony
steck. When a pregnant sow was nearing the end of term, she
was carefully monitored tb establish the time of birth of

the pups. Since the 'normal' time of birth is during the

- 13 -
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dark peried of the diurnal cycle, pups werg stated to be
1 day of age during their first light period. :
» A . - 9 N

»
b

B. Lighting Conditions

(i) Diurnal Cycle (L:D 12:12)

(a) Adult
Pregnant femalgs (at approximatelé the szﬁa day of their q

pregnancy), as well as male and non-pregnant female guinea
plgs welghlng approx1mately 800 gy were anesthetized with
Somnotol (M.T.C. Pharmageutlcals, Hamilton, ON) at a dosage
of 60 mg/kg body weight, at ten times throughout the 24 -hx
llght dark cycle, and their eyes were enucleated. Those
amlmals sampled during the’ light perlod of * the cycle had !
their eyes removed under -ambient: room lighting conditions,
* with an illumination of appr?xlmately 110 ft-c. In' the dark ﬁ‘l
perlod, eyes were removed with the aid of an infrared ?
intensifying viewer (Metascope model 9902 E/A,hvaro Inc:,
Gar%end, TX). A minimum of two.adult animals were sampled
at each sample time. Additional adult animals were samé}ed
at critical times, bringing the total to four animals at
1830/End 2000, while five (total) animais“were sanpled at -
0606 and 0800 respectively.

e

(b) Fetal

Fetal specimens were obtained at the, same time that eyes
were removed from pregnant females, and under the same 2
lighting conditions. .Once’'the fetuses were removed from the
j o

L]
-
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sow, they were anesthetized with Soﬁnctol at a dosage of

60 mg/kg bodj weight.

" (cY Neonatal
+ .
* Neonatal .animals were anesthetized (Somnotol; 60 mg/kg

body weight) and sampled at 1300 (light) and 0230 (dark)

s

during a 12:12 L:D cycle. These sample times were chosen as
representative times in fthe centre of the lighting periods
1(‘L=D) . ~

According to the éging criter;a establiﬁhed fP Materials

and Methods, Section A, animals Eha; were 1, 3, 5, and 7

days pf age were used. At each sample time, at least two

”
»

animals from each group were;sacrificed.

e . e, Lo
(ii)“hpng—Termizigpt and Dark Adaptation
- - * \
Adult animals that had previpusly'been)entfained to a
diurnal cycle, were expoged to 16ng-term'1ight or

alternatively long-term dark adaptation, These animals were

o B

‘housed in rack cages in either continual light’ or darkness.

After periods of two days, one .and two weeks in

- ~ ¢
continuous light or}dark, samples were taken, at 0600 and

. 0800. Sampling times were based on data_previéusly obtained

-
L 3

from adult animals exposed‘to a diurnai lighting cycle (see

Section B, i, a above). Eyes obtained in the light were
removed: under ambien% room lighting conditions, while those

o \
obtained in the dark were enucleated in the dark as above.

IS
o

o
kS - !

Y]
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C. Tissue Preparaﬁyon T
Once removed, the eyes were plerced at the corneo—-scleral
o

junction and immersed in a trlaldehyde flxatlve contalnlng

2.0% glutaraddehy (Marlvac Ltd., Halifax, NS), 1.0%

Y

e

Oparaformaldphype (Fisher Scientific Ltd., Toronto, ON) and
v 1. 0% acroiéin (Polyscience Iné., Wérrington; fA), in sodium
cacodylate buffer (0.15M for adults eyes'to 09M fo! fetal
eyes; 0,10M for neonatal eyes), with 2. 0 mM CaClz at pH 7.3.
Fixatives were balanced with sucrose to obtain a final Y

o

- . osmolarity of 7%5-808 ﬁOsM for adult eyes; 696-706 mOsM for
_f;tal eyes and 715-725 for neonatal eyes, as determined by a
'; : fréezinghpoint dépreséion osmometer (Osmette A, Precision
- DSystems Inc., Sudbury, MA).: After 1 hr in fixative dt 40C,
: the anterior segment of each eye Qas removed and the
aILosterior pole returned to the fixative'for'aq additional
2 hr. \ s ‘
» fo;lowing primary fixation, the tissue was cut into
small wedge—shaéed pieces, so that representatin*samples
from all quadrants of the {étina were obtained. These
pieces were then placed in a 5.0% buffered—sucrose so;utlon
+" & before being osmicated for 1 hr in 1% cacodylate-buffered
’ _ 05@4. The tissue was then stained en block with aquaeocus
uranyl acetate for 1 hr, dehydrated through an ascending
acetone series aﬂd qmbéddqd in TAAB (TAAB Laboratories,

~

Reading, England) low viscosity resin,, |,

Two blocks from each eye, of each animal, were selected

at random and briented such that the phoEoreceppors were

1
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: ectioned parallel to their long axes. Pale-gold sections,
approximately 100 ﬁm thick, as judged by the fold tecpniqué
of Small (1968) , were cut using a diamond knife. The
sectiogs xerg collected on large-mesh Formvar-coated grids
and %tgined with saturated aqueous uranyl acétate for °
.30 min, followed by lead citrate (Reynolds, 1963) for 1 min.

D." Morphological Examination ) ¥

¢ €

(i) Three—Dimensionai Reconstruction
In brdér to more‘readily visualize any changes that
might be occurrinquufiﬁg the diurnai iightiﬁg cycle,
three-dimensional reconstructions of selected terminals from
representative times in the cycle were undertaken using the
same blocks that .had been used forathe morphometric - '
asurements (see Section Dy ii, Bélow). Serial th?n
sections were cut using a diamond knife andocollected on’
Formvar—coated slotted grids. An averageipf 45 secthoné f&sz
alpha éﬁd paranuclear rods, and 80 sections for cones were
needed to traverse the extent of each;;f these terminals.
* As with morphometric measuréments,,only those sections which
showed no obvicusxdistoétion due to céﬁpression or expansion
were then photographed on Kodalith 2577 Estar-base 707mm

roll film. at a fixed standard magnification using the

_ monostable mode of the Zeiss EM 10, in order to ensure

-~ 1}

magnification consistency. N,

»

Negative images were projected onto transparent ‘acetate



o

- 18 =

sheets ard the outlines of the terminals, synaptic ribbons,
as well as the postsynaptic profiles were colour-coded and

traced with felt-tipped pens (Fig. la). The acetate

T

trécings were aligned using at least three landmarks other

@

than the terminal that was:being reconstructed (Fig. 1b),

the profiles ﬁére coded, digitized and the data stored in

 the Zeiss IBAS 1B image dnalysis computer.

o

Computer—~generated images were then rotated to the desired

>

viewing perspective, a hidden line removal algorithm was
run, and the resulting images were subsequently plotted

using a Houston Hiplot (DMP-29) digitalwglotter. Shading to

-

. - Y “ L3
enhance the three-dimensional perception was added manually.

5
: N
(ii) Morphometric Measurements

-

All specimens were coded to prevent any operator

prejudice during the various phases of morphometric

., analysis.

4

A cascade sampling design (Cruz-Orive and Weibel, 1981)
was employed, with a ﬁinimum of two animals being sampled at

each time., Electron micrographs of syhaptic terminals from
AY

each sample time and from each of the three photoreceptor
b .

' -~

. types, in adult, fetal and neonatal netinaﬁ, were taken at a

fixed standard magnification using the mﬁnostable mode of
;he Zeiss EM 10. Initial;i, serially-sectioned material was
used to establish sampling criteria.}‘To ensure that all
samples were taken oﬁlf from the central region
(mid—sagitfél) of receptor fermina;g, only those ;erminals

¢ “
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which contained a synaptic ribﬁon, were at least 3 to 5 um )
in 1eng£h, and showed invaginations of postsynaptic elemen%s
were bhotographed. That portion of the synaptic terminal
extending from the base to a ievel 3 pm (for rods) and 5 pm
(for cones) proximal to the base, were digitized (Fig. 2).
These zohes were judged to include both the a;egs of !
postéynaptic élemeqtfinva;ingtiqn and vesicle mgmbrane
recycling. Aécord%ngly, each synaptic-terminal profiie was
analysed ‘for size Ehange, by measuring both the terminal
area and the perimeter, Shape change was detected by .
computing a’fbrm factor, which in effect measures the amount ,
of infoiding of the synaptic terminal membrane (Form Factor
= (4 T * AREA) / (PERIMETER)2 ). Eynaptic ribbons within
the photgreceptor synaptic terminal%;were also digitized and
their lengths, as vell as the absolute number per terminal
profile were ‘calculated, ’
In addition to the above,‘light micrographs of the outer
nuclear layer (ONL), from adult retinas exposed to a diurnal
lighting cycle, were taken on 35 mm Plus-X film (Eastman
Kodak Co.) using a Zeiss photomicroscope. The nuclei of the
paranuclear rods were analysed for nuclear size changes
during the 24-hr light:dark cycle, by measuring their
perimeter, ?hege adaitional measurements were made in order
to detect any effect that nuclear-size change might have on
the synaptic-terminal parameters méasured for paranuclear

rods, sincd‘fhe measurements of paranuclear rod synaptic

terminals necessitated the inclusion of a portion of the
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nuclear perimeter (see Fig. 2b).

B —
- v

Statistical analysis of the rav data Wa:\accohplished
using the BMDP computerized st;tistical‘package (BMDP
Blomedical Computer Programs, University of California,
BMDP-82/CDC Version),nuéing a hikgd model of variance and
co-variance (BMDP-3V). Thé results were subsequently

\
plotted against a 24-hr time axis,

(iii) »Numerical Densiéy of éynapgzc Vesiéies

In order to ébtain a moﬂi complete picture of the
synaptic terminal membrane pool, a stereological analysis
was run toaobtain a s£atistical estimate of synaptic vesicle
packing density (Ny). To effect this tiree—dimens@onal
calculation, Qeqicle profiles were photographed.at a fixed
standard magnification (33,000 X).u The images were
projected onto the Zeiss IBAS 1B digitizing tablet and were
overlayed with a qua@rilateral test grid consisting of
reference area squares with 0.25 pm sides. All ‘vesicle
profiles, and portions of vesicle profiles, contained within
alternating grid squares (Gundersun, 1980) wete digitized to
determine  vesicle area, perimeter aﬁd maximum diameter. In,
addition, the section thickness was estimated using the fold
teqhnique of gmall (1968) . Once these parameters were

known, IBAS stereological programs were run to estimate the

numerical particle (synaptic vesicle) densities (Ny) from



the formula:

R L Y
(t+2/3DQ) *AT ©,

o

*

Al

.
\

Ny = numerical particle density (# particles / pm3)
Ny = numher§of particles (per pmi) in AT

AT = sum of reference areas in ym2

t = section thickness in um

bQ = mean of the particle diameters in pm°

¥

4

This IBAS formula is based on an earlier formula (Ny=Na X
1/ (D+t)) used by Abegérombie (1946) , but has been modified
(1BAS software documéntation, 1981) to better estimate
numerical particle density, when section thickness is
greater than 10% of the particle diameter, and when an
éreé—type (planimetry) analysis is used, as compared to
point counting or linear an?lysis. .

Since the vesicle numerical-density (three-dimensional)
estimations were ultimately to be used 1n$conjunction with
the two-dimensional area §nd perimetér measurements of ™
synaptic terminals (sée Materials agd Methods,‘Sectioﬁ D,
ii), these three-dimensional computations had to.be
converted back to two-dimensional data using the formula
(3/7y )2, Since the three-dimensional stereological

determinations had taken into consideration both the mean

vesicle diameter and the section thicknesé, these ;
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transformed 2-D data were stat%§tically much more accurate
than 2-D data which one might generate directfy from a
morphometric~type of analysis of the exact same samples,

Once conversions of the numerical densities were

completed,,valﬁes for the number of:vesicles per pmz and the |

number of synaptic vesicles per terminal profile were
tabulated for each sample time, The raw data were
statistically analysea as above, and the results plotted

against a 24-hr time axis,

+

-
A
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III. RESULTS

* A, Qualitative
(i) Light Microscopy - Guinea Pig Retina .3

(?) Adult : f‘{

Semi-thin sections were cut through the full width of '
the retina to ensure that the photoreceptors were Seing'
sectionéd parallel to their long ;xes. The adult guinea pig
retina (Fig, 3) is similar to other mammalian retinas in
that it can be subdivided into ten layers. 1In Efbure 3,
beginning with the outermost, or scleral layer,'they are:

1) the retinal pigmgnt epithelium (PE), consisting of a
single layer of pigmented cubodial epithelial cells, each
with a spherical nucleus near its base and its apical
surface in intimate association with the neurosensory
retina; 2) the outer and inner segments of photoreceptor
cells (rods and cones); 3) the external limiting membrane
(ELM), which is not ;strue membrane, but rather a series of
junctidnal'complexes between the retinal glia (Miiller cells)
and photoreceptor cells; 4) the outer-nuclear layer »ONL),
composed of the nuclei of the photoreceptors, with cone

nuclei being positioned more scleral towards the ELM, and

the rod nuclei more vitreal, abutting the next innermost

...2‘3_ '
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layer; 5) the outer plexifo;m layer (OPLQ, where the
photorec;ptor synaptic terminals contact dendrites of the
bipolar and horigzontal cells; 6) the inner nuclear layer
(INi), containing the nuclei of the horizontal, bipolar,
interplexiform, amacrine and glial (Muller) cells of the
ret1na* 7) the 1nner plexiform layer(IPL), where the bipolar
and amacrine cells synapse with dendrites of the ganéflon
cells; 8)\gpe ganglion cells layer (GC); the axons of these
cells form bundles within the inner retina, giving rise to;
9) the optic nerve fiber layer; aad finaliy, 10) the
internal limiting membrane kILM), which is formed by the

aépogition of the expanded inner ends of the Miiller cells,

) . - B .
_and, by their basal lamina, separate the retina from the |

g
vitreous body of the eye.

L

(b) Petal and Neonatal

Fetal and neonatal retinas were also secéioned in a
manner similar to the adult Eissues.dfsince the
photoreceptor synaptic terminals of both fetal’ana neonatal
retinas were to be camparéd with adult receptor terminals, f
it was necessary to establish that the former Vere fully
developed. When the fetal retinas (Fig. 4), which were
approximately 62 * 1 days of gestation, and the neonatal
ret;nas were examined in semi-thin sections, they were
observed to: 1) possess all of the layers that had been
identified in the adult retina; 2) have discerﬁible

photoreceptor outér and innerééigments; and 3) have outer

?
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segments sect}oned pa;allel to their long ‘axis. Spira
(1975) , when studying the developmegt of the guinea’ﬁfg
Eétina, used the resolution of all ten layers in the retina
" and the presence 6f differentiated outér segments as his ”
iight micro;copic criteria for establishing retinal ~

maturity. The fetal and neonatal retinas used in this study .
meé Séifa's (1975) light microscopic criteria for retinal ) S
‘maturity. . Electron micro%copic.éxaminétion of Fhese retinas

(seé‘Section A, ii, below) was needed to confirm their . L

maturity.
“ * v y [y

{

(ii) Electron Microscopy -~ Synaptic Terminals
o Y A
. The electron microscopic appearance of the three types

®,
of photoreceptor synaptic Eegminalé«(alpha and paranuclear &
rods, and cones) in the guinea pig fétina is illustrated in

' figqures 5-7. Both alpha (Fig. 5) and paranuclear (Fig. 6)

rods are associated with a single triad of in;aginating

neuronal cell processes,(*(vFig. 5 énd 6) , but unli;e the

alpha rods, paranuclear’rod nuclei'(n, Fig. 6) are

positioned at -the inhe; border of the ONL, suca that they
protgude into the synaptic éerﬁ?nals and are in close

préximity to invagin;tiﬂg postsynaptic elements (*, Fig. 6).
Alternativqu, cone synapgﬁb terminals (Fig. 7) possess . ,
multiple invgginations from postsynaptic elements

(*, Fig. 7) along the wholg of theggfmore flattened basal *

surfaces, Common to all three receptor .terminal types -ate .4

trilaminar, electron-dense structures known as synaptic



“

,cross—striations (open arrows, Fig. 12). In synaptic
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- ribbons (SRs - arrows, Fig, 5-8). .Each SR is positioned in

close proxlmlty to a curved, electron—dense structure, the
arciform den51ty {(open arrow, Fig. 8) Wthh separates the SR
from the presynaptic plasmalemma. Some synapplc vesicles
(small arrow heads, éig¢x8) are -found in close association
with the SRs while others are scatteregwggeoughout the'“.
synaptic tegminels of all three photoreceptor cell types.
'In addition to' the above complement of organelles, each
photoreceptor synaptic te€rminal (both rods and cones)
contains an organelle known alternatively as a "synaptic -

spindle” (Mountfofd,r;964) or more recently as a

4 "cross-striated filament complex"™ (Spira and Milman, 19793.

These fibrils (arrow heads, Fig. 9-11), when sectioned
obliquely; were observed in the cytoplasm of synaptic
terminals and can be seen to be composed of thi (6710 nm)
filaments with regular (55-65 nm periodicity) ,
terminal proflles from all three photoreceptor cell types

that M#vere used for morphometric measurements, these fibril

- bunfilles (arrow heads, Fig. 10b) were seen in cross section

(a pﬁ?xlmately 0.1 Pm in dlameter) in association with the
SR (¢pen arroef, Flg. lOb).
(Fetal and neonatal synaptlc te;mlnals, when examined at
the ultrastructural level, appeared identical to the adulty
except that aeult'eérminels are approximately 15% larger.
The presence of synaptic vesicles and synaptic ribbons in

the photoreéeptorbsynaptic terminals fulfilled the electron

" L] [l
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microscopic criteria for functional retinal maturity

‘ wlo “
proposed by Spira (1975). Accordingly, all of the fetal and
neonatal retinas used in the present study were judged to be

fully developed and functionally mature.

ﬁ. Quantitative - Synaptic Terminals
(i) Diurnal Lighting Effecté - Adul?
(a) Morphometric Measurements
- Photoreceptor synaptic “terminals from %dult gginea pig
retinas were examined and photographed at various saméle
times during a 24-hr diurnal lighting cycle {L:D 12:12); all
photographed terminals were then subjected to morphometric
analysis in order to evaluate a variety of parameters,
including terminal pfofile area, perimeter, degree of
infolding'(form factor) and sYnap£ic vesicle density.
Variations in these parameters were observed over the

!

diurnal cycle in some or all of the photoreceptor cell
types. \

In order to determine if photoreceptor synaptic terminal
size was changing during the diurnal cycle, terminal profile
area was measured, All three photoreceptor cell types
demonstrated a significant increase in synaptic terminal
sectional area (p<0.001 for alpha rods; p<0.04 for
paranuclear rods; p<0.008 for cones) during the light period
of the diurnﬁl cycle‘(Fig. 13). This begén with a gradual

increase starting 1 hr-before lights on (x=3.1 ﬂmz for alpha

rods;‘i=2.9‘pm2 for paranuclear rods; x=9.6 pmz for cones),

.
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and peaked within 2 hr (1 hr after lights’on: x=3.9 pmz for

v

alpha rods; X=3.5 pm2 for paranuclear rods; x=11.8 pm2 for
ncones) Over the remainder .of the day, termlnal proglle
area gradually decllned until 1 hr before lights off, when
values were at a similar 1eve1 to those tecorded during the
, dark period of the cycle (Fig. 15).“

" Although postsynaptic elements are Seen to invaginate

s

into all three synaptic® termlnal types, in both the light
and dark perlods of éhe cycle, qualitatlve differences
appeared to exist in the degree of penetratlon of these )
postsynaptic processes, betweer samples t& n In the light
and- in the dark. 1In order to quantitate -these perceived
changes, form-factor measurements (dﬁ%;ee of :

. synaptlc—termlnal membrane 1nfqldlng) were calculated over
the dlurnal cycle, A significant redqq?kon (p{0.00l for »
alpha rods; p<0.004 for cones) in terminal mempbrane ™
infolding (postsynaptic processes ﬂ?ss deepI§/:ﬁvaqinaEedy
was indicated when form~factor measugements (Fig, .144, cJj
began to increase late in the dark period, inaappareﬁt
anticipation of lights on; and reached a peak within 4 hrs
of the lights coming on (X=0.65 for alpha rods; x=0.48 for
cones). Conversely, the form.factor was also observed to
decline towards midldark period levels (x=0.35 for alpha,
rods;v&a.z.‘) for coyes) ae the time for lights out
approached: ind%catin@ that the terminal plasma membréhe was

becoming.more highly convoluted at this time. As a result;

processes of postsynaptic eleﬁents appeared both to be more
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convoluted, and to penetrate further into the synaptic

terminals., Although form-factor ﬁ%asurements obtained from
- §

paranuyclear rods (Fig, 1l4b) also appeared to demonstrate a

_ecyclic trend, which was similar to the other two terminal

ypes, clear statistical siqﬁi%icance was not obtained
(p=0.065). | . ‘h

" While increases in terminal profile area could be
explained by the terminals becoming more rounded through
décreased terminél memprane folding (increased form-factor

values), terminal profile area could also increase as a

result ef .additions to the terminal plasmalemma surface

" area. This latter suggestion could be tested by measuring

the terminal profile p%rimeter. When perimeter measurements
were computed, significant increases were observed during

the mid-light and mid-dark portions of the cycle for both

‘alpha rods (p<0.003 - Fig. 15a) and for paranuclear rods

(p<0.001 — Fig, 15b). From a maximum of x=10.8 pm for alpha
rods and X=13.7 pm.for. paranuclear rods sampled early in the
dark period of the cycle (5330), perimeter values fell, with

minimum values being recorded late in the dark period, just

‘prior.to lights on (0600: X=8.6 pm for’ alpha rods; §=10.9'pm

for paranuclear rods) and again early in the dark period,
just after lights out (2000: x=8.3 um for alpha rods;

x=11.4 p; for ?aranuélear’rods). The measurements from cone
terminals profiles were equivocal, as they showed a greater
perimeter variance during the*cyc{g than dié the rods, with

the result that no significant changé (p%0.271) could be

B
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demonstra;ed during the 12:12 diurnal cycle (Fig, 15c).

In an effort to provide a more complete  uantitative
as;essment of the synaptic~—terminal membrane pool, éynaptic
vesicle size and nume;ical density were also determined at
each sample time, °‘'These stereological determinations
indicated that mean vesicle diameters were similar in all
three synaptic—-terminal types (p=0.235 for alpha rods; l
p=0.520 for paz*luc‘lear rods; p=0.460 for cones) and did not
vary significantly at any of the sample times during the
diurnal lighting cycle (Fig. 16). However, when synéptic
veéicle packing density was calculated, a significant
increase in the number of vesicles per pm? (p<0.017 for ~
alpha.ﬁods; p<0.029 for paranuclear rodé;.p<0.011 for cones)
was observed during the light period, for all three receptor
cell typés (FPigs. 17). PFurther, when these vesicle
numerical—density measurements were corrected to reflect
synapt;c—terminal profile size changes over ?4 hr, the
results expressed as vesicles per syqdbtic—terminal profile,
becamé highly signif}bant (p<0,001 for alpha rods; p<0.011
for paranuclear rods; p<0.001 for cones;. These data

clearly demonstrate increased numbers of vesicles per

terminal profile during the light period of the diurmnal

»

‘cycle (Figs. 18).

In addition to the statistical analyses which were run

in order to evaluate variations in synaptic terminal '
morphology for each photoreceptor cell type at each sample

time over the complete diurnal cycle, comparisons were also

<
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imade of synaptic vesicle density between the three terminal *
types at each of the sample times, These analyses

.demonstrated a significant (p<0.00l1) difference in vesig}e

. numerical density between paranuclear rods and the other two

photoreceptor cell types at all samp;e times; on the’
average, alph; rods and cones contained 49% more vesicles
per sz“ﬁhan did paranuclear rods. There.was, however, no
such difference be%ween the cones and alpha éods (p;0.737) '

1

at any of the times saﬁpled (Fig. 17). .
Because of the encroachment of the nucleus into the'
synaptic terminal region of paranuclear rods, it was
necessary to ensure that quantitaive evaluations which had
been carried out on these synaptic—ierminal types had not
been influenced by the inclusion of a portion of the nuclear
perimeteriﬁh the measurements {see Fig. 2b), Atcordingly,
the perimeter®§ of paranuclear rod nuclei were measured at
each sample time during the diurna;,cyél; and the values6
ﬁubjected to statistical analysis. The calculated p value
for paranuyclear roa nuclear perimeter measurements (p=0.515)
clearly indicateg that no statistiecally signi@icant changes

4, . . . .
occurred inh this parameter during the diurnal cycle.

ot

)

rd
v

(b) Three—Dimensiona% Reconstructions
In order to more readily visualize thgse\changes in
photoreceptor synaptic—te}minal area, perimeter and shapei
that were indicated by morphometric measurements, ‘

three-dimensional reconstructions were made Ffor
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representative times in light (1100) and dark (0230) periodsr
of the diurnal cycle. The most 'striking change obserygd in
élpha roqcénd’qone terminals (Flgs. 19a, ¢) was the
incfeaseq size -in the right kFigsw 20a, ¢) as compared to
the dé?k (Figs. 21a, ¢), 1In addition, the alpha rods and
cones appeared obv1ous1y rounder in th; light (qus. 20a,
¢), and this had been predicted by the 1ncreased fq;m—factor
measurements, Differences in pa}anqclear rods ‘ (Fig. 19b)
reconétructgd érom samples taken in the light (Fig. 20b) and
d;rk‘(Fig. glb) are not ébQious. The éubt}ety of thesge
changes is, however’, reflected in the monphometric\values
for area (p<0. 04) and form factor (p—O 065) dlfferehces v

\

between these two sample’ tlmes- the anea difference is

!

"marginally significant, while the latter falls slightly

below statistical significance® .Therefore, although changes

were often not readily detectable in single sections or even . :
3-D reconstructions, the statistical analyses of the’

‘pakanuclear rod data do suggest, however, that differences

o

probably did e#ist.

(i;)‘Long—?erm Light and Dark Adaptation - Adult
As previous results obtained from eyes sampled at "0600
(late dark) and 0800 (early light) of a normal didqnal
lighting cycle have indicated, there was a significant and
rapid increase in photoreceptor synaptic terminal area‘in
all three celf types, following the onset of the light -

portion of the cycle. Whether this "lights-on" event was

-
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being anticipated by these cells (i.e. would terminal area
increases have taken place in the absence of lights on) was
evaluated‘by maiptaining animals either in the dark or in
constant light, for up to 2 wk; samples from both
?xperimental groups were then taken at both 0600 (normal
late dark period of diurnally entrained animals) and H%OO
(normal early lightcperiod of diurnally entrained animals),
after 2, 7, and 14 days in these lighting régimes.

_ The results from -long-term light- and dark-adapted
retina’s indicated that there was no significant differences
in,synaptic~§erminal ared values’ (rods or cones) between the
two sampleutimes {0600 and 0800) for either the extended
light or extended dark condiyions. In addition, contrary to
earlier diurnal results, both types of rod terminals exposed
to continual éérkneSs became sighificantly larger (p<0.0l

. for alpha rods; p<0.001 for p;ranublear rods} than their
counterparts from the extended light experiment (Figs.: 22a,
b). Alternatively, cone terminalﬁ'showed no significant
change (p=0:10) beéween long—térm light and dark adaptation
(Fig.,zzc)._ However, in spite of the above, ;hen‘them
terminal profile areas f%bm extended light and dark regimes

]

'were compared to those values obtained at 0800 in a normal

*

| .
diurnal cycle, the values from extended lighting conditions

- wWere significantly (p<0.01) smaller than diurnal values,
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(iii) Diurnal Lighting Effects - Fétal

Morphometric ﬁeterminations carried out on fetal
synaptic~terminal profiles were generally unremarkable.
Area valueé did not significantly change in either of the
two rod terminal types over the 24-hr sample times (p=0.075
for alpha rod; p=0.174 for paranucle;r rads - Figs. 23a, b).
Cone terminal profilgq were unchanged és well, except for
one significantly increased Qoint (p<0.01) occufring shortly
after lights on at 0730 (Fig. 23c). The degree of terminal
membrane infolding did not appear to change significantly
for either par?nuclear rods (p=0.240) or for cones zp=0%10)
during the 24-hr c&cle (Figs,. 24b, c); alpha rods showed
only one significantly increased point (p<0101) and this
occurred at 1100 in the }ight pefiod (Fig. 24a). Perimeter
measurements for all three synaptic-terminal typgs showed no
significaqt change (p=0.089 for alpha rods; p=0.075 for
paranuclear rods; p=0,105 fér con§s) during exposure of the

pfegnang\females to a diurnal lighting regime (Fig. 25).

A
AS ¢

(iv? Diurnal Lighting Effects - Neonatal
In an attempt to determine at what age neonatal,
retinas would respond in a manner similar to adults retinas
when exposed to é diurnal lighting cycle, neonatal animals
of 1, 3< $,Ahnd Z days of age (see Materials and Methods,
Section A) were e;posed to a 12:12 L:D cycle and sampled
0230 (mid-dark period) and 1330 (mid-light period).

The results from these neonatal retinas (Fig. 26) showed
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no statistically sighificant difference (p=0.076 for alpha
rods; p=0.170 for paranuclear rods; p=0.546 for cones) in
area values between either 1, 3, 5, or 7 days of age or

between the two sample times (0230, 1330).

C.'Quantitégive - Synaptic Ribbons
{i) Diurnal Lighting Effects - Adults
‘(a) Three-Dimensional Reconstructions .

quonstructéd images of SRs, from both light and ‘dark
periods of the diurnal lighiing cycle, have demonstrated the
complex yet consistent architectonics of these organellesf
In both alphé and péranuclear rods, a single
hofsesﬂoe~shaped ribbon is found in the central basal
portion of the terminal, where the postsynaptic elements
make contact (éig: 27). Conversely, cone terminals contain
numerous SR% (Fig.'28), and these generally assume a basal
location; with thé majority concentrated ih the central
basal region of the terminai where the preponderance of
postsynaptic elements invaginate,

Three-dimensional reconstructions of SRs have revealed
that these organelles have a finite thickness, as well as
width and length. The thickness and width jfe evident in
conventional electron micrographs (Figs. 5-7), where the
distance from the first to“éhe third lamina of a SR ™.
represents the thickness (Fig. 8). Ribbon width, referred
ko aawlength by* othrs (Spadaro et al., 1978; Wagner, 1973;

" Wagner and All, 1977), can be defined as the distance from.

’
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the arciform density to the scleral end of each SR profile
(Fig. 27a), as viewed in thin sections, and is approximately
five times greater than the thickness of the SR, The true
length'of the SR, can only be appreciated when a ribbon is

reconstructed from serial thin sections (Fig., 27b).

[ 3}

In cone terminals, a variety of SR configurations were

evident (Fig. 28). Thésegdifférences are however explained

by "effecting a series of computer rotations of a single
reconstructed SR (Figs. 29 and 30). In figure 29, the SR is

positioned such that the viewing perspective is from the

¥

first serial section towards the last. The stereo pair of

o

the SR within this terminal (Fig. 29b) shows the SR to be a
horseshoe~-shaped organelle -that is "twisted’ in a number of
planes, The middle portion of the SR shows the greatest

&

curvature, while the ends of the' SR appear to deviate most

from the ‘midline. A side view of this ribbon (Fig. 30)

. demonstrates its width and length. The stereo pair of this
* rotation (Fig. 30b) illustrates that the ends of the ribbon

“are in planes different from the middle port{on; it also.

demonstrates the three-dimensiondl felationships between
ribbon thickness and width.

The reason why :these organelles assume such complex
conformations became evident when SRs were reconstructed.in
relation td:invaginating postsynaptic elements., The.
curvature in theﬂmiddle portion the, SR, which gave the SR

its characteristic horseshoe e, was due to the presence

of the bipolar cell‘process (Fig. 31b). The middle portion

N
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of the SR also conformed to the contours of thé processes of
horizontal cells which were located laterally (Fig. 31lc and .
d).

b By utilizing a representative computer—generated'
three-dimensional reconstructioh of a rod synaptic terminal,
together with its SR, it was possible to demonstrate the
effect of 'sectioning angle on both SR 'length' and number
(Fig. 32a)., Here the ribbon is being viewed from the side,
showing its true width and overall 1ength.‘ Three potential
sectioning angles (s, s' and s'', Fiqg. 32&) are indicated,
together with the hypothetical thin—sectiog profiles to be
expected from each of these cuts (Figs. 32b-d). 1If a
section were to be taken through the edge of the terminal
and ribbon, at an angle slightly oblique to the long axis of
the receptor cell (s, Fig, 32a), an_ artifactual increase inl
SR numbers could result, dqe %o the curvature at the eqd of
the ribbon (Fig, 32b). Further, a false“increase in SR
*length' (Fig. 32c) could also resu%t from a section angle
that is tangential to the orientation of the ribbon .
(s', FPig, 32a). However, if sectious'are‘taken consistently
through the longitudinal axis and from the central region of
the receptor terminal (s'', Fig. 32a),'the SR will always be

cut through its width in its middle portion (Fig. 324).

(b) Morphometric Measurements .-

L]

In addition to three~dimensional reconstructions of

synaptic ribbons, SR 'length', which is actually ribbon
o R *
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width, together with the number of ribbons per terminal
profile throughout the 24-~hr lighting cycle, were determined
by morphometric measurements. Synaptic ribbon 'length' was
found to have mean values which ranged from 0.24 to 0.36 um
for afbha roés, 0.23 to 0.36 pm for paranhclear rods and
0.29 to 0.36 pm for cones (Figs. 33a, c, e). However,
calculated é values (p=0.373 for alpﬂa rods; p=0.270 foé
paranuclear rods;. p=0.285 for cones) indicated that there
was no statistically significant change in SR ‘length' in
any of the three terminal types, during the 12:12 L:D cycle,
’ The number of SRs per receptor terminal profile was also
calculated over the 24-hr cycle (Figs. 33b, 4, £)., 1In spite
of the larger variation in ribbon nﬁhbers in cone terminals
(Fig. 33f), thé'séatistical’analysis clearly indicated that
there was no significant’ change (p=0.516 f?r alpha rods;
p=0.934 for paranuclear ro@s; p=0.678 for cones) in the
number of SRs per terminal profile, during the light:dark1

© ¢ycle either,

(ii) Pong—Term Light and Dark Adaptation - Adult
Mo test the effect of both long-term light and'long-term
dark adaptation on synaptic ribbon length and numbers,
sypapfic'ribﬁons from.photoreceptor synaptic terminals of
retinas fhat had been sampled after 2, 7, and 14 days in
continuous light. or continuous dark were measured. The mean
SR 'length' for extended liéht.regime samples ranged from

0.16 to 0.49 um for alpha rods, 0,21 to 0.27 um for

w

~
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paranuclear rods and 0.27 to 0.31 pm for cones. The mean

© ‘Q o 3

values for SR 'length' in synaptic terminals exposed to
contiuous darkness ranged from 0.20 to 0.27 pm for alpha

rods, 0.24.to 0.30 Pm for paranuclear rods and from 0927 to
(X}
0.33 pm for cones.
o ° s

When p values were caigulated for SR 'length' (Fig. 34a,
N [A
c, e) they showed-that there was no statistically

. \ M
significant difference (p=0.544 for alpha rods; p=0.183 ﬁonD

¥

paranuclear rods; p=0. 764 for cones) between either
long~term light or dark''adaptation; the two samﬁle times

(0600 and 0800); or among the number of ‘days, 1n a giwven

i
i

llghtlng condition (2, 7 14 days). Similarly, when p

Al

values were calculated for the number of SRs per terminal
profile, it was clear that no significant change (p=0.634
for alpha rods; p=0.722 for paranuclear rods; p=0.120 for
cones) had oacurred Between any”of the expgrinental

conditions (sample times, number of days in a iighting

condition .or type of lightingQEbndition - Fig.:34b, a, ).

3

(iii) Diurnal Lighting Effects - Fetal . )

Synaptlc ribbon '1engths'°; when calculated for fetal -
synaptlc terminals, were found- to’ have meanovalues which
ranged from 0,28 to 0.39 um fog alpha rods, 0. 34 to 0 45 Am
for pa:anuclear rods and from 0. 31 -to .0.38 pm for conest -
When analysed, no statlstlcally s1gn}f1cant changes in S%
'length' was evident (Fié. 35a, ¢, e) in, any of the
synaptic~-terminal types nuring the 24-hr cycle, as indicated
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by calculated p values of 0.717 fqr alph; rods, 0.210 for
paranﬁclear rods and 0.755 for cones.! Similar to adult
' synaptictterminals, there”was no statistically signigicant.
o oL qhhnge'(p=0.l70 for alpha }ods; pf0.827 for paranucleér
rods; 9%0.183 for cones) in the number of synaptic ribbons
per fetal synaptic termiqal during this diurnal cycle either

)(Fig. 35b, 4, £)%

' (iv) Diurnal Lighting Effects - Neonatal
: B . -Neonatal ‘animals were sampled at 0230 in the dark
period of a diurnal lighting Eycle, and at 1330, in the
lig?t perigd of the cycle. Neonatal SR ‘length} values
. . ranged fréﬁ 0.19 to 0.22 pm in alpha rods; 0.21 to 0.24 pm
in paraﬁuclear rods; and from 0.25 to 0.26 pm in cones,
Calculated p values of 0,150 for alpha rods, 0,282 for
paranucjear rods and 0.524 for cones indicated that there
was no signjificant change (Fig, 36a, ¢, e) between either
the two sample times (0230, 1330), or between the four
sampie éges (1,-3, 5, 7 d§ys).

Morphometric measurements on £he number of SRs per
terminal (Fig. 36b, d, f) indicated that, just as for both
adult and feFal terminals, no,stétistically significant
differences existed (p=0.587 for alpha rods; p=0.550 for

paranucleaf rods; p=0.427 for cones) between the sample

o

times, or between the four different'qge groups.
. - ' :
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~ . ’ " FIGURE 1

a. ‘Photograph of colour-coded synaptic terminal
tracings on a transparent acetate sheet. This tracihg, from
the central region of a cone terminal (serial section number
if3, shoys the terminal that is being‘reconstructed (open
arrows) as well as other terminals (*) that are present on
the electron micrograph negative: The crosses (arrow heéds)
are added to serve as reference points when the tracings are

digitized on the IBAS 1B. g

b. Photograph of a series of aligned acetate tracings
{serial sections numbers 41-47) of the cone terminal

illustrated in figure %a. The acetate tracings are aligned -
using at least three landharks (*) other than the terminal
that is being reconstructed (open arrows). After a tracing
is added éo tie aligned series,'the reference points (arrow
heads) are grawn.inuto indicate the sheet's relative

position in the series so that this position can be

maintained when the tracing is digitized on the IBAS 1B.

f






a. Alpha Rod
b. Paranuclear Rod

¢, Cone’
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FIGURE 2

- Schematic drawing of the different types of

photoreceptor synaptic terminals found in the guinea pig

retina. The narrow lines (*) indicate the template used for

the measurement of the ﬁod and cone terminals. The area,

perimeter and the amount of infolding were calculated from

tracings that followed the outline indicated by the thick

line (opez’ arrows).

n=nucleus

Bar = 1.0 pm

Sk Ml%&mﬂ,‘h,}“ -
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FIGURE 3 (Adult), 4 (Fetal)

2

n

Light micrographs of the full thickness of ‘the adult
(Fig. 3) and fetal (Fig. 4) guinea pig retinas. Beginning «

at the scleral side, both retinas exhibit ten.histological

l?yers‘which include; 1) tLeébigment epithelium (PE); 2) rod H
and cone’ outer and inner segments (RCS): 3)‘the external { e
limiting membrane (ELMf;'4) thg outer ngdlear iayer (ONL);
5) éutefﬂplexifogk layer (OPL):; 6) inner nuclear layer'
(INL); 7) inner p}exiform layer (IPL); 8) g;nglion cell
layer; 9) optic nerve fiber layer (NFL); and finally-10) the
inner limiting membrane (ILM). At. 62 :x 1 days Bf
gestation, the fetal retina (Fig. 4) is thinner than the
adult retina (Fig. 3), but is considered to be functignaliy

mature based on the criteria of Spira (1975).

I3
¢ -

» Bar = 5.0 pm :



- 46 -

=)



-

9

SN N

FIGURES'5 (Alpha Rod), 6 (Paranuclear Rod), 7 (Come).

t
0 ©

a
L

"t s

Electronlmicrographs of mid-sagittal sections through
the three types of photoreceptor synaptic Eermiﬁalé found in
adult, fetal and neonatal guinea pig retinas, Although the|
terminals illustrated here are froﬁ an adult retina, they
shbw the -same characteristics as the photoreceptor synaptic
terminals of fetal and neonatal retinas, except that they
are ;pproximately 15 % larger. All three terminal types
show invaginations of postsynaptic elements (*) in close
reiationship to the synaptic ribbons (SRs—-arrow heads).

Both the alpha and paranuclear rods contain a single SR

'profile and generally have similar morphologicai

i

charac%eristics, except that the nucleus (n) of the .

S

paranuclear rod is posi£ioned within the inner portion of
the outer nuclear layer, immediately adjacént to the"
sjnapgic terminal. The larger cone t;rminals Qave numerous
SRsy each‘of which is associated with one group‘of

invaginating postsynaptic elements.

—_ Bar = 0.5 PT/‘ u
. ;

FIGURE Bf

Electron micrograph of a synaptic ribbon (SR) from a

-

cone terminal showing the trilaminar appearance evident in

,
//J
.
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thin sections., The dimension indicated by the large arrows
represents the thickness of the ribbon. The relationships
of the synaétic vesicles (arrow heads), which are also
distributed throughoht the synaptic terminal, and the
arciform density’(open arrow) to the SR are also shown,

LY

Bar = 50 nm’ .- . !

8 .- o

W L WSt 1
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FIGURES 9 (Alpha‘Rod), 10 (Paranuclear Rod), 11 (Cone)
) b
Transmission electron m}crograpﬁé illuétrating the

cross~striated fibril (afrow heads) that, wag noted in all
three photoreceptor synaptic~terminal types found in Fhe
guinea pig retina., "When sectioned obliquely, thesé‘fibrils
(arrow heads, Fig, 9; 10a, 11) were seen running through the ~
cytoplasm of the synaptic terminals. In longitudinal
sections from the central region of all three photoreceptor
synaptic—-terminal types; a cross section of the fibril (here
illustrated in a paranuclear rod - arrow heads, Fig. 10b)
was seen associated wiﬁh the synaptic ribbon (open arrows,é )
Fig. 10b). \\mw .
Figures 9, 10a, 11 - Bar = 0.5 pm /

Figure 10b -~ Bar = 0.1 pm
\ - FPIGURE 12 7

T}ansmission electron micrograph of a cross~striated
fibril from the synaptic terminal of a cone. The higher
magnification of this miciOgraph iilustrates both the thin
filaments (6-10 nm) that make up the bulk of the fibril, as
well as the regularly spaced (55-65 nm) cross-striations

(open arrows).

Bar = 0.1 pm

3 [T .
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FIGURES 13, 14, 15

These fig&res illustrate the changeé in area, -perimeter
and form factor that occurred in guinea pig photoreceptor
synaptic terminals at 10 sample times over a 24-hr cyclé;

.a = aipha rod, b = paranuclear rod, ¢ = cone; all data
points represent mean sample values * S.E.M.

Figure 13, shows the variation in termiqgl profile area
with time, where all three photoreceptor cell types
demonstrated a significant~increqsé (p<0.001 for alpha rods;
p<0.040 for paranuclear rods; p<0.008 for cones) in
synaptic~terminal sectional area during the light period of

-,a diurnal cycle.

Figure 14, shoYs the relationship between the trerminal
profile form factor (degree of infolding) gnd sample times.
Form-factor measurements for alpha rods (p<0.001) and for
cones (p<0.004) sﬂéésf/i\significant increase (terminals i
become more rounded) during the light period. Although
paranuclear rod form-factor measurements also appeared to
demonstrate a similar cyclic trend, clear statistical

. significance was not obtained (p=0.065).

5 @ Rall® e e
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Figqre 15, shows the relationship between the terminal *

-profile perimeter and sample times. Significant increases
. >

occirred during both the mid-light and mid-dark periods of
the cycle for both the alpha rods (p<0.003) and paranuclear

rods (p<0.001), Mea;urements from cone terminals were

equivocal, as they showed a hi§her degree of variance than

11

did the rods, with the result that no significant change

(p=0.271) could be disginguished.

i
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- FIGURES 16, 17, 18.
These figures illustrate changes in vesicle density that
occur in guinea pig photoreceptor synaptic terminals, at 10
sample times over a 24~hr period; a = alpha rod,

b = paranuclear rod, ¢ = cone; all data points represent.

mean sample values * S,E.M,

Figure 16, shows the relationship betwen the mean
Synaptic vesicle diameter and sample times. Stereological
,determinations indicated that the mean vesicle diameters
were similar in a11~th;ee synaptic~terminal types and did
not vary significantly (p=0.235 for gipha rods; p=0.520 for
paranuclear rods; p=0.460 for cones) during the diurnal
cycle, ’

Figure 17, shows the rélatiénship between the number of
vesicles per pm2 and sample times. All three receptor cell
types showed significant increases (p<0.017 for alpha rods;
p<0.029 for paranuclear rods; p<b.OlL for cones) in vesicle

density during the light period.
Figure 18, éhows the relationship between the number of
vesicles per terminal profile and sample timqié when vesicle

numerical density measurements were corrected ‘for terminal
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profile size changes over 24 hr, The results showed that
there were significantly more vesicles per terminal profile

during the light period (p<0,001 for alpha rods; p<0.0l11l for
’ :

paranuclear rods; p<0.001 for cones).

e 3
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FIGURE 19.
Transmission electr'on micrographs of mid-sagittal .

sections through the three types of photoreceptor synaptic
terminals found in the guinéa pig retina. These terminals,
sampled during the light period of a diurnal cycle, ali show
1nvaglnat10ns of postsynaptlc elements (*) 1n close
relationship to the synaptic ribbon (SR) (arrow heads) .
Alpha (a) and paranuclear rods (b) contain a single SR
assocjated with a s{ngle group Qf }nvaginating postsynaptic
elements, while the coﬁe {c) contains numerous SRs:'each
associated with a group of invaginating postsynaptic .

elements. ‘ ’ :

Bar = 0.5 pm. : -

" Figures 20 and 21.
Three-dimensional reconstructions of photoreceptor
synaptic terminals beginning in a mid—sagigtal pléne; these ‘
reconstructions were made from two representative times,
1100 in the light period (Fig. 20) and 0230 in the-dark ™
period (Fig. 21) of a diurnal cycle. Alpha rod (a) 'and cone 4

(c) terminals in Fig, 20 appear larger and rounder than

Q;heir counterparts sampled in the dark period (Fig. 21). v
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The subtlety of these changes in paranqplear‘:ods (b}

between sample times in the light and dark, is\}efledted in

the morphometric values for area (p<0.04) and form factor

(p=0.065). Since all rotational conditions for esch pair

(light vs dark sample times) of reconstructionSnare_equal,

any observable differences between fiéures 20 and 21 can not

o ?
e attributed to rotational distortions. "3
A -
LI
Bar = 1.0 pm . . '
&4 F »
g ¥ N
&
N &
i 1
§
\ ' N * - Al
\
" v Y N
\

o gy b e

b <



ES

-



- 61 -

) FIGURE 22, *

<

obtained in diurnal and Yong-term light or dark conditions,

@
The mean values + S, E.M. rea are ilJd ated, Since no

0

significant: dlfferenées exis between values for 2, 7 or

14 days in extended llghtlﬁg conditions, the bars on the

graphs represent the results of popled sample values. No
2 ‘ v

differences were observed in any of the three termin&i

», types, between the twe sample times (0600 and 0800) in

)

p exther the extended llght or exténded dark regimes. Both,

alpha (a) and paranuclear (b) rod terminals exposed :to,

)

continual darkness were significantly larger (p<0.01 for
Ty

-alpha rods; p<0 001 for paranuclear rods) than thelr

-

counterparts from the extended llght reglme. Cone (c)

"« terminals showed no 51gn1flcant changé - (p=0.10) between
'S

long-term light*and dark adaptatiop.. None of the tegmlnals

# . 3 8 )
from the extended condijtions approached the values obtained

under L:D eonditionS'and sampled at 0800 (p<0.01) -(gee
figure 13).

Y 4
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These figures illustrate the relationship between feté@

. .

FIGURES 23, 24, 25.

/

photoreceptor synaptic terminal profile area (Fig. 23), form

factor (Fig. 24) and perimeter (Fig. 25) at 10

représentative sample times during a diurnal Iightind cycle.

Alpha rod (a) and paranuclear rod (b) area measurements

showed no significant change (b=0.075 for alpha rods;

p=0.174 for paranuclear rods), while cone (c¢) terminal

profile area measurements had only one significantly _

incre;sed (p<0.01) point, at 0730. "The degree of terminal

membrane infoiding (Fig. 24) did not change, significantly

for either paranuclear rods (b) (p=0.240) or‘for,cénes (c)

one siynificant

h(p=0.lp) over the 24-hr cycle. Alpha rods (a) showed only

increaséd point (amount of infolding

increased — pk0.0\) at 1100 in the light period. The

5,

perimeter measurements (Fig, 25) for all three terminal

typgs did not éhénge signifiéﬁhtiy (péb.089 for alpha rods;

p=0.075 for paranucleér rods; p=0.,105 for cohes) during the

. £
L:D cycle. .
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FIGURE 26

a, Alpha Rod .
b. Paranuclear Rod

¢, Cone .

Histograms comparipg the terminal profihe area values of
neonatal guinea pigs*obtained at two 'sample times (1330 -~
light) (0230 - dark) in a diurnal cycle., The mean values *
S.E.M. are illustrated, Statistical analyses revealed that
there was no significant differences (p=0.076 for alpha
rods; p=0.170 for baranuciear rods; p=0.546 for cones) in
_area values between either 1, 3, 5, or 7 days of age, or
between the two sample times. Since no significant
differences existed between values for 1, 3, 5 or:% daygnof’
age, the bars on the graphs represept”the results of‘pooled :

R 2

sample values, .

- R : N . )
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FIGURES 27 (Alpha Rod), 28 QCone).

v a. A partial 3-D reconstruction, beginning near the
mid-sagittal regién of the synaptic terminal. MThe synap¥ic .
ribbon (SR) is shown in sectional profile, as a plate-like
structure, in close apposition to the invaginations of thé

postsynaptic elements, *
* N

J ' ’ : :
b. A 3-D reconstruct{gn of the syhnaptic ribbon(s) as it

(they) appear when isolated from the terminal,
In figure 27b, the relationship betyeen ribbon width (w) and
’ §re R
.. length (1) is illusgyated.

[

-

A3 o f
¢c. A 3-D reconstruction of the whole gynaptic terminal; s °'
s ‘ the exact positién and .shape of the SR(s) within ‘the
terminal is (are) also illustrated.
]
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FIGURE  29.

a. Three—~dimensional reconstruction of an alpha rod

synaptic terminal showing the position and apparent shape of

the synaptic ribbon (SR), when the terminal is rotated such

that it is viewed from the first serial section towards the
A

last. . .
\

b. A stereo pair of the reconstructed SR from the
; terminal in figure 29a above.

»

<N Bar = 0.5 pm

FIGURE 30.

-

& C ’
AU
X, ‘

» “a. THréE-dimensional recoﬁstgdqtipn of the same synappic

. A ..
';erminal viewad in. Pigure 29a;. the terminal has been rotated

_1 | S " * * ‘.1\’.
. thrqqgh approximately 450 along its long axis.

»
- 'R 3
- g .
. et . * « * " [
’ 4 - .- A - ’ .
] ¢ . -

o ~'* N " . - » . *,. .‘ B .
-7 "b. A steré€o pair of the reconstructed-SR:from figyre
we : - , Fegcen Rrom
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FIGURE  31.

a. Schematic representation of a mid-sagittal slice

through an alpha rod* synaptic terminul; showing
postsynaptic elements of ‘a horizontal ceIl (h), bipolar
cell (b) and a second horizontal cell (hl),
" b,c,d. Computer—gener&ted 3-D géconstructions of thg
synaptic ribbon (SR) from an alpha rod, together with
pestsynaptic cell processes, | .

b,~ Bipélar cell (b)

c.— Horizontal cell (hl) o

. d.- Horizontal cell (h)

- * reconstruction of synaptic terminals from paranuclear .
rods and cones show similar relationships between the SR and
. * .

postsynaptic elements. °

Bar’\\’! 0.5 P_m ' P . ) e - r\ ]
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Three-dimensional .reconstruction of a synaptic ribbon

(SR) within an alpha rod synaptic terminal, This . ) ."

: "+, .reconstruction demonstrates thaty if ‘samples were to'be taken - '|;'
. . * from the edge of the té:miﬁai'(a; 32b), tﬁérg coulé be an g ) *z
“ agparent greater number of ribbons, or,greater ribbon - ‘. é“
_ - . o 'length? (s'p 32¢), as a result of tangential ribbon .‘ . f
. o . Bections, as coméared to é‘midline éagittal section ‘i ' - ;‘
, (s 32df'which4allo§s for a consistant mg;surement of . i %1,

ribbon width ('length'). /‘ ' _ . “ “
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’ ’ FIGURE 33. .
» ’ ¢ ’
»
»

Graphs showing the relationship between synaptic ribbon

(SR) length and sample time (a, c,e) and between the number

.0f SR8 per .terminal profile and the time in the cycle .

(H,d,fl. . The mean values * S.E.M. for the data collected at

) the varibus times throcghout the L:D cycle, are illustrated
' Calculated p values for B8R length (p=0 373 for alpha rods;

p=0,270 far paranuclear rogs; p=0.516 for cones) and for the
number of SR per termlnal profile (p=0 5I6 ‘for alpha rods,
p=0.934 for paranuclear rods, p=0.678 for cones) indicated

>

-.;_ 'that no signlficant change occurred in these parameters

3

during ;he 24—hr cycle. . < - ‘
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‘ FIGURE_ 34 ‘
Histograms showing the relationship between synaptic

ribbon (SR) length and sample time ;(a, ¢, e), and between
the number of SRs per terminal prbflle and samble time
(b, 4, £) in adult animals exposed to extended light (L:L)
_and extended dark (D:D) conditions., The mean’values_i
'S.E.M. are illustrated. Calculated p values for SR lenéth
flp;0.544 for,alpha rods; p-0;183 for paranuclear rods; .
p=0.764 for cones) indicated that there were no |

statistically significant differences between the two sample

NN

times (0600, 0800), the number of days in a given lighting
R . - o
condition (2, 7, 14 days), or between continuous light (L:L)

. 2

/ ) .
or: continuous dark (D°D) ,regimes. Since no significant
iy
differences existed between values for 2, 7 or 14 days in

g
extended llghtlng conditions, tﬁe bars on the graphs

.
R

. represent the results of pooled sample values;~ The p values

calculated for the number of ‘SRs per terminal profile _“‘j\
(p=0.634 for alpha rods, p=0 722 for paranuclear rods,

p=0.120 for cones),also indicated that significant changes‘

had not occurred Ain this parameter between any«nf'the :

t

experimental conditions (sample‘time, number of days in CoN s
Kl
2 lidhting regime, or type of lighting condition), o . ) i
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’ o FIGURE 35 . ’ é

. Graphs show1ng the relationship between synaptic ribbon §

. (SR) length and sample time 2r o, €), and between the ’

* number of Sgp per tarminal profile and the time in the * = R

i - '. lighting cycle ,.d, £). The mean values + S.E.M. are R é
illustrated~far the fetal data collected at various times %.

3

throughout the L:D cycle,.: Calculated p Qaluqs for SR length
13
(p=0.717 for alpha rods; p=0.210 for paranuclear rods;
' p=0.755 for cones) and for the number of SRs per terminal

d profile (p=0.170 for alpha rods; p=0.827 for paranuclear

« Tl SRR

<i:f‘ rods; p=0.183 for cones) indicated that statistically
significant changes h:j;;ot occurred in these parémeters )

N

during the 24-hr cycle, “ - \
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" FIGURE 36

,,
4 o Mgt

Histograms showing the relationship between synaptic '
ribbon (SR) length and sample time (a, ¢, e), and between j
t ! %

., the number of SRs per terminal profile and sample time v

(b, d, £), in neonatal animals exposed to a diurnal cycle.ﬂ

M

~ The mean values : S.E.M. are illustrated. Calculated p 4
’ 4

values for SR length (p=0t150 for alpha rods; p=0.282 for
paranuclear rodg;.p=0.524 for cones) indicated)that there‘
wag no statistically significant difference between the two
sample times 11330, 0230) or-between the four neonaial ages
(1, 3, 5{_7 days). “Since no significanf diffgfences existed
between vélues for 1, 3, 5 or 7 days of age, éhe bars on the
graphs repregent the fééults of pbbled sample values, 7
Simiiaily( the calcdlgtéd p valies (p=0.387 for alpha rods; .
p=0.550 for pafanuclear rods; p=0.427 fq; cones) for the
numbef of SRﬁ per terminal profile, indicated that there was .
no -significant diffefence in this p;E:g;ter based on sample

6’ 1]
time or neonatal age. . )
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;m The prOcess of definingcthe presence of specific
‘& sl

morphologlcal changes in cells usually requlres the accurate
4 )

estlmatlon of structural parameters. The quaptlflcatlon‘pf

° -
»

these parameters, whlle‘hlghly~des1rable, is extremely

- 5

labour intensive, and 1s-dependent on a varlety of extrinsic

factors. One such factor. that must be con51de5g§°1s the
s, o - - : . < ’
effect of electron microscope preparation ‘techniques on '

délicate biologicai tissue: Tissue dlstortlon follow1ng
aldehyde flxatlon, dehydnatlon and plastic embeddlng is.a
majoy ‘problem that‘has been quantlfled_(Arputhnott, Ballard,:
Boyd and Kalu, 1980; Bertbgld;“Corneliuson and Rydmark, .
1982; schnepp and Schnepp# 1971; Schnepp, Schnepp and’ Spaan,
1971? and shpwn*ﬁp.resultp}n an‘appgoximately 10% shrinkage

of mammalian nervous tissue, Since the synaptic terminals

“~ £l

it ‘this study ﬁere compared at the various fampie times for

relatlve, ratﬁer than absolute change, any poss1b1e error

L

induced through tlssue shrinkage (assumlng,lt to be constant

for all samples) cauéed by fixation and/or embedding

procedures should not 'be a contrlbuting factor 1n the flnal

way

analysis. However, dlffﬂfentlal tlssue shrlnkaqe or’
o u . .gﬂ \ N ) & .
. : -~ 83 = ! *

. 8 . T .
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aﬁternatively swelling, among the various sample times.could

- 4 *
adversely affect' data analysis. THis latter possibility was

©

controlled for in the presenﬁ study by a Eareful monitoring, . M|
of fixative osmolarlty and the 1mp1ementatlon of
standardized dehydratlcn aﬂd embedding protocols. °

Sampllng design is also an exfregely important factor

" o

when considering the interpretation bf'morphometfﬁc gata. -

; ' v y N ¢
Accordingly, the sampling protocol chosen for thisostudy was

L.

a multilevel or cascade sampllng de51gn (Cruz—Orlve and

Weibel, 1981), where the first level was the anlmal, the -

second- wag eyes (left and right) from the animals, and

finally, the photoreceptoi synaptic xefmigals (from .each eyeu

¥ of each, animal). <Since it has alréady been established

Y

(Gundérsun and Osterﬁ&, 1981;;Gﬁpta, Mayhew, Bedi, Sharma “

" and White, 1983; Mayhew, White and Gohari, 1982; Shay, 1975)

L]

that bioloéical variation is generdlly the largest source of

t

variance in such data, the statistical anaiysis‘émploy%d“

must then take this into consideration., Siﬁce‘often it is . -

. not posslble to\g\:?1re samples of equal size, especdially
h

o

when deallng with bdiological materials, the statistical

anéi&sis should copgensate for unequal amplepsize; as well
(Kornegay and Poole, 1983). The BMDP-3V comﬁhte;~ba§§d
statistical package used in_this study meets_ali of these
criteria by employing a mixed model of variance and’ ’
co-variance which takes into account\the effect of

o

varlatlons among the dlfferent anlmals and between the eyes:

.of each ankmal, on the parameter being measured.
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A. Photoreceptor Synaptlc Termlnals ‘

. L}

Alterations in the size and shape of photoreceptor

synaptlc termlnals as they relate to theﬁphenqmenon'of

€

membrane turnover, have bee demonstrated in a variety of
Vertebrates (Ball and Dick on, 1983; Cooper and McLaughlln, '
1982; Scheaffer and Ravlola, 1976), but rigorous

quantitative (morphometric and statistical) ‘evaluations have

rarely been carried out (Ball and Dickson, 1983; Wagner,

‘1380). In the pfesent study, computer-assisted
. ’ % M .
morphometrics have been employed to evaluatg guinea pig

-
¥ XY

photoreceptor synaptlc—terﬁlnal morphology during normal

e

diurnal lighting events, and under conditions of extended

e

»

a

light and extended.darkness, . '
The first reports of vesicular profiles.within néurbpal4*

. \ , >
. synaptic terminals (De,Robertis and-Bennett, 1954; Palade,

"

r1954; Palay, 1954) and the evidence for the quantal release
: v ® 3

of transmitter ‘substance {Del Castillo and Katz, 1954), led

to the original proposal which linked: vesicle exocytosis to

transmitter release at thevneuromuscular junction (De

¥

' Castillo and Katz,.1955). This theory has “since been
expanded to account for both ,the correlation of the n mber ' *
of quanta of trensmitter released thfdugh fusion (Heuser and

'Reese, 1973; ‘Heuser et al., 1979, Zimmermen, 1978; 1979a;

-
1N

b), w1th complete incorporation of the vesicle membrane 1nto

[}

the presynaptic membrane (Heuser and Resse, 1980), and the

recycling of vesicle membrane through endocytosis (Heuser

r

"and Reese, 1973). g&naptic vesicle membrane recycling

3
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"« Withinsthe terminal membrane pool (synaptic vesicles,
- : ; 3 'u - - -
. agranular eﬂ.@plasmlc.retlculum, large smooth- membrane :

N ‘o, # 4 a
gisternae gpd -terminal plasmalemma) has also beenkghown to .

. Al * S e 7. % °
- oceur in gﬁotoreceptor synaptic terminals,. Evidence for ’
& * ol k4 -
® .o

; exocytotic fusion of synaptic vesicles with the presynaptic
'/ﬁqembrane has been demonstrated both in thinwesction studies

(Ball and chkson, 1983; Tsuk&moto, 1983) and in
»;‘” !

freeze—fracture studies (Cooper et al., 1983; Rav101a aﬂd

= Gilulay 1975' Schaeffer aQ? Raviola, 1976:; AS?S). The ’
N Fd
. occurrence of e?doth051s has been demonstrated in . !

&

daqﬁ—adapted retinal ghotoreceptor synaptlc term¥nals by the». :

uptake -of the\extpacellular tracer horseradish peroqlaase
(Goopery.and McLaughlin, 4983; Ripps et al., léfél Schacher n‘ ; o
‘et al, 1974, 1979 Scé/;ffer and Ravmola, 1978). “Further, ,h'
thlS uptake process has been shown to be medlated by coated
ve51qleS’(3all and D;ckson, 1983; Cogper and McLaughlln, i L.
1983; Schacher et al., 1976; echaeffer and Raviola, 1976, KN

1978) and’ alsokby uncoated ve51cles at sites near the F
oy 70’ ? \ P
. @ AY

actLve synaptic zones* w1th1n the terminal" (Cooper and

McLaughlin, 1983; Cooper et al., 1983). *rherefore,.the .87

o . . - . I

. 4

* couteaux and Pecot-Dechavassine (1970) originally
‘defindd an active zone in neuromusdular junctions as a ’
specialized area of nerve terminal located directly across
from a fold in the .postsynaptic membrane and characterized
. by a density next to the presynaptic membrane and ‘an

" accumulation of synaptic vesicles. The equivalent area. in
the photoreceptor synaptic terminal is the synaptic 'ridge,
including the synaptic ribbon with 'its associated synaptic .
vesicles (Schaeffer, Raviola and Heuser, 1932). ‘m . .
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‘inclusion of synaptic vgsitle membrane %ithin the, ,

)

' phetoreceptor synaptic‘te}minal membrane pool must be

M k3 » { . » » v
’ . considered when discussing changes in terminal size and
” 1 . *

- §éhapgf : )
. - ' Fluctuations in the size oé’;hotorecgptor syq?ptic

vesicles have also been{evaluated. The potential for

-

. ¢ @ vesicle size to fluctuate has been an important
] o s

. . gohsidgration, since .De Robertis and- Franchix (1956)

=

#hitially_repérted.a decrease in photqreéeptoi synaptic

- [ -
. %Fsicle size in albino rabbits kept in constant darkness for

i .. ? _ nine days, as compared with animals exposed to sunlight.
. \ '\ -However, these fiﬁdings were later disputed by the studies °* .

-

: ) e of Mountford (1963) and‘Cragg (1969) , which showed no
o L. -n a“ g9 . . R
v e - _ difference. in the diameten‘of photoreceptor synaptic

-

lvesicleé in fermipals‘sampleqﬂelther under light”pr dark

\ ). ~ conditions. Tﬁ%se later findings are in complete ggreemgng

N wﬁéh.the results of the present stereological stﬁdz, whic@
. has shown that in the guinea pig, the mean‘vesicIe digmeter

. ’~ N ‘ does not ﬁhaergo any,syatist;cally sigqificant change in

’ response to a diurnal lighting c&cie.i o

.. . u‘ Although photoreceptor synaétié—vésicle size does not

L éppear to chaﬁgeﬂon a diurnal basis, synaﬁtic—vesicfe

density has. been. shown to vary over 24 hrs in this and in

e . <\o£her’studiés (Qfggg, 19695 Schaeffer and Raviola, 1976). ‘

Since there is substantial evid;nce £h9t verteb;ate '
i photoreceptdrs'dépoiarize and maximal}y release transmitter

;j) *« in the dark fDowling,'1974; Khyeko, 1959; Kaneko and

- t
Al - A

.
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Shlmlzakl, 8975, Trlfonbv, 1968, ‘Trifonov, Byzov and .

& Challahlan, 1974), .it is not surprlslng that studies have v !
° P
found a decrease in absolute ve51cle numbers in the dark
. s ) P
- (Cragg, 1969; Schaeffer and Ravlola, 1976}. Howewer, when

Cragg 11969), and Ball and chkson (1983) take into account
terminal size (volume) fluctuations, the synaptlg‘ve51ele ‘ e
A populétion‘in éhoto;eceptor”terminals appears to remain
| _ sﬁaﬁ{e durlng a diurnal eycle. Results from the present " f¢\\
v study are ih partlal agreement wmth those of Cragg (1969),

.

in that durlng the light perlod of a normal diurnal cycle, -
vesicle packlng density (number of s&nagplc ves;cles/pmz) '
" was significantly ‘greater in all three synaptic-terminal s
¢ types in the adult guf%ea plg retlna. However, oﬁr regults .
differ from Cragg's (1969) findings of te;minal size .
decreas€e in the light; on the contrary,.the synaptic
terminals' of all three photoreceptor cell types in the”
\ guinea pig retina increased significantl§ in area during the
light period-of the diurnal lighting cycle. "Thus, when beth
terminal area and vesicle packing density %?e considered

-
=

- together, the actual number of symaptic vesicles per .
. . : -
terminal profile in the, guinea pig was found to vary

considerablly over tdme, with far fewer vesicles being

present in the dask. The result of /this is, that unlike .the -

3

situation described in other studdes (Cragg, 1969) where

subsequent membrane

mma is used to account for-

€a, in the present“éfudy)\(

vesicle depletion in the dark wi

" ”

addition to the terminal plas '

"noted increases in tgtmiha

4
ey,
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term;nal area increases aétually occun;;ﬂffnhthe nght, and

as such, appear to be lndependent of ve31cle exocyt051s. s

Synaptlc ve51c1e exocyt051s in photoreceptors has not

-

only been ass001ated with 1ncreased termlnal perlmeter, but
also with a decrease’ in the amount of plasmalemmal infoldind. -

as well, with the result that-synaptic terminals in the neét

retina.become more rounded in the dark (Ball and Dickson, .°
p .

198}). our results however, have indicated that~a1thoughn
both the-vesicle ngmerical eensi%y.dﬁd,the actual’ number of °
vesicleg per terminal profile are decreased in the aé:ﬁ;'a
eompégsatory decrease in the amOunt of infolaing, as is

. e . %
suggested to octcur in the newt by Ball and Dick%on {1983),

does not take place* 1n the guinea plg, rather; theré‘was a
s1gn1f1cant fincrease in termlnal plasmalemmal 1nfold1ng in
the darﬁ *However. perimeter measurements from both tYpes~

of rods in thls study d1d show a 51gn1flcant 1ncrease durlng

" the dark perlod of the d1urnal”l1ght1ng cycle, and this

could be accounted for, at least in part, by the addltlon'of

membrane .to the terminal plasmalemma thfough Ves;LcJ,e..a
» * b

, - exocytosis.. Further, if this vesicle .membrane addition were

- o n
L

to‘be-focalized to sites-immediately adjacent to processes
N - Y ™

of'theﬂpostSYnaptic elements,  such*as has been suggested by ‘.

'Brandon and Lam (1983), the terminal perimeter could be

P

substantialy increased simply by increasing the amount of

‘plasmalemmal infolding at:%heée localized sites, and -without

51gn1f1cantly 1ncrea51ng the overalk synaptic term1na1 ‘area,
)

.Altetnatlvely, the perimeter measurements for cone

¥
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terminals, while seeming to show.trends similar to those

o
] . - . o

found in rods, did not demonstrate any ‘statietically.
) oo 8 ot ‘ . »

- LR - - N - {;’ ; - » » =
significant diurnal changes., This lack of significant S
perimeter change in cone: terxminals may, however, be & \'m
¢ . . e, : ' ' .

abcouﬁted for quthé compJei shape of the cbge:exnaptiev.? P
‘pediete, the ngmerbus invaginatione of post'syhaptic elemeht°,
which enter‘at a'varietY“éf éngleé, ahd the larger shrtaqeh o

' area of cone termiyals as compared to rods (McCartney and _

P +

oot Dickson,j;QSZ). ¢« In fact, the ratio of membrane added

'through exocytos¥s at specific localized site’s adjacent to
‘the postgynaptic 1ﬂvag1natlon, over t&e totai synaptlc ///'\x

term1nal membrane surface area, would in all 11ke11hood be

3 e -

much greater for rod termlnals than for cone termlnals.

A

Therefore; when considering - the total amount of termlnal

membrane, these relatlvely small addltlons of ve51cle

1 # - @

membrane to the total terminal membrane surface.area, should

-

bBe’ more readlly detected in rods, through perlmeten\\ o

measurements, where they wbuld not be masked by a large .’
. termlnal size, However, cone area and shape determlnatlons‘ .

should not be subjected to thlgzdampenlng efﬁect, 'sinceé E“o

-

changes in’ these two parameters appear ‘not to be 1oca11zed

to one area of the terminal plasmalemma.

N
. - A ~ »

Although the plasmalemma of gulnea plg photoreceptor .

&

‘synaptlc termlnals clearly underwent changes both in length
agd 'infolding ovgf 24 hrs, it would a/pear that the_dlrect.
processes of synaptic vesicle membrane addition (exocytosis)

and‘retrieval (éhdocytosis) ¢an not completely account for

a

N .
g 4
A "
. - s )‘ , / )
.

a - . J"
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;\\’~?he5e changes, as term;eéls appeared ‘larger anﬂﬁkounﬁer at-

the same time when synaptic vesicle numerical density was
f also highest. <Alternatively, membrane diverticula, which

are believed to form as a result of synaptic vesicle
h

aefocytosés, and to function as‘memb;ane 'storage areas',
have been described by Cooper and theughlin (1982) and
‘Cooperoe£ al.a(1983), where'they have been implikated in
synaptic~terminadl membcane alterations in chick '

Te
photoreceptors exposed to a diurnal lighting cycle., .

Although structures which superf1c1ally resembled these

u

dlvertlcula were observed 1n guinea’ pig photoreceptor
synaptxc terminals-in the dark, on closer examination of

serially-sectioned tissue, and after using three~dimensional.

o 3

reconstructions, these elaborations were shown simply to be

¢

"‘profiles of deeply invaginated postsynaptic elements
(McCattn%y,and Dickson, 1984). Therefore, it would aﬁpear

‘that neither the direct processes of exocytoesis and
f edp ¢ .

a

.endocytosis of synaptic vesicles nor the recycling mechanism

a

broposiftfgr chick phdtoreceptor synaptic terminals (Cooper

and McLaughlln, 1982 1983;.. Cooper et al., 1983); adequately

v

account for the alterations in size and°shape of mammallan

photoreceptor synaptic term}nals observed in the present

/

study. o . '
* A mechanism which may, however, explain the light
mediated size and‘shape changes which occur’ in guinea pig

« photareceptor synép%ic terminals, involves a system of .

cross—-striated £ibrils whicﬁ,have\been shown in gdinea pigs

. s
& ’ '
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to extend from the qlllary rootlet of the inner segment down
through the perlkaryon and 1nto the synaptic terminal of
both rods and cones (5p1ra and Milman, . 1979). These fibrils
have been noted in a varlety of other mammals as well,,

1nclud1ng developrng and mature mouse (Olney, 1968), adult

-

- cat (Stevens ‘et al., 1984), and manV(Vlllegas, 1964; Uga et

4

al, 1970). Although their. functlon .has not been

-

‘eonclusively resolved, it .has "been suggestedvthat they have

contractile propérties. Drenckhahn and Groschel~-Stewart

-

{1977) demonstrated that these fibrils in the rat. o "

1

. photoreceptor inner segment have actin- and myosinJIike

+

o

activity, while ﬁatsﬁsaké (1967) has localized ATPase
* activity to the striated ciliary-.rootlet in the imner 1,

segments of human rods, 1In additiqn,‘Spiia_and Milman
» * R | .
(1982), observed positive ATPase staining in these fibrils in

»guihea'pig photoreceptors and eonclude that this ‘

%> .
‘ AN

4

histochemical evidence jis consistent with an energy -

oy

utilizing contractile system.° More _recently, Stevens et-al.

. (19§4) employlng computer-a531sted three-dimensional
N R

reconstructlons from thln sections, have demonstrateg that AC

40

y cat photoreceptor°cross—str1ated fl;}llﬁ form a ring-like

‘configeration within the synap@ic.termingi surrounding the

L]

swnaptic ribbons and associated processes of invaginating

' postsynaptic\elements. Accordingly, Stevens et al.” (1984)

"

suggested that contractlon and relaxatloﬁ“of this ring may,

lead to changes in the 51ze and shape of photoreceptor

synaptic terminals.

?

2

J
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.maximally in the dark (Dowllng, 1974; Kaneko, 1979; Kaneko

" .
* Al

It ds. now establlshed that photoreceptors ﬂepolarlze

‘e

»

and Sh}mlzasz‘1975; Trlfonov,Jiﬂss jTrlfonov et al., 1974)

if, as 1m,other neurons, depolarlzatlon 1mcreases the

-

rate of transmitter release, maximum contact with

e

postsynaptic eleqégts would provide the 1argest area for the

» e 2, s Al

t

o

transmitter to interact w%thithe postsynaptic membrane, -

Changes iniphotoréceptor synaptic-terminal morphology could
then serve to maxim&é? the relationship of terminal | .

- 1
plasmalemma with the invagilnating processes of imner retinal

. neurons, This increagenin surface area contact, if effected

through - the deeper penetratlon of postsynaptic elements, -

should be reflected in 1ncreased termlnal me;;;Ehe infolding

¥

and so-would be evident as a .reduction in photoreceptor

synaptic terﬁigal forﬁ factor measurements in the dark.
a . NP

Concentric contraction of thercross~stfiated f£ibril during
the dark could also Aﬁbserve this process by effecting-a

downward (V1treal) folding of the terminal plasmalemma over
the processes of the postsynaptlc elements, and in effect

S

cau51ng ‘them to become more deeply lnvaglnated into the

“~
)

v .
in a@kcreased terminal profile area. Conversely, the

“

gpserved increased Sectional area ‘and decreased infolding in

gulnea pig photorecptor synaptic terminals in the light may
be brought about through a relaxation of this nlng. By
ut111z1ng this proposeq mechanlsm, the’ photoreceptor

. "ok ! . . \
synaptic terniinal could provide maximim surfdce area contact

t
¥

]

‘receptor synaptic terminal while .at the same tlme,resulting
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with the .postsynaptic cell processes during the appropriate
. . ot . , 2 . " W . -
period of the diurnal cycle. s ) - p

' Whether thlS proposed flbrll—bu}dle mechan:.sm 1&Pé’
) congrolled by a llght stlmulus (on/off),{or i due to-some
ongolng blologleal rlatlon.whlchvls 1ndependent of thé

. llghtlng condltlons :;wdifchult to assess dlrectly. It

9
wasn however, possible to evaihate the effect of extended & |

L3

‘perlods of continuous llght or darkness on synaptlc termlnal

)
, -morphology. It was hypothe51zed jhat if the noted T

,,l‘\\

’ alteratlons in photoreceptor synapt1c~berm1nal“sfze and

4

shape were 1ndependent of the 1lght1ng qzﬁ}e, they should

wi?

not be affected?by contlnuous llghtlng conditiops and would
be maintained at or very P ose to the values obtalned in-a
E:D cycle, However, xntylew of .previous rep&rhs (Andersqn, )

-Coyleand and Q'Steen, 1972; F;fkova, L972;‘Qridnolop . o*

A
Orﬁelesi, Castellazo, and Vitone, 1969; Kuwabara,~"1970; ’

Kuwabara apd Gorn, 1968; O'Steen, Shear end Anderédn, 1972; >

Shear, 'Steen and Anderson, 1973), which have shown that )
Ve R S " e
constant low-level 111um1nat10n can have deleterlous efiects

33

on photoreceptors, we were concerned that the planned ’

experiment might not be fea51ble. Fortunq%ely, other

»

studies on the frog (Osborne and Monaghan, 1976) and chlck

(Cooper and McLaughlin, 1982), employlng 51m11ar
e

experlmental conditions, produced none of these degeneratlve_
changes: similarly, no such effects were observed in any of
the gquinea pigs retinas used’in this study. The

’phoporeceptor synaptic terminals from the extended light

A )

» B .

hd .
‘ <3



_that is internally controlled, comes from our fetal data.
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3 ’

experiments appeare& qualitatively similar to those, sampled

during diurnal cycles, and therefore the par

measuréments obtained were compared directly to those values
k-
obtained at-similar sample times, but from the cycled light

experiment’s, Morphometrlc measurements from bot xtended

7

{normal dank perlodyln a diurnal cycle) and at 0800 (normé&
11ght period in.a dlumnal cycle), despite the fact that
there was a statlstlcally 81gn1flcant difference in receptor -

term1nal mo;phology between these two samfile times in

animals sub;edted*to a dlurnal 1lght1ng cycle. In addltlon,

-

none of the term1;21 measurements from the extendedallght or .

$

dark reg;mes approached values obtalned in anlmals‘under a-

¥

12:12 L:D cycle and sampled at 0800, Therefore, the '
proposed mechanlsm~controlllng these alterations noted in a
diurnal cycle, appears to be 1n1t1ateé, or at least
enhanced, by a light stimulus rather than some internally )
controlled biological clock. . -
’ Further evidence”in support of a light-requlated control
meghanism for synaptic-terminal alterations, rather than one
Cyclic shedding of outer-segment discs was first shown by .
Lavail (1976) in the rat retina. Subsequent studies have"*
estaolisted that shedding is controlled by a mechanism
located within the eye (Besharse, Terrk‘gpd'bunie, 1980;

Heath and Basinger, 1983; Hollyfield and Basinger, 1978; 3

A



.terminals, Therefore, it would appear that although an
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.

Teirstein, Goldman and O{prien, 1580) and, while amphibian
outer segment disc shedding is tightly entrained éo light
onset and does not peésist in extended lighting c9nditiqns
(Hollyfield and Basinger, 1978; Basinger and Hollyfield,
1980; Basinger and Hoffman, 1982), outer segmegnt disc -
shedding in mammalian retinas has been reported to be
control;Fd by an ongoing biological process, even in the
absan of light (Lavail, 1980; Teirstein et al., 1980).

The outer segments of fetal guinea pig photorebeptors have
been«shown to be shed in g;g;g (Spira and Huang, .1978) and -
to follow a\bycllc pattern slmllar to the adu;t (Huang et ’
al.,*1982)., It has been suggested that this sheddlng
phenomenon is regulated indebenden%ly,froa thenshedding
cycle of the adult, ‘and is not under the con;gol of maternal
humoral factors (Huang et al., 1983) Results obtained in
this stﬁﬁgj from functionally aature fetai gginea pig

retinas have indicated that unlike the adult, fetal

°

photoreceptor synaptic terminals do not follow a pattern of ,

diurnal morphological variations. While we can offer no
explana&ion fgr the signifisant changes in two parameters
(cone terminal profile area and alpha rod form facéor) at |
two quite diffeéept and apparently unrelated times during
the cycle, there does not appear to be any significant

sustainable pattern of change established in fetal

internally regulated process is thought to control disc

b

shedding , in utero (Huang et al., 1983), an internally

-
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regulated process appears not to be involved in effecting

the %bserved cyclic changes in photoreceptor synaptic

terminals ln the gquinea.pig retlna, .

@ a

In view of the demonstrated cyclic act1v1ty that ex1sts ‘

e

in adult photoreceptor_synaptlc terminals, and the fact* that

1

To ‘such activity can be demonstrated in fetal tissue, it Wwas
. of interest fo ascertain at what postnatal stage this
[ P

e~ activity beoome esident.-‘The results which we ,have obtained

from theimorphometsic déeterminations on neonatal‘resfhes w - o
are, at best,.ambiguous. In theuadu}s, synaptic terminals
samplediinmlthe mid—dark period were smaller in sebtional

surface area than those terminals sampled during the. early

llght perlod (see Flg. 13).. However, a few hours 1ate£

'(mid—light period), area valdes were begining to decline

towards those values obtained in the dark, Since ngonatal i .
samples were unfortunately only taken at times (2230 - ,
mld—dark and 1330 - mld -light) when. the daﬁferences in adult
tlssue were inconspicuous, the values obtained for peonatal
-photoreceptor synaptic termlnals could 1?dicate: either thatt

the differences in neonatal receptor terminals sampled

oo

. durlng the light and dark period are not as pronounced as in
¢ AN N .

adult retinas; or the neonatal photoreceptor synaptlc
terminals may sﬁow a pat@erﬁ, but similar to results
obtajned for outer disc shedding in fetal retinas (Huang et
al., 1983), it is out of phase with the adult pattern. The
resolution of this quest;on clearly requires further '

v it

investigation. ' p

a2
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B.‘Photoreceptor Synaptic Ribbéns
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Thereforeg_tﬁe present study has sh;%n that guineé pig
photoreceptor synaptic terminals undergd alterations in size
aﬁﬁ shaéé when the an'imals are maintained undéf diurnal
lighting conditions, éhile altergtions fn perimeter
me;surements during the dark may be explained using ‘the
vesicle recycling hypothesis, the rounder and‘lafger‘
tgrﬁinal pfogiles obsifved in thg/light.peripd can not, It
is guggested that a ¢ross-striated fibril system found in
all three @hotorecéptor cell types of the gu%nea_pig retina

2

as well as the photoreceptors Jf other mammalian retinas, .

may be respons%ple for these latter alterations. ﬁurther,

+

data obtained from long-term light- and dark-adapted adult

retinas and functionally mature fetal .retinas has led us to

.suggest that tﬁese morphological alterations may be

initiated, or at least enhanced, by ailight stimulus.
N {

4
¢

- i
e *

Contrary té previously published repprts (Spadaroaef
al.,‘1'978; Wagner, 1973; wagner and Aki, 1977) stating that
variation in synaptic ribbdn léngth and rumber per terminal
occurs during a normal light:dark cycle, the present’ study
has deﬁonstrate@ no gtatisticélly.significant change in
eitﬁe; of these parameéers in guinea pig retinal

>

photoreceptors during a éiurnal cycle; In an effort to

-explain why the results differ from those of others (Spadaro

et al,, 1978; Wagner, 1973; Wagner and Ali, 1977),
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computer—-generated threeYdimensional reconstructions of
synaptic ribbons and receptor terminals were undertaken.
s . f4

These 3-D reconstructions“indipate'that the SR should be

considered-to have a thickneés, as well as width and length.

In the present study, we have designated the distance frgm

the’arciform density to the scleral end of the SR profile @as
o ‘ . )

it appears in thin sgctiéns, to be the width of this
organelle, This parametér has previously bg;n termed length
by others (Spadaro et al., 1978; Wagngr, %p73% Wagner and
Ali, 1977), but when the orgaﬂelle'% threé—diﬁen;ional-form
is taken into‘éoné%deéationl it is apﬁarentgthat width ;s'

Y - - 03 .
the more approprlate,descrlptlveqterm. Data comparisons

1

with the length measurements from previoué studies are,valid

«

[

.
however, as the same dimension has been evaluated in our
?érphomethic measurements,

[ . L4 '
. In this stuydy, three-dimensional reconstructions have

. confirmed the basic curved sﬂape of the alpha rod synaptic

ribbon as it was ﬁirst_proposed 5y Sjostrand in 1958; they
have also démonstratéd that synaptic ribbons in paranuclear
rods, as well as cones, have this same basic shape. 8light
variations in ribbon contour within-and between receptor
terminals can be explained on the basis that postsynaptic
elements vary in shape and‘arrang?ment between terminals,
and because the depth of penetration of postsynaptic
eiements has been shown\to vary throughout the diurnal
lighting cycle (Ball an Dipkgbn, 1983; Brandon and Lam,

1983; Cooper .and McLauglin, 1982; Raynauld et)al.h 1979;

[
a

.t
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Schaeffer and Raviola, 1975, Wagner., 1980) . | o
In reconstructed cone termlnals, ribbon shape appears to

be highly variable (Fig. 28). uHowever, these varlatlonj/én
tR appearance should not .necessarily be ‘interpreted as
" changes in the true structural shape of th€’ ribbon.
Rotations-of a single SR (Figs. 29 and 30) clearly N
demonstrated that the v1ew1n§ perspectlve 1s an 1mportant
conslderatlon when interpreting thlS complex organelle.
This is especially 1mporta;t in cone terminals where SRs
assume a myriad of orientations,

‘'Bs demonstrated here, the effect’ of sectioﬁing angle on

1

synaptic ribbon 'lenﬁth‘ (w1dth) can be substantial. Figure

»

32 shows only one of «a wide range of possible sectlonlng

3

angles that Grun (1980Q) suggested could result in an

artifactQal increase in SR length,. 1In addition, since the

-

shape of the synaptlc ribbons in gulnea,plg photg@receptor
termlnals is convoluted 1n numerous planes, this effect ’
would be even morevpronounced than in the plate-shaped
models (Bunt, 1971; Gray and Pease, 19717 McLaughlin and
Boykins, 1977; Raviola -and Gilula, 1975) that Grun (1980)
dlscussed In the present study, this potential problem was
controlled for by\t?e use of sam%llng criteria whlch ensured
that rod rlbbons were only sactioned perpendlcularly through
'thelr ﬁldth, while the vast majority of cone SRs were also.
sectioned pefpeﬁdicufar as indicated‘gy the alignment with

the synaptic ridge and the presencé’)of the arciform dénbit&.

Sectioning angle may‘also have an effect on synaptic

n

s

-

N

-
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_depolarize and release neurotrénsmltter in, the dark
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ribbon.profile shape, ° solated granular synaptic zibbons . )

w

suchH as those report;ifby épaQaro et al. (1978), were never ' .

noted in- guiﬁea pig rmlnal profiles that met our sampllng o

criteria. Granular’?roflles were noted however, in serlal
sections thqtewere being used for three-dimensional

reconstruction of synaptic teérminals. When these terminals

‘were reconstructed, the granular proflles always became part

of synaptic ribbons. If a section were to be taken so that
the synaptic ribbon was cut.en ﬁggg at” 1ts perlphery, a o
round granulaf appearance could be generated and it would ’
appear SLmllar to, those suggested by McLaughlln and Boyklns - -
(1977). Therefore, at least in the three photoreceptor
synaptic—terminal(types of tne guine&a pig‘retina, segtioningv
artifacts could in"all likelihood accouﬁt for the "granular" ’ /i;
synaptic ribbons reported. by others.! °‘ d e V
.Bunt (1971) proposed thatvtheﬂeynaptic ribbon may * . o
funetion. to support or maintain the synaptic ridge in \
reLation to the postsynaptic eiements and in addition, or
alternatlvely, may serve as oraentlng strnctures for a
"sliding vesicle" mechanism of transmitter release.' The SR
would therefore have a similar function' to the dense

projections of brain synapses, ngﬁely to guidé vesicles to a

narrow strrp of presynaptic membrane (Gray and Pease,‘197l).

Since vertebrate retlnal photoreceptors have been shown to ‘

~. N g

(Dowling, 1974; Kaneko, 1979; Kaneko and Shimizaki, 1975; o

-

Trifonov, 1968; Trifonov et al., 1974), it has been

‘ 4
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suggested (Spadaro et al., 1978; ner, 1973;~W§§ner and
- ¥ .

-~

Ali, 1977) that fluétgations~in SR length and numbers are
Ei@sely related to the physiological Et%te of the .

photoreceptor terminal. The formation, "in the da:?, ?nd éhe s
degradation, in the light, of SRs would th;}éfore'gxovide
incréaSed numbers of.&égnveyeF belts" (Bunt, 1971) at the

appropriate time for transmitter release., Our results,
-

¢ indicated that thiS'degradétion and reformation of SRs does
. Lad -

- «

not occur in guinea pig photor?ceptor synapt}c termin?ls.
These findings, ho?evgr, do not nécessarily discount the
proposed expiénation SE SR function. If SRs do function as
«Bunt (1971) suggests! vesicles ﬁust be 'aligned' thrghghout
1’a diurnal cycle‘ig order to react to lighting changes.“ Théw‘
rate at which these Qesicles.agsociate with the SR may éafy
throughout the cycle; but'SR '"length' would not necessarily

have to chahge in order to react to the physi?logical

%

activity of the synapse.
: Our findings have demonstrated that ‘in the adult, fetal °
and neonatal guinea pigs there was no -significant change in

either synaptic ribbon 'length' or number per photoreceptor

3y 2 s

terminal during a normal 12:12 diurnal 1ig&ﬁing cycle or*in

adult animals exposed to an extended light or dark regime,

2

We have also demonstrated using computer-generated 3-D

.reconstructions that the synaptic Mbbon is horseshoe-shaped

- v '
. s .

' with folds i#&merous planes conforming to"t/lbxe)invaginating
bt

ements,!

4

: postsynaptic
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°hypothe51s of Heuser and Reese (1973).

 where extended lighting'conditions, were used, suggest that

“

3%pparent that the 1mp1ementat10n of strlngent sampling

-~ criteria is essentlal to the success of any morphometrlc

.

In conclusion, the present stuﬂf’hés provided precise

s

“ a

By

statlstlcal evaluatlon of the- alteratlons thdt occur in

guinea pig photoreceptor synagtlo termlnals exposed to a

cycle, may be explélned u51ng the ves1cle recycllng

) 1diurnal\liéhting cycle,

«

‘terminal p?rime&ers, duriﬁg th

»

The noted varlatlons

°

Alterations fn rod synaptic

e 'dark 'period of a diurnal

o

in synaptic terminal size and#shape in both rods and .cones .
] N .

during the 1jght period of a di@inaf lighting’ cycle, .,

a

L

H

however, may be effected‘by an annular configuration of
* - &

cross—striated £ibrils that are @phnﬂ in quinea pig and

»

other mammalian photoreceptors.

thlS cross~striated flbrll mechanlsm may be 1n1t1ated, or at

s a4,

least ophanced, b§ a llght stimulus rather than gome

In adéitioLIJ\thi

combination of computer-assisted three-dimensional

internally controlled biological clock.

. . !
reconstructions and morphometric analyses has been shown to.
W - . - o

\
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reported variations in synaptic ribbon length and number per
termlnal profile in ot?er vertebrates, does not occur in,

guinea pig photoreceptors.
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" be an effective tool in providing avidence that previously

‘As result of our studles, it is
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i 1. Adult Hartley-outbred guinga pigs-were entrained to a
i

I2 hr light: 12 hr dark diurnal lighting regime for at least

¢ - ] - 13 2 . ! - &
»  two weeks prior to-the initiation of experlments.z
» el

o
@ @
® »
i

.2, A continual supply of fetal guinea pigs.was ’=\
‘maintained by establishing a bfeeﬂing colony ofladult
animals. Fetal animals were obtained on the 62 t 1 days of
gestation. Fétéi ége was verified by us{ng the‘éging

criteria established by Draper (1920).°

.
L4

3. Neonatal animals, were obtained from breeding colony

N

stock, These animals were-sacrificed at 1, 3, 5 and 7 days

of ages The age at the time of sacrifice was based on

3

equating the animal's first light'period of a.diurnal ,cycle

»

with 1 day of age. T

~ ' ’ w v ' ~
4, Adult, fetal and neonatal retinas were sambied at
various times throughout a normal lZ:lé L:D diurnal lighting
cysle. Additional adulté;nimals were.entrainéd éo iong-term
iight"(L:L)_ar alternatively long-term dark (D:D) before

being sadrificpdtafteg 27, 7, or 14 days in the extended

3 -

°
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lighting conditions,, -

A3
\ - i

5. Representative samples from all retinal quadrants

were obtained and processed for electron mic¢roscopy.

3

Computer— assisted three-~dimensional reconstructions from

serial thin sections were produced for all three types of

P

synaptic‘terminals in order to; 1) establish standard

sampling criteria; 2) visualize terminal size and shape

changes; 3) show the relative position of the synaptic

ribbon(s) within the terminal; and 4) show the relationship
of the synaptic ribbon(s) to the"invag;peting postaynaptic

-

cell processes,

6. The synaptic terminals of all three photoreceptor
cell tﬁées found in this retina (alpha and paranuclear rods,
and cones) Were analysed using computer—based morphometrics
for changes 1n their area, perimeter, synaptlc vesicle
denSLty; degree of plasmalemmal infolding, as well as for
synaptic ribben length and number per terminal profile.

7. Aneiyses of adult diurnal data, using the
computer—-based statistical package BMDP‘employing a mixed
model of variance and co-variance, showed that all three
photoreceptor synaptic terminal types had increased area and

decreased membrane infolding during the light period, whiley

the perimeter of the rod terminals increased ‘in the dark.

-
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" 8. Results f£rom the‘aduits maintained in extended .
lighting conditions showedwpo statistically signigicgpt
éifferences between sampré times at which statistically
signficgnt différences cleérly existed during a'éiurnal

s

lighting cycle.

°

4

9. Diurnal data from fetai retinas showed no
significantly sustainable pattern while neonatal animals
showed no stagistical difference between the ligh; and dark
sample times or between neonatal age, .

- ) / <\/V .
10. Three-dimensional réconstructions of photoreceptor
. synaptic ribbons revealed that guinea pig synaptic ribbons-

are horseshoe-shaped with pleats in numerous planes

conforming to the ‘invaginating postsynaptic elements,

ometric data for synaptic ribbon length and
nunb terminal profile from diurnal and extended
lighting conditions exhibited no statistically significant

changes i thgﬁe parameters in adult, fetal or neonatal

animals.

12. These.quantified findings have led to the following

conclusions:

L]

i) the alterations in rod synaptic terminal perimeter

¢

during the dark period of a diurnal cycle may be explained

v

using the vesicle recycling hypothesis.
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ii) the changes in synaptic term1

t

durlng the llght period of a dlurnal

1 size and shape -

'ghtlng regime maY'be

effected by an annular conflguxatlon o cross—strlated

fibrils found within these terminal
iii) the proposed crosswstriated ibril mechanfsm aépears

\ ¢
] Bl

to be*initiated or at least enhEQped, by a 1lght stlmulus.
1v) the guinea pig synj:tlc rlbbon is horseshoe-shaped
and can be thought of as having a finite thigkness, width

(which other authors have termed-length) and an overall

length.
¥) contrary to reports for other vertebrates, gﬁinea pig

synaptic ribbons showed no significant.differences in °
"length' or nquer"per terminal profile when the retinas '

]

were exposed to normal diurnal or extended lighting

Ksondltlons in adqlt, fetal or neonatal anlmals.

B

vi) morphometrlc evaluatlon of such parameters as’h

synaptic terminal size and shape and synaptic ribbon length

’

and. number per terminal brbfile must include the

implementation of stringent sampling. criteria. ' ' z*%

.
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