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ABSTUCT 

rv 

" In order to test whether reported alterations in photoreceptor 

synan£ic 'terminals occur in a mammalian visual system, adult, fetal and 

neonatal guinea pig retinas were .exposed to a 12:12 L:D diurnal • 

lighting cycle, as well as /6o -long-term light (L:L) and long-term dark • 

(D:D) regimes. Representative samples from" all *retinal quadrants," 

obtained at various times throughout hhe lighting- regimes, were 

processed for electron"microscopy and the synaptic terminals of all 

three photoreceptor cell types* i^&nd in this retina (alpha and * 

paranuclear rode, and cones) were analysed using computer-assisted 

morphometries for changes îi their area, perimeter, synaptic vesicle 

•umerical density, the degree of jplasmalemma'l infolding, as well as for 

synaptic ribbon length and absolute number per terminal. Diurnal data 

showed that all three types of adult photoreceptors have, increased 

synaptic terminal areas and. greater synaptib vesicle numerical density, 

as well as decreased terminal membrane infolding, during the light -

period, while both types .of rods'showed increased perimeter 

measurements in the dark. Results from adults maintained in extended 

lighting conditions showed no difference between^these sample times 

>even though statistically significant diffe'rences existed iii diurnal 

data. Alternatively, diurnal data from fetal and neonatal retinas 

showed no significantly sustainable pattern in any 'of these synaptic 

terminal parameters. Similarly, synaptic ribbqn lengthi,and number per 

terminal profile'exhibited no statistically significant^change 

throughout diurnal or extended lighting conditions, in adult, 'fetal or 

neonatal refcyias. These quantitative findings, have led to the 

conclusion thW, although alterations in synaptic terminal perimeter" 

measurements may be explained using the vesicle recycling hypothesis",-

changes in terminal size and shape may be effected by an annular 

configtxration of cross-striated fibrils found within these receptor -

terminals. Further, computer-assisted morphometries and 3-D * 

reconstruction analyses have shown „that synaptic ribbon length and 

number per terminal profile does not change in guinea^pig photoreceptor 

synaptic terminals, ' . 
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I. IWTRODUCTIOH 
o 

if 

<> j _ / 

A variety of different lighting conditions have been 
6 

reported to gause^alterations in the size and shape at 

photoreceptor^, synaptic terminals ̂ Bal̂ l and Dickson, 1983; 

Cooper and McLaughlinv 1982; Cooper, McLaughlin and'Boykins, 

1983;. Shaeffer and Raviola, 1976; 1978), in the length and 

number of synaptic sdbbons^within terminals'"(Grun, 1980; 

Spadaro, de Simonp and Puzzolo, 1978; Wagner, 1973; Wagner 

and Ali, 1977) and in the relationship between presynaptic /I and postsynaptic elements (Ball and Dickson, 1983; Brandon 

and Lam, 1983; Raynauld, Lavoilette and Wagner, 1979; 

Schaeffer and Raviola,, 1976; Wagner, 1980). The majority of 

these reported' changes have been shown to occur̂  in lower „ 

vertebrates and accordingly the universality of these 

phenomena is open to speculation.' ' 

In order to. obtain reliable quantitative data from a 

mammalian visual system, the present study was undertaken 

using 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 retinal before birth (Spira, 1975). Spira {1975) 

showed that the differentiation of the neural retina 

commences around the twenty-third day of gestation and is 

- 1 -



fully developed between the fifty-first and the 

fifty-seventh day of an average 63-4ay gestation 'period 

(Draper, 1920). "Based on the differentiation of the fetal 

retina into ten histologically identifiable layers', the 

presence of ribbon,synapses in the outer plexiform layer and 

fully developed photoreceptor inner and outer segments,, 

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

functionally mature in utero. Additional evidence for.this 

functipnal maturity comes from reports that the outer 
'• ' ,' 

segment tips >'of fetal guinea pig photoreceptors are not only 

sh%d in utero (Spira and' Huang, 1978),, but also that this 

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

in adult guinea pig retinas (Huang, Spira and Wyse, 1982). 

Further^ studies by Huang, Spira and Wyse (1983) suggest that 

this fetal outer segment shedding is regulated in a manner 

independent from the shedding cycle of the adult. 

Accordingly, it is the hypothesis of the present study that 

if alterations in photoreceptor synaptic terminals occur in 

the adult, they should be evident in fetal guinea pigs as 

well. 4 h ^ 

The photoreceptors in the^retina of the guinea pig wSI 

one of the first cell types Ito be examined using 

transmission electron microscopy, tn this classic study, 

SjtJstrand (1953) described two types of photoreceptor cells. 

The first having a nucleus in the vitreal portion of the 

f outer nuclear layer (ONL) and a triad of postsynaptic * 
**" lit 

invaginations in its synaptic terminal, he designated an 
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alpha rod. • The nucleus of the" second photoreceptor type wa*s 

located in the scleral portion of the ONL and the synaptic 

terminals of«these cells were characterized „by multiple f 

postsynaptic invaginations. These latter cells he termed 

beta rods; however, on the basis of morphological and * 

physiological criteria used today,^they should more 

correctly bd termed-cones (Huang et al., £982; 

Schmalenberger, 1980). Further Studies by Mountford (196?) 

revealed that, in addition to the two receptor types 

outlined by Sjostrand (1953), there existed as well, a- third 

c^ll type which shê  called.a paranuclear rod. It had 

Similar morphological characteristics 'to the .alpha rod, ^ 

except that the nucleus was iniClJose proximity to the 

invaginations of the postsynaptic elements. All three 

photoreceptor cell types wece later identified by Spira 

(1975̂ ) in the fetal guinea pig- retina. 

Sjostrand (1953) was also the first to-report the 

occurrence of a cross-striated fibril within the inner 

segment of the guinea pig rod, and extending- towards the 

outer limiting membrane. This cross-striated fibril was 

observed to originate near, or from the; pair of centriol 

in the apex of the inner segment. A detailed account of the 

extent of this unusual ciliary roolet was subsequently given 

by Spira and Milman (1979).' They described this structure 

as an aggregate of thin cross-striated f^aments which 

extends from the inner segment -region, through the full 

length of the cell body and terminates in the synaptic 
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terminal^ T h ^ demonstrateo/extension of" the cross-striated 

' filament into the ,-synapticlterminal explains the previous 

1 observation of a "synaptic spindle" by Mountford (1964). - <« 

1 -

Cross-striated filaments are. not unique to the guinea pig; 

.. they have been noted in° the retina of the developing and 

mature mouse (Olney, 1968), adult cat -(Stevenŝ  Jacobs and 

Jackson, 1984) and in man (Uga, Nakao, Mimura and Ikui, * 

^1970; Villegas, 1964). Although the function of this 

organelle is still a matter of conje*cture, the7,presence of 
3 - -

actinand myosin-like immunoreactivity in rat inner segments 

(Drenckhahn and Groschel-Stewart, 1977), the localization of 

ATPase in the inner segment'' of human rods o(Matsusaka, 1967) 

and ATPase localization .along the entire extent of the 

. fibril in guinea pig photoreceptors (Spira and Milman, 

1982), has led to the suggestion that Ch'ese fibrils may be 

contractile, in the catj, serially—reconstructed 

cross-striated-fibrils from cone terminals (Stevens et al., 

"1984) were shown to be arranged in a ping-like -configuration, surrounding synaptic-ribbons .and invaginating 
• Y • 

postsynaptic elements. This arrangement has led Stevens et 

al. (1984) to-suggest that this organelle may be responsible 

for documented alterations in the. size and shape of 

* photoreceptor synaptic terminals (Ball and Dickson, 1983; 

Cooper and McLaughlin, 1982; Cooper et al., 1983; Schaeffer 

and Raviola, 1976; 1978). This is however contrary to 

previous studies where synaptic terminal alterations have 

been associated with the exocytosis and endocytosis' 
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A 
(recycling) of synaptic vesicle membrane at the terminal -. 

plasma- membrane. " '"*.'• 

, Following the demonstration that acetylcholine was 
' * 

released as" discrete quantal packets (Fatt and Katz, 1952) i 

and the electron microscopic observation of synaptic 

• vesicles within synaptic terminals (De Robertis and Bennett, 

,1954* Palade, 1954; Palay, 1954), Del Castillo and Katz 

(1955) suggested that transmitter release was effected 

.through vesicle exocytosis. More recent studies have 

provided additional evidence for the fusion of synaptic 
' * ' 1 

vesicles with the presynaptic membrane (Heuser and Reese, , 

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

, Zimmerman, 1978; 1979a,1- b) and with the complete 

incorporation of the vesicle membrane into the terminal 

plasmalemma (Heuser and Reese, 1980). 
P 

It is now generally accepted,that the mechanism' of 
r " 

transmitter release through synaptic vesicle exocytosis, is 

k coupled with endocytosis, and that this second phenomenon is 

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 s,hown to 

occur actively in dark-adapted retinal photoreceptor 

synaptic terminals (Ball .and., Diokson, 1983; Cooper and 

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

1983). As further proof for the existence of this 

phenomenon, a number of studies, using a variety of ° 
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vertebrates, have demonstrated uptake of „;fche extracellular 

tracer horseradish peroxidase (H"RP) 'into* photoredepfeor s 

synaptic*vesicles in the dark (Cooper and McLaughlin, 1983,; 

Ripps, Shakib and?MacDonaTa>1976; Schachery, Holtzman and 

Hood','1974; 19jfe; S^ia4ffer and Ravi^a, 1976),. These • 

authors reasoned that since this activity was absent or 

greatly reduced in.the light, membrane retrieval via 

' exocytosis must be occurring concurrently with synaptic 

vesicle fusion^ Further, morphological evidence had 

suggested that this retrieval .is mediated hoth by .coated 

vesicles'(Ball and Dickson, .1983; Cooper and McLaughlin, 

1983; Schaeffer and Raviola, 1976), and by uncoated * 

vesicles, at active zones of the photoreceptor synaptic 

.'terminal plasmalemma (Cooper and McLaughlin, 1983, Cooper et 

al.,*l983). / • * 

. L ' • '• - ' 
Evidence for exocytotic release of transmitter and the 

subsequent retrieval of vesicle membrane by endocytosis led 

Heuser and Reese (19.73) to suggest the vesicae recycling ' 

hypothesis. While this proposal is still disputed by some 

• authors (Dunant" and Israel",*? i979; Marchbanks, 1978; 1979) 

who argue that exocytosis does not account for transmitter 

release and that synaptic vesicles more likely represent • 
\ • . ' . » 

storage depots for the 'cytoplasmic pool of transmitter, or 
7 • ' ' 

for calcium, many authors (see review by Holtzman and 

Mercu-rio*i 1980)i believe ̂ hat the vesicle recycling" 

hypothesis presents an attractive solution to account for 

the fate of membrane in synaptic terminals. Briefly, the 



vesicle, Hypbthesis states that ̂ during transmitter re-lease, 
\ p 

synaptic vesicles fuse With the presynaptic membrante; 

membrane is-then internalized-as coated vesicles which 

subsequently lose the^r clathrin coats, and fuse With the 

saccules of/the smooth endoplasmic reticulum j(SER)„. These 

membrane additions to the SER result in the formation of 
1 

«enlarged cisternae, which in turn give t*.rth to new synaptic 

vesicles.. Heuser and Reese* (1973) termed this sequence of 

. eventsr the exo-endocytotic cycle, and this has formed the . 
» i-

basis"of arguments for ̂ explaining the ghanges in size and* 

shape of photoreceptor synaptic terminals which have been̂  

demonstrated,in a variety of vertebrates (Ball and Dickson, 

1983; Brandon and Lam, "1983; Cooper and McLaughlin, ̂ S ^ ; 

Raynauld et al., 1979; Schaeffer and Raviola,- 1976; 1978; 

Wagner, 1980) . - ' ' • ' , 
c 

Many of the changes that have been reported in 

photoreceptor synaptic terminals have also been observed in 

retinas exposed to extremes of temperature or light. 

'Schaeffer and Raviola (1976, 1978), for example, 

demonstrated increased terminal sizes in.turtle 

photoreceptors when the animals were .maintained at 4°C. 

They suggested that the lowered body temperature inhibited 

the membrane retrieval process resulting in an increase in 

terminal size as synaptic vesicje membrane was added"to" the 

plasmalemma during vesicle exocytosis. 

A variety of'morphological changes have also been 

reported to 'occur on an ongoing basis in normal, diurnally 
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entrained animals. Cooper and McLaughlin (1982) and Cooper 

et al. (1983) have provided evidence/to suggest that, in 

chick photoreceptor synaptic terminals-exposed to a 12:12 

L:D lighting cycle, membrane diverticula are created to 

serve as ''Storage areas' for membrane added during 

transmitter release.. These multiple membrane domains were 

noted at various times throughout the lighting cycle, and " 

the author's suggest that they disappear when the stored 

membrane is recycled into synaptic vesicles. Ball and 

Dickson (1983) also reported cyclic alterations in the 

synaptic terminals of aquatic newts exposed to a 12:12 L:D 

diurnal lighting cycle. In their study, the photoreceptor 

synaptic terminals became significantly larger in area late 

in the dark part of the cycle, suggesting that additional 

membrane was being indorporated into the plasmalemma, due 

possibly to an increased rate of vesicle exocytosis at this 

time. Similar to Osborne and Monaghan (1976) and Cooper and 

McLaughlin (1982), Ball and Dickson (1983) observed 

dense-cored vesicles 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 have the opportunity to become 

"supercharged" with transmitter as evidenced by the 
> 

increased number of dense-cored vesicles. 

Fluctuations in tlte physical relationship between the 

photoreceptor synaptic terminal and the invaginating 

postsynaptic elements have also been reported* Brandon and 
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tarn (1983) observed an increase, during the dark, in the-

amount °of photoreceptor plasmalemma in the rat vf ollowing a, 

period of active vesicle fusion, but suggested that this 

membrane addition, together with the subsequent evagination 

of the terminal plasmalemma, is localized to the area 

adjacent to the postsynaptic horizontal cell processes. 

Further, they suggested that this localized addition and 

subsequent retrieval of membrane occurs only in rod synaptic 

terminals. Raynauld et al. (1979) and Wagner (1980), 

however,^noted an increase in finger-like extensions of I 

invaginating horizontal cell processes of the goldfish in ^ 

the light-adapted* state. These structures, which they *"*" 

called spinules, almost completely disappeared after dark 

adaptation. Dark-adapted retinas also are reported 

(Schaeffer and Raviola, 1976) to have an increased ratio of 

synaptic contact area (photoreceptor plasmalemma adjacent to 
• i 

the invaginating processes of bipolar and horizontal cells) 

over areas of non-synaptic contact (remainder of the 

photoreceptor terminal membrane). 

To. date, attempts to quantify reported morphological 

changes 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 they suggested that 

the terminals of albino rabbits kept in the dark for nine 

days contained smaller vesicles then those terminals from 

animals sampled in the light. These findings were later 
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disputed by Mount ford "(1963) who, following statistical 

analysis of the vesicle populations, concluded*that the 

vesiple size did not vary significantly between samples 

obtained in the light and in the dark. c5a99 (1969) c •' 

^supported the findings of Mountford (1963), when«he fitjund no 

change in synaptic vesStcle diameter in newborn" rat 

photoreceptor synaptic terminals sampled in the light and in 

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

of vesicles within terminals, as well as a' decrease in 
i 

„ terminal width during the light period of a diurnal cycle, 
-i 

.When taken together, these findings led him to suggest that ' 

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

changed, but rather the synaptic vesicle density varied 

according to the changing terminal size. This cpncept-of 

steadyr-state synaptic terminal vesicle population size has 

recently been confirmed in the retina of an aquatic newt, 

Notophthalmus. as well (Ball and Dickson, 1983), 

Perhaps the most controversial quantitaive studies to be 

carried out on photoreceptor synaptic terminals have been . 
t 

those dealing with synaptic ribbons. Synaptic ribbons are 

organelles, which appear in thin sections as eljgtron-dense 

lamellar structures, and have* been known by a variety of' 

names, including membrane processes (DeRobertis and Franchi, 

1956), synaptic "lamellae (Cohen, 1960; Fine, 1962; Ladman, 

1958) and synaptic ribbons (Sjostrand, 1958). Although the 

function of synaptic ribbons (lamellae) is as yet 

unconfirmed, they have been suggested to subserve in the 



-' 11 - " . 

maintenance of synaptic terminal membrane shape, as well as 

having an orienting effect."on the synaptic vesicles within 

the terminal (Bunt, 1971)-, or possibly to function as 

storage sites for transmitter substances (Osborne and 

Thornhill, 1972). \ ^ 

Synaptic ribbons have also been reported to undergo -. " 
v ' * u 

morphological alterations in response* to lighting 
/ 

conditions. In fish, Wagner (1973)/and Wagnex-ahd Ali 

(1977) reported a reduction in synaptic ribbon numbers in 

cones during the dark portion of a-light:dark cycle; 
9 

however^ no change, in ribbon number was.observed in rod 

synaptic terminals. Alternatively,. Spadaro et al. (1978) 
*» reported a decrease in rat rod and conef ribbon numbers in 

the* dark. In addition'to variation inS*e number of 

synaptic ribbons, a Reduction in their'length has also been 

reported in a cichlid fish and the African claw-toed "frog, 

Xenoppg, during the dark part of the diurnal cycle (Grun, 

1980), while Spadaro et al. (1978) noted a shortening in 

synaptic ribbon length during the light portion of the cycle 

in both the rods and cones of the albino rat. 

To date, precise quantitative analyses qf diurnal 

Variation in, photoreceptor synaptic terminal size and shape, 

synaptic ribbon lengthftand^synaptic ribbon** numbers have, for 

the most part, been inadequate ei^jh*^ from a sampling or 

from a statistical standpoint. Therefore,, in order to more 

. accurately quantify any of these variations that might be 

X 
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occurring in adult, fetal and neonatal guinea pig retinas 

exposed to a normal 12:12 diurnal (L:D) lighting cycle, as 

well", as in tissue from long-term light (LsL) and long-term 

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

employed rigid sampling criteria, coupled with morphometric 

and -"computer assisted three-dimensional reconstruction 

analysis. " • . 



II. MATERIALS AMD METHODS 

A. Experimental Animals ^ 
„. • f 

Adult Hartley-outbred guinea pigs.(High Oaks Farms, 

Oakvis!iJ.e, ON) were housed in "rack cages, given food arid 

water M libitinti and entrained to' a 12" hr light: 12 hr dark 

diurnal lighting regime for at least 2 wk prior to the 

initiation of experiments." 

In order ^o ensure a continual supply of accurately 
- - * r I . ° . ; ..,— 

'timed fetal animals, sexually- mature adulta-were"~obtained 
i 

and a breeding colony, established. The time of mating was 

estimated by allowing a male to be in contact with females 

for a single 24-hr period, after which the females were 

'housed-separately. These females were then checked, by 

palpation, at regular intervals to establish if they were 

pregnant. In addition to this method of age determination 

from mSting times, the criteria established by Draper (1920) 

based on crown to rump measurements, were ujed to confirm 

fetal age at the time of sacrifice. 

Neonatal ,animals were obtained from breeding colony 

stu>ck. When a pregnant sow was nearing the end of term,- she 
9 

was carefully monitored to establish the time of birth of 

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

13 -
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dark period of the diurnal cycle, p"ups werte stated to be 

1 day of age during their first light perio^d. 

•v * 

l 

B. Lighting Conditions 

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

(a) Adult . • 

Pregnant females (at approximately the 62nd day of their 

pregriancy), as well as male and non-pregnant female, .guinea 

pigs -weighing approximately 800 g> were anesthetized with 

Somnotol (M.T.C. Pharmaceuticals, Hamilton, dN) at a dosage 

of 60 mg/kg body weight, at ten times throughout the 24-hr 

light:dark cycle, and their eyes were enucleated. Those 

aflrimals sampled during the light- period of'the cycle had ' 

their eyes removed under ambient' room lighting conditions, 

with an illumination .of approximately 110 ft-c. In*the dark 

period, eyes were removed with the aid of an infrared 

intensifying viewer (Metascope model 9902 E/A, Varo inc., 

Garland, TX). A minimum of two-adult animals were sampled 

at each sample time. Additional adult animals were sampled 

at critical times, bringing the total to four animals at 

1830 and 2000, while five (total) animals were sampled at 

060Q and 0800 respectively. 

(b) Fetal 

Fetal specimens were obtained at the. same time that ̂ eyes 
i 

were removed from pregnant females, and under the same •> 

lighting conditions. Once the fetuses "were removed from the 
J 
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sow, they were anesthetized with Somnotol at a dosage of 

6*0 mg/kg body weight. 

(c} Neonatal 

1 Neonatal -animals were anesthetized (Somnotol; 60 mg/kg 

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

during a 12:12 L;D cycle. These sample times were chosen as 

representative times in £he centre of the lighting periods 

.(I.:D). 

According to the aging criteria established in Materials 

and Methods, Section A, animals that were 1, ^, 5, and -7 

days pf'agq were used. At each sample time, at least two 
\ 4 ' r 

animals from each group were-sacrificed. / 

(ii)'Long-Term'Light and Dark Adaptation 

Adult animals that had previously 'been-'ent.rained to a 

diurnal cycle, were exposed to long-term -light or . "* 

alternatively long-term dark adaptation. These animals were 

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^previously obtained 

from adult animals exposed1to a diurnal lighting cycle (see 

Section B, i, a above). Eyes obtained in the light were 
o 

removed-under ambient room lighting conditions, "while those 

obtained in the dark were enucleated in the dark as above. 
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C. Tissue Preparation 

Once removed, the eyes were pierced at the corneo-scleral 
\ 

junction and immersed in a trialdehyde fixative containing v 

2.0% glutarad^dehydi (Marivac Ltd., Halifax, NS), 1.0% 

paraformaldehyde (Fisher Scientific Ltd*, Toronto, ON) and 

1.0% acrolein (Polyscience Inc., Warrington?. PA), in sodium 

cacodylate buffer (0.15M for adults eyesr 0.09M for" fetal^ 

eyes; 0.10M for neonatal eyes), with 2.0 mM CaCl2 at pH 7.3. 

Fixatives were balanced with sucrose to obtain a final 

osmolarity of 796-808 mOsM for adult eyes> 696-706 mOsM for 

,fetal eyes and 715-725 for neonatal eyes, as determined by a 

freezing-point depression osmometer (Osmette A, Precision 

Systems Inc., Sudbury, MA). < After 1 hr in fixative dt 4°C, 

the anterior segment of each eye was removed and the 

> posterior pole returned to the fixative for an additional ' 
t 

2 hr. . * 

* Following primary fixation, the tissue was cut into 
v 

small wedge-shaped pieces, so that representative" samples 

from all quadrants of the cetina were obtained. These 

pieces were then placed in a 5.0% buffered-sucrose solution 

before being osmicated for 1 hr in 1% cacodylate-buffered 

OSO4. The tissue was then stained e_a block with aquaeous 

uranyl acetate for 1 hr, dehydrated through an ascending 

acetone series and embedded in TAAB (TAAB Laboratories, 

Reading, England) low viscosity resin./ , 

Two blocks from each eye, of each animal, were selected 
. * t 

at random and Oriented such that the photoreceptors were 
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Sectioned ̂ parallel to their long axes. Pale-gold sections, 

Approximately 100 nm thick, as judged by the fold technique 

of Small (1968), were cut using a diamond knife. The 
* 

sections were collected on large-mqsh Formvar-coatedogrids 

and Stained with saturated aqueous uranyl acetate for 

,30 min, followed by lead citrate (Reynolds, 1963) for 1 min. 

D.' Morphologica.1 Examination " *v 

i 

i r 

(i) Three-Dimensional Reconstruction 

In brder to more readily visualize any changes that 

might be occurring during the diurnal lighting cycle, 

three-dimensional reconstructions of selected terminals from 

representative times in the cycle were undertaken using the 

e blocks that .had been used for the morphometric -
» 

asurements (see Section D> ii, below). Serial thin 

sections were cut using a odiamond knife and collected on • 

Formvar-coated slotted grids. An average .of 45 sections foc^ 

alpha and paranuclear rods, and 80 sections for cones were 

needed to traverse the extent of eachof these terminals. 

As with morphometric measurements, only those sections wh;Lch 

showed no obvious distortion due to compression or expansion 

were then photographed on Kodalith 2577 Estar-base 70-mm 

roll film, at a fixed standard .magnification using the 

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

magnification consistency. «\ 

Negative images were projected onto transparent acetate 

< 
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sheets and 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 

tracings were aligned using at least three landmarks other 

than the terminal that was,being reconstructed (Fig. lb), 

the profiles were coded, digitized and the data stored in 

the Zeiss JBAS IB image a'nalysis computer. 

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) digital-blotter. Shading to 

enhance the three-dimensional perception was added manually. 

* - v ^ 
(ii) Morphometric Measurements ' „ 

All specimens were coded to prevent any operator 

prejudice during the various phases of morphometric 

analysis. 

A cascade sampling design (Cruz-Orive and Weibel, 1981) 

was employed, with a minimum of two animals being sampled at 

each time. Electron micrographs of synaptic terminals from 

each sample time and from each of the three photoreceptor 

types, in adult, fetal and neonatal retinas, were taken at a 

fixed standard magnification using the monostable mode of 

the Zeiss EM 10. Initially, serially-sectioned material was 

used to establish sampling criteria., To ensure that all 
a-

samples were taken only from the central region 

(mid-sagittal) of receptor terminals, only those terminals 
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which contained a synaptic ribbon, were at least 3 to 5 pm 

in length, and showed invaginations of postsynaptic elements 

were photographed. That portion of the synaptic terminal 

extending from the base to a level 3 pm (for rods) and 5 Jim 

(for cones) proximal to the base, were digitized (Fig. 2), 

These zones were judged to include tooth the areas of < 

postsynaptic element invagination and vesicle membrane 

recycling. Accordingly, each synaptic-terminal profile was 

analysed for size change, by measuring both the terminal 

area and the perimeter. Shape change was detected by 

computing a'form factor, which in effect measures the amount » 

of infolding of the synaptic terminal membrane (Form Factor 

= (4 IT * AREA) / (PERIMETER) 2 ). Synaptic ribbons within 

the photoreceptor synaptic terminals were also digitized and 

their lengths, as well 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. These additional measurements were made in order 

to detect any effect that nuclear-size change might have on 

the synaptic-terminal parameters measured for paranuclear 

rods, sinc4y:he measurements of paranuclear rod synaptic 

terminals necessitated the inclusion of a portion of the 
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nuclear perimeter (see Fig, 2b). v { • * " J • Statistical analysis of the raw data was'accomplished 

using the BMDP computerized statistical package (BMDP 

Biomedical Computer Programs, University of California, 

BMDP-82/CDC Version),„using a mixed model of variance and 

co-varia'nce (BMDP-3V). The results were subsequently 

plotted against 'a 24-hr time axis, 

(iii)-Numerical Density of Synaptic Vesicles 

In order' to obtain a more complete picture of the 

synaptic terminal membrane pool, a stereological analysis 
0 

was run to obtain a statistical estimate of synaptic vesicle 

packing density (Nv). To effect this three-dimensional 

calculation, vesicle profiles were photographed at a fixed 

standard magnification (33,000 X). The images were 

projected onto the Zeiss IBAS IB digitizing tablet and were 

overlayed with a quadrilateral 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) were digitized to 

determine'vesicle area, perimeter and maximum diameter. In. 

addition, the section thickness was estimated using the fold 

technique of Small (1968). Once these parameters were 

known, IBAS stereological programs were run to estimate the 

numerical particle (synaptic vesicle) densities (Nv) from 

t 
\ 
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the formula: 

Nv = 4 a — , % 

(t+2/3DQ)*AT 

Nv = numerical particle density (# particles / um3) 

Na = number of particles (per um
2) in AT 

AT = sum of reference 'areas in pm2 

t = section thickness in um 

DQ = mean of the particle diameters in ̂ m' 

This IBAS formula is based on an earlier formula (Nv=Na X 

l/(D+t)) used by Abercrombie (1946), but has been modified 

(IBAS software documentation, 1981) to better estimate 

numerical particle density, when section thickness is 

greater than 10% of the particle diameter, and when an * 

area-type (planimetry) analysis is used, as compared to 

point counting or linear analysis. ,_, 

Since the vesicle numerical-density (three-dimensional) 

estimations, were ultimately to be used in conjunction with 

the two-dimensional area and perimeter measurements of* 

synaptic terminals (see Materials an/3 Methods, Section D, 

ii), these three-dimensional computations had to. be 

converted back to two-dimensional data using the formula 

(3,/NV )2. Since the three-dimensional stereological 

determinations had taken into consideration both the mean 

vesicle diameter and the section thickness, these 
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transformed 2-D data were statistically much more accurate 

than 2-D data which one might generate directly from a 

morphometric-type of analysis of the exact same samples. 

Once conversions of the numerical densities were 

completed,,values for the number of-vesicles per um2 and the 

number of synaptic vesioles per terminal profile were 
* 

tabulated for each sample time. The raw data were 

statistically analysed as above, and the results plotted 

against g 24-hr time axis. 
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I I I . RESULTS 

' A". Qual i ta t ive 

V (i) Light Microscopy - Guinea Pig Retina 

f (a) Adult 

Semi-thin sections were cut through the full width of 

the retina to ensure that the photoreceptors were being
s' 

sectioned parallel to their long axes. The adult guinea pig 

retina (Fig, 3) is similar to other mammalian retinas in 
v 

that it can be subdivided into ten layers. In Figure 3, 

beginning with the outermost, or scleral layer, they are: 

1) the retinal pigment 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 a true membrane, but rather a series of 

junctional complexes between the retinal glia (Muller 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 

- 23. 
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layer; 5)'the outer plexiform layer (OPL), where the 

photoreceptor synaptic terminals contact dendrites of the 

bipolar and horizontal cells; 6) the inner nuclear layer 

(INL), containing the nuclei of the horizontal, bipolar, 

interplexiform, amacrine and glial (Muller) cells of the 

retina; 7) the inner plexiform layer(IPL), where the bipolar 

and amacrine cells synapse with dendrites of the ganglion 

cells; 8) the ganglion cells layer (GC); the axons of these 

cells form bundles within the inner retina, giving rise to; 

9) the optic nerve fiber layer; a«d finally, 10) the 

internal limiting membrane (ILM), which is formed by the 

apposition of the expanded inner ends of the Muller cells, 

and, by their basal lamina, separate the retina from the 

vitreous body of the eye. 

i 

4 

(b) Fetal and Neonatal 

Fetal and neonatal retinas were also sectioned in a 

manner similar to the adult tissues. .Since the 

photoreceptor synaptic terminals of both fetal and neonatal 

retinas were tq be cqmpared with adult receptor terminals, 

it was necessary to establish that the former were fully 

developed. When the fetal retinas (Fig. 4), which were 

approximately 62 ± 1 days of gestation, and the neonatal 

retinas 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 discernible 

photoreceptor outer and inner ̂ segments; and 3) have outer 
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segments sectioned parallel to their long axis'. Spira 

(1975), when studying the development of the guinea^Kg 

retina, used the resolution of all ten layers in the. retina 

and the presence of differentiated outer segments as his 

light microscopic criteria for establishing retinal ~ 

maturity. The fetal and neonatal retinas used in this study 

met Spira's (1975) light microscopic criteria for retinal 

maturity.- , Electron microscopic examination of these retinas 

(see Section A, ii,'below) was needed to confirm their 

maturity. 

r 

(ii)'Electron Microscopy- Synaptic Terminals 
. -\ 

The electron microscopic appearance of the three types 

of photoreceptor synaptic terminals^ (alpha and paranuclear 

rods, and cones) in the guinea pig retina is illustrated in 

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

rods are associated with a single triad of invaginating* 

neuronal cell processes , (*, Fig. 5 and 6), but unlike the 

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

positioned at the inner border of the ONL, such that they 

protrude into the synaptic terminals and are in close 

proximity to invaginating postsynaptic elements (*, Fig. 6). 

Alternatively, cone synaptic terminals ,(Fig. 7) possess 

multiple invaginations from postsynaptic elements 

(*, Fig. 7) along the whole of theiWitiore flattened basal * 

surfaces. Common to all three receptor .terminal types ,-al!*e 

trilaminar, electron-dense structures known as synaptic 

< 
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ribbons (SRs - arrows, Fig. 5-8). Each SR is positioned in 

close proximity to a curved, electron-dense structure, the 

arciform density (open arrow, Fig. 8) which separates the SR 

from the presynaptic plasmalemma. Some synaptic vesicles 

(small arrow heads, Fig.- 8) are found in close association 

with the SRs while others are scattered throughout the " 

synaptic terminals of all three photoreceptor cell types. 

' In addition to' the above complement of. organelles, each 

photoreceptor synaptic terminal (both rods and cones) 

contains an organelle £nown alternatively as a "synaptic ' 

spindle" (Mountford, 1964) or more recently as a 
» 

"cross-striated filament complex" (Spira and Milman, 1979). 

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 thihx(6-10 nm) 

filaments with regular (55-65 nm periodicity) 

cross-striations (open arrows, Fig. 12). In synaptic 

terminal profiles from all three photoreceptor cell types 

that/were used for morphometric measurements, these fibril 

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

.(approximately 0.1 ̂ um in diameter) in association with the 

SR (0pen arrows, Fig. 10b). 

•f * 

/Fetal and neonatal synaptic terminals, when examined at 

the ultrastructural level, appeared identical to the adult*1, 

except tha}: adult terminals are approximately 15% larger. 

The presence of synaptic vesicles and synaptic ribbons in 

the photoreceptor synaptic terminals fulfilled the electron 
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microscopic criteria for functional retinal maturity 

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. 

B. Quantitative - Synaptic -Terminals 

(i) Diurnal Lighting Effects - Adult 

(a) Morphometric Measurements 

s* Photoreceptor synaptic terminals from adult guinea pig 

retinas were examined and photographed at various sample 

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 profile area, perimeter, degree of 

infolding (form factor) and synaptic 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 diurnal cycle (Fig. 13). This began with a gradual 

increase starting 1 hr"before lights on (x«3.1 ;im2 for alpha 

rods; x=2,9 pjffi for paranuclear rods; x=9.6 ̂ lm2 for cones), 
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and peaked within 2 hr (lhr after lights'on: x=3.9 jam2 for 

alpjha rods; x=3.5 ;im2 for paranuclear, rods; x=ll.8 um2 for 

cones). Over the remainder-of the day, terminal profile 

area gradually declined until 1 hr before, lights off, when 

values were at a similar level to those recorded during the 

dark period of the cycle (Fig. 13). 

Although postsynaptic elements are seen to invaginate 

into all three synaptic'terminal types, in both the light 

and dark periods of* the cycle, qualitative differences 

appeared to exist in the degree of penetration of these 

postsynaptic processes, between Samples talufen fri the light 

and- in the dark. In order to quantitate •„thlese perceived "" 
* ) • ' 

changes, form-factor measurements" (dagĵ ej of 
li,"' • „ ' « 

. synaptic-terminal membrane infojding) were .calculated over 

the diurnal cycle. A significant reduction (p^O.001 for „ 

alpha rods; p<0.004 for cones) in terminal membrane fx-

infoldihg (postsynaptic processes less deep~Xy invaginated)-

was indicated when form-factor measurements (Fig, .14a, c) 

began to increase late in the dark period, in apparent, 

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 mid-dark period levels (x=0.35 for alpha, 

rods; £=0.29 for cones) as the time for lights out 
* \ ' 

approached, indicating that the terminal plasma membrane was 

becoming,more highly convoluted at this time. As a result/ 

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

terminals. Although form-factor measurements obtained from 
s 

paranuclear rods ,(Fig. 14b) also appeared to demonstrate a 

„ cyclic trend, which was similar to the other two terminal 

« yypes, clear statistical significance was not obtained 

(p=0.065). ^ 

While increases in terminal profile area could be 

explained by the terminals becoming more rounded through 

decreased terminal membrane folding (increased form-factor 

values), terminal profile area could also increase as a 

- result of .additions to the terminal plasmalemma surface 

' area. This Tatter suggestion could be tested by measuring 

the terminal profile perimeter. 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 
j a 

(p<0.001 - Fig. 15b). From a maximum of x=10.8 pm for alpha 
am '° 

rods and x=13.7 um.for paranuclear rods sampled early in the 

dark period of the cycle (2330), perimeter values fell, with 

minimum values being recorded late in the dark period, just 
« 

prior, to lights on (0600: >h8>.6 pvx for' alpha rods; x=10.9 )xm 

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 ,um for paranuclear*rods). The measurements from cone 

terminals profiles were equivocal, as they showed a greater 

perimeter variance during the'cycle than did the rods, with 

the result that no significant change (p*0.271) could be 
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demonstrated during the 12:12 diurnal cycle (Fig. 15c). 

In an effort to provide, a more complete quantitative 

assessment of the synaptic-terminal membrane pool, synaptic 

vesicle size and numerical 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; 

p=0.520 for perinuclear 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 synaptic 

vesicle packing density was calculated, a significant 

increase in the number of vesicles per jam2 (p<0.017 for 

alpha rods; p<0.029 for paranuclear rods; p<0,011 for cones) 

was observed during the light period, for all three receptor 

cell types (Figs. 17) . Further, when these vesicle 

„ , numerical-density measurements were corrected to reflect 

synaptic-terminal profile size changes over 24 hr, the. 

<• results expressed as vesicles per synaptic-terminal profile, 

\ H became highly significant (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 diurnal 

cycle (Figs. 18). 

, In addition to the statistical analyses which were run 

ih order to evaluate variations in synaptic terminal 

./ morphology for each photoreceptor cell type at each sample 

H time over the complete diurnal cycle, comparisons we're also 

I ' 
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ŝ made of synaptic vesicle density between the three terrajLnal 

types at each of the sample times. These analyses 

•demonstrated a significant (p<0.001) difference in vesicle 

, numerical density between paranuclear rods and the other two 

photoreceptor cell types at all sample times; on the' 

average, alpha rods and cones contained 49% more vesicles 

per pm2 -than did paranuclear rods. There.was, however/ no 

such difference between the cones and alpha rods (p=0.737) 

at any of the times sampled (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-terminal types had not 

been influenced by the inclusion of a portion of the nuclear 

perimeter in the measurements (see Fig. 2b). Accordingly, 

the perimeter^ of paranuclear rod nuclei were measured at 

each sample time during the diurnaJ.- cycle and the values 

subjected to statistical analysis. The calculated p value 

for paranuclear rod nuclear perimeter measurements (p=0.515) 

' clearly indicates that no statistically significant changes 

occurred in this parameter during the diurnal cycle. 

(b) Three-Dimensional Reconstructions 

In order to more readily visualize those changes in° 

photoreceptor synaptic-terminal area, perimeter and shape, 

that were indicated by morphometric measurements, 

three-dimensional reconstructions were made for 



I 
representative times in light (llOO) and dark (0230) periods 

of the diurnal cycle. The most "striking change observed in 
« * a* 

alpha rod and cone terminals (Figs. 19a, c) was the 

increased size in the light (Figs-. 20a, c) as compared to 

the dark (Figs. 2*1 a, c),° In addition, the aljbha rods and 

cones appeared obviously rounder in the light (F(igs. 20a, 

c), and this had been predicted by the increased form-factor 

measurements. Differences in paranuclear rods'(Fig. 19b) 

reconstructed from samples taken in the light (Fig. 20b) and 

dark "(Fig. 21b) are not obvious. The subtlety of these 

changes is, however', reflected in the morphometries values 

for area (p<0.04) and form factor (p=0.065) differences „ 

, between these two sample times; the ar-ea difference is 

" marginally significant, while the latter falls slightly 

below statistical significance* .Therefore, although changes^ 

a were often not readily detectable in single sections or even 

3-D reconstructions, the statistical analyses of the A 

paranuclear rod data do suggest, however, that differences 

probably did exist. 

(ii) Long-Term Light and Dark Adaptation - Adult 

As previous results obtained from eyes sampled at^oeOO 

(late dark) and 0800 (early light) of a normal diurnal 

lighting cycle have indicated, there was a significant and 

rapid increase in photoreceptor synaptic terminal area'in 

all three cell 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 maintaining animals either in the dark or in 

constant light, for up to 2 wk; samples from both 

experimental groups were then taken at both 0600 (normal 

late "dark period of diurnally entrained animals) and IreOO 

(normal early light period of diurnally entrained animals), 
o 

after 2, 7, and 14 days in these lighting regimeŝ . 

. The results from -long-term light- and dark-adapted 

retina's indicated that there was no significant differences 

in,synaptic-terminal area" values" (rods or cones) between the 

two sample times "(0600 and 0800) for either the extended 

light or extended dark conditions. In addition, contrary to 

earlier diurnal results, both types of rod terminals exposed 

to continual darkness became sighifican'tly larger (p<0.01 

for alpha rods; p<0.001 for paranuclear rods) than their 

counterparts from the extended light experiment (Figs* 22a, 

b). Alternatively, cone terminals 'showed no significant 

change (p=0.10) between long-term light and dark adaptation 

(Fig., 22c). However, in spite of the above, when thea 

terminal profile areas frdm extended light and dark regimes 

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

diurnal cycle, the values from extended lighting conditions 

- w"ere significantly (p<0.01) smaller than diurnal values. 
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(iii) Diurnal Lighting Effects - Fetal 

Morphometric determinations carried out on fetal 

synaptic-terminal profiles were generally unremarkable. 

Area values 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 paranuclear rods - Figs. 23a, b). 

Cone terminal profiles were unchanged as well, except for 

one significantly increased point (p<0.01) occurring shortly 

after lights on at 0730 (Fig. 23c). The degree of terminal 

membrane infolding did not appear to change significantly 

for either paranuclear rods (p=0.240) or for cones (p=0.10) 

during the 24-hr cycle (Figs, 24b, c); alpha rods showed 

only one significantly increased point (p<0.01) and this 

occurred at 1100 in the light period (Fig, 24a). Perimeter 

measurements for all three synaptic-terminal types showed no 

significant change (p=0.089 for alpha rods; p=0.075 for 

paranuclear rods; p=0.105 for cones) during exposure of the 

pregnant females to a diurnal lighting regime (Fig. 25). 

(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 a diurnal lighting cycle, neonatal animals 

of 1, 3, 5, land 7 days of age (see Materials and Methods, 

Section A) were exposed 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 significant 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), 

V* 
C. Quantitative - Synaptic Ribbons 

f i) Diurnal Lighting Effects - .Adults 

(a) Three-Dimensional Reconstructions 

Reconstructed images of SRs, from both light and dark 

periods of the diurnal lighting cycle, have demonstrated the 

complex yet consistent architectonics of these organelles! 
if 

In both alpha and paranuclear rods, a single 

horseshoe-shaped ribbon is found in the central basal 

portion of the/terminal*, where the postsynaptic elements 

make contact (Fig. 27). Conversely, cone terminals contain 

numerous SRs (Fig. 28), and these generally assume a basal 

location, with the majority concentrated in the central 

basal region of the terminal 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 are evident in 

conventional electron micrographs (Figs. 5-7), where the 

distance from the first to' the third lamina of a SR*. 

.represents the thickness (Fig. 8). Ribbon width, referred 

to as*length by'others (Spadaro et al., 1978; Wagner, 1973; 

Wagner and Ali, 1977), can be defined as the distance from 

r 

» 

1 
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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). 

In cone terminals, a variety of SR configurations were 

evident (Fig. 28). These, differences 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 

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 portion; it also-

demonstrates the three-dimensional relationships between 

ribbon thickness and" width. 

The reason why^these organelles assume such complex 

conformations became evident when SRs .were reconstructed in 

relation to" invaginating postsynaptic elements. The . 

curvature in the middle portion j»lkthe, SR, which gave the SR 

its characteristic horseshoe anape, was due to the presence 

of the bipolar celT'process (Fig. 31b). Themiddle portion 
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of the SR also conformed to the contours of the processes of 

horizontal cells which were located laterally (Fig. 31c and 

.d). 

By utilizing a representative computer-generated 

three-dimensional reconstruction of a rod synaptic terminal, 

together with its SR,"it was possible tp 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 length. Three potential 

sectioning angles (s, s' and s'1, Fig. 32a) are indicated, 

together with the hypothetical thin-section profiles to be 

expected from each of these cuts (Figs. 32b-d). If 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 in 

SR numbers could result, due to the curvature at the end of 

the ribbon (Fig. 32b). Further, a false increase in SR 

'length* (Fig. 32c)'could also result from a section angle 

that is tangential to the orientation of the ribbon 

(s1. Fig. 32a). However, if sections'are taken consistently 

through the longitudinal axis and from the central region of 

the receptor terminal (s11. Fig. 32a), the SR will always be 

cut through its width in its middle portion (Fig. 32d). 

(b) Morphometric Measurements 

In addition to threerdimensional reconstructions of 

synaptic ribbons, SR 'length', which is actually ribbon 
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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 pm 

for alpha rods, 0.23 to 0.36 um for paranuclear rods and 

0.29 to 0.36 um for cones (Figs. 33a, ,c, e). However, 

calculated p values '(p=0.373 for alpha rods; p=0.270 for 

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, d, f). In spite 

of the larger variation in ribbon numbers in cone terminals 

(Fig. 33f), the* statistical" analysis clearly indicated that 

there was no significant change (p=0.516 for alpha rods; 

p=0.934 for paranuclear rods; p=0.678 for cones) in the 

number of SRs per terminal profile, during the light:dark 

cycle either. 

(ii) Long-Term Light and Dark Adaptation - Adult 

•To test the effect of both long-term light and long-term 

dark* adaptation on synaptic ribbon length and numbers, 

synaptic'ribbons from .photoreceptor synaptic terminals of 

retinas that had been sampled after 2, 7, and 14 days in 

continuous light, or continuous dark were measured. The mean 

SR 'length" for extended light, regime samples ranged from 

0.16 to 0.49 ̂ m for alpha rods, 0.21 to 0.27 pm for 

* ' -" 
1 w , 
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paranuclear rods and 0.27 to 0.31 pm for cones. The mean 

values for SR 'length' in synaptic terminals exposed to 

contiuous darkness ranged from 0.20 tq 0.27 pm for alpha 

ifbds, 0.24. to 0.30 pm for paranuclear rods and from Oi'2-7 to 

0.33 pm for cones. 

When p values were calculated for SR 'length* (Fig. 34a, 

c, e) they showed-that there was no statistically 

significant difference (p=0.544 for alpha rods; p=0^183 for. 

paranuclear rods; p=0.764 for cones) between either 

long-term light or dark1adaptation; the two sample times 

(0600 and 0800); or among the number of days in a given 

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

values were calculated Eor 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 occurred Between any of the experimental 

conditions (sample times, number of days in a lighting 

condition ̂ or type of lighting/̂ ĉbndition - Fig.-34b, d, f). 

(iii) Diurnal Lighting Effects - Fetal 

Synaptic ribbon "lengths'"} when calculated for fetal -

synaptic terminals, were found-to" have mean values which 

ranged from 0.28 to 0.39 pm for, alpha rods, 0.34 to 0.45 pm 

* J 

for paranuclear rods and from 0.31 to ,0.38 um for conesi 

When analysed, no statistically significant changes in SR 

"length" was evident (Fig. 35a; c, e) in, any of the 

synaptic-terminal types during the 24-hr cycle, as indicated 
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by calculated p values of 0.717 for alpha rods, 0.210 for 

paranuclear rods and 0.755 for cones.* Similar to adult 

synaptic*terminals, there was no statistically significant 

change (p=0.170 for alpha rods; p=0.827 for paranuclear 

rods; p^0.183 for cones) in the number of synaptic ribbons 

per fetal synaptic terminal during this diurnal cycle either 

(Fig. 35b, d, f)W - . -

(iv) Diurnal Lighting Effects - Neonatal 

• -Neonatal 'animals were sampled at 0230 in the dark 

period of a diurnal lighting cycle, and at 1330, in the 

light period of the cycle. Neonatal SR 'length' values 

ranged from 0.19 to 0.22 pm in alpha rods; 0.21 to 0.24 pm 

in paranuclear rods; and from 0.22 to 0.26 pm in cones. 

Calculated p values of 0.150 for alpha rods, 0.282 for 

paranuclear rods and 0.524 for cones indicated that there > 

was no significant change (Fig, 36a, c, e) between either 

the two sample times (0230, 1330), or between the four 

sample ages (1,^3, 5, 7 days). 

Morphometric measurements on the number of SRs per 

terminal (Fig. 36b, d, f) indicated that, just as for both 

adult and fetal terminals, no .statistically significant 

differences existed (p=0.587 for alpha rods; p=0.550 for 

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

times, or between the four different age groups. 

•"* 
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' -* . ' FIGDRE 1 

a. Photograph of colour-coded synaptic terminal 

tracings on a transparent acetate sheet. This tracing, from 

the central region of a cone terminal (serial section number 

4T), shows the terminal that is being reconstructed (open 

arrows) as well as other terminals (*) that are present on 

.. the electron micrograph negative. The crosses (arrow heads) 

are added to serve as reference points when the tracings are 

digitized on the IBAS IB. 

b. Photograph of a series of aligned acetate tracings 

(serial sections numbers 41-47) of the. cone terminal 

illustrated in figure la. The acetate tracings are aligned ' 

using at least three landmarks (*) other than the terminal 

that is being reconstructed (open arrows). After a tracing 

is added to the aligned series, the reference points (arrow 

heads) are drawn .in to indicate the sheet's relative 

position in the series so.that this position can be 

maintained when the tracing is digitized on the IBAS IB. 
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' FIGURE 2 

a. Alpha Rod 

b. Paranuclear Rod , -

c. Cone* * 

- 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 rod and cone terminals. The area, * 
i 

perimeter and the amount of infqlding were calculated from 

tracings that followed the outline indicated by the thick 

line (open arrows). , -

n=nucleus 

Bar = 1.0 pm ' 

tOM. «W#<4lCU<«>4MHMiniMVM*rt.A... 
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FIGURE 3 (Adult), 4 (Fetal) 

Light micrographs of the full thickness of "the adult 

(Fig. 3) and fetal (Fig. 4) guinê a pig retinas. Beginning % 

at the scleral side, both retinas exhibit te*n. histological -

layers-which include; 1) the, pigment epithelium (PE); 2) rod 

and cone' outer and inner segments (RCS); 3) the external v 

limiting membrane (ELM);'4) the outer nucleffr layer (ONL); 

5) outer plexifo^m layer (OPL); 6) inner nuclear layer 

(INL); 7) inner plexiform layer (IPL); 8) ganglion cell 

layer; 9) optic nerve fiber layer (NFL); and finally 10) the 

inner limiting membrane (ILM), At- 6 2 + 1 days of 

gestation, the fetal retina (Fig. 4) is thinner than the 

adult retina (Fig. 3), but is considered to be functionally 

mature based on the criteria of Spira (1975). 
1 

s 
ft 

t ' •> 

^ Bar = 5.0 pm 
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FIGURES;5 (Alpha Rod), 6 (Paranuclear Rod), 7 GConef. ^ 

Electron micrographs of mid-sagittal sections through 

the three types of photoreceptor synaptic terminals found in 

adult, fetal and neonatal guinea pig retinas. Although the 

terminals illustrated here are from an adult retina, they 

show the-same characteristics as the photoreceptor synaptic 

terminals of fetal and neonatal retinas, except that they 

are approximately 15 % larger. All three terminal types 

show invaginations of postsynaptic elements (*) in close 

relationship to the synaptic ribbons (SRs-arrow heads). 

Both the alpha and paranuclear rods contain a single SR 

A - profile and generally have similar morphological . „ 

characteristics, except that the nucleus (n) of the 

paranuclear rod is positioned within the inner portion of 

the outer nuclear layer, immediately adjacent to the1 

synaptic terminal. The larger cone terminals have numerous 

SRs* each of which is associated with one group' of 

invaginating postsynaptic elements. 

\ v—^ Bar = 0.5 um * 

."• . J 
FIGURE 8^ 

Electron micrograph of a synaptic ribbon (SR) from a 

cone terminal showing the trilaminar appearance evident in 
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thin sections. The dimension indicated by the large arrows 

represents the thickness of the ribbon. The relationships 

of the synaptic vesicles (arrow heads), which are also 

distributed throughout the synaptic terminal, and the 

arciform density (open arrow) to the SR are also shown. 

Bar = 50 nm' 
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FIGURES 9 (Alpha Rod), 10 (Paranuclear Rod), 11 (Cone) 

Transmission electron micrographs illustrating the 

cross-striated fibril (arrow heads) that, was noted in all 

three photoreceptor synaptic-terminal types found in the 

guinea pig retina, "When sectioned obliquely, these 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 with the synaptic ribbon (open arrows, 

Fig. 10b). ^~~, 

Figures 9, 10a, 11 - Bar = 0.5 pm / 

Figure 10b - Bar = 0.1 um 

J 
• FIGURE 12 / 

•i 

Transmission electron micrograph of a cross-striated 

fibril from the synaptic terminal of a cone. The higher 

magnification of this micrograph illustrates 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 

\ 
I 

\ •<•** S>iS«fc.Wtlll>. % %|> 
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FIGURES 13, 14', 15 

These figures illustrate the changes in area, perimeter 

and form factor that occurred in guinea pig photoreceptor 

synaptic terminals at 10 sample times over a 24-hr cycle; 

,a - alpha rod, b = paranuclear rod, c = cone; all data 

points represent mean sample values ± S.E.M. 

Figure 13, shows the variation in terminal profile area 

with time, where all three photoreceptor cell types 

demonstrated a significant increase (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, 
i 

Figure 14, shows the relationship between the terminal 

profile form factor (degree of infolding) and sample times. 

Form-factor measurements for alpha rods (p<0.001) and for 

cones (p<0,004) shWed a significant increase (terminals 

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). 

• s us -*&.'&#£& UjC1-** ̂ * 
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Figure 15, shows the relationship between the terminal 

•profile perimeter and sample times. Significant increases 

occurred 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). Measurements from cone terminals were 
•> 

equivocal, as they showed a higher degree of variance than 

did the rods, with the result that no significant change 

(p=0.271) could be distinguished. 
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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, c = 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 all three synaptic-terminal types and did 

not vary significantly (p=0.235 for alpha rods; p=0.520 for 

paranuclear rods; p=0.460' for cones) during the diurnal 

cycle. 

Figure 17, shows the relationship between the number of 

vesicles per um2 and sample times. All three receptor cell 

types showed significant increases (p<0.017 for alpha rods; 

p<0.029 for paranuclear rods; p<0.011. for cones) in vesicle 

density during the light period. 

Figure 18, shows the relationship between the number of 

vesicles per terminal profile and sample timers, when vesicle 

numerical density measurements were corrected ror 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<0.011 for 

paranuclear rods; p<0.001 for cones). 
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FIGURE 19. 

Transmission electron micrographs of mid-sagittal 

sections through the three types of photoreceptor synaptic 

terminals found in the guinea pig retina. These terminals, 

sampled during the light period of a diurnal cycle, all show 

invaginations of postsynaptic elements (*).in close 

relationship to the synaptic ribbon (SR) (arrow heads). 

Alpha (a) and paranuclear rods (b) contain a single SR 

associated with a single group of invaginating postsynaptic 

elements, while the cone (c) contains numerous SRs,' each 

associated with a group of invaginating postsynaptic 

elements. 

Bar = 0.5 um 

Figures 20 and 21. 

Three-dimensional reconstructions of photoreceptor 

synaptic terminals beginning in a mid-sagittal plane;, these 

reconstructions were made from two representative times, 

1100 in the light period (Fig. 20) and 0230 in the dark x 

period (Fig. 21) of a diurnal cycle. Alpha rod (a) and cone 

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

their counterparts sampled in the dark period (Fig. 21). 
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The subtlety of these changes in paranuclear rods (b.) 

between sample times in the light and dark, is reflected in 

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

(p=0.065). Since all rotational conditi'ons for ea*cn pair 

(light vs dark sample times) of reconstructions-<are equal, 

any observable differences between figures 20 and 21 can not 

e attributed to rotational distortions.- " ; 

Bar s 1,0 p 

\ 
\ 

\ 
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FIGURE 22. * 

Histograms comparing terminal profile area values 

obtained in diurnal and\ong-term light or dark conditions. 

The mean values ± S.E.M. area are illustrated. Since no 

ice 
A 

significant-differences extsjfrê  between values for 2, 7 or 
/' 14 days in extended lighting conditions,'the bars on the 

* \ 

graphs represent the results of pooled sample values. No 

differences were observed in any of the three term^mrl 

types, between the' tw6 sample times (0600 and 0800) in 

either the extended light or extended dark regimes. Both. 

alr)ha (a) and paranuclear (b) rod terminals exposed to , 

continual darkness were significantly larger (p<0.01 for 

^alpha rods; p<0.001 for paranuclear rods) than their 

counterparts from the extended light regime. Cone, (c) 
t * 

> 

terminals "showed no significant "change- (p=0.10) between 

long-term light"and dark adaptation. ; None of the terminals 

from the extended conditions approached the values obtained 

under L:D conditions-and sampled at 0800 (p<0.01) -(see 

figure 13). 

* « t 
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' FIGURES 23, 24, 25. 

These figures illustrate the relationship between feta\l 

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

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

representative sample times during a diurnal lighting cycle. 
1 

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

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

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

profile area measurements had only one significantly 

increased (p<0.01) point, at 0730. 'The degree of terminal 

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

for either paranuclear, rods (b) (p=0.240) or' for .cones (c) 

(p=0.1,0) over the* 24-hr cycle. Alpha rods (a) showed only 

one significantly increased point (amount of infolding 

increased - p'<0.0\]L) at 1100 in the light period. The 

perimeter measurements (Fig. 25) for all three terminal 

types did not change significantly (p=0.089 for alpha rods; 

p=0.075 for paranuclear rods; p=0.105 for cones) during the 

L:D cycle. 

-» , 
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FIGURE 26 

a. Alpha Rod * 

b. Paranuclear Rod 

c. Cone 

Histograms comparing the terminal profile area values of 

neonatal guinea pigV^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 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. Since no significant 

differences existed between values for 1, 3, 5 or 7 days of ' 

age, the bars on the graphs represent, the results of pooled 

sample values. 
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( 
FIGURESs 27 (Alpha Rod), 28 (Cone). 

a. A partial 3-D reconstruction, beginning near the 

mid-sagittal region of the synaptic terminal. The synapse 

ribbon (SR) is shown in sectional profile, as a plate-like 

structure, in close apposition to the invaginations of the 

postsynaptic elements. 

b. A 3-D reconstructfon of the synaptic ribbon(s) as it 
• * 

(they) appear when isolated from the terminal. 

In figure 27b, the relationship between ribbon width (w) and 

length (1) is indicated. 

c. A 3-D reconstruction of the whole synaptic terminal; * ' 

the exact position 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 

last. 

' I 
b. A stereo pair of the reconstructed SR from the 

t 

; terminal in figure 29a above. 

'' *'\ Bar • 0,5 um 

yr ': ' FIGURE 30. 

"'a, THree-dimensional reconstruction ©^ the same synaptic 

"terminal viewed in. Figure 29 a;. the" terminal has been rotated 
« » • -< 

through approximately 4,5° along its long axis. 

" • b, A stere'o pair'of" the*reconstructed«'S.R. from figure 

• .- 3,Qa. * . ' . 

Bfet " .0.5./i» . . * 
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FIGURE 31. 

a. Schematic representation of a mid-sagittal slice 

through an alpha rod* synaptic terminal, showing 

postsynaptic eleaientB of a horizontal cell (h)', bipolar 

cell (b) and a second horizontal cell (hi), 

b,c,d. Computer-generated 3-D reconstructions of the 

synaptic ribbon (SR) from an alpha rod, together with 

pastsynaptic cell processes, ' .' 

b.- Bipolar cell, (b) 

c.- Horizontal cell (hi) ' 

d,- Horizontal cell (h) 

* reconstruction of synaptic terminals from paranuclear * 

rods and cones Bhow similar relationships between the SR anc 
* -

postsynaptic elements. • 

Bar.^ 0.5 pm . • " ^ f\_ 
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FIGURE 32. 

jrhree-dimensional.reconstruction of a synaptic ribbon 

(SR> within an alpha rod synaptic terminal. This 

.reconstruction demonstrates that* if samples were to"be taken 

from the edge of the terminal {s; 32b), there could be an 

apparent greater number of ribbons, or greater ribbon 

'length" (s1) 32c), as a result of- tangential ribbon 

sections, as compared to a midline sagittal section 

(s*'; 32d) whichjallows for a consistant measurement of 

ribbon width ,('length1). 
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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 

.of SRs per.terminal profile and the time in the cycle 
* - • -

(b,d,f), The mean values ± S.E.M. for the data collected at 

the various tiayes throughout the" L:D cycle, are illustrated. 

Calculated p values for SR length (p*0.373 for alpha"rods;* 

p»0.270 for paranuclear rods; p=0.516 for cones) and for the 

number of BR per terminal profile (p=0.5I6«for alpha rods; 

p-0.934 for paranuclear"rods; p̂ O.frfŜ for cones) indicated 

that no significant change occurred in these parameters 

dur,ing Jbhe .,24-Hr cycle. * 
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J 
FIGURE 34 

Histograms showing the relationship between",synaptic 

ribbon (SR) leng£h and sample timej(a, cr e), and between 

the number of SRs per terminal profile and sample time 

(b, d, f) in adult animals exposed to extended light (L:L) 

and extended dark (D:D) conditions. The mean values. ± 

S.E.M, are illustrated. Calculated p values for SR length 

~{p»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 

times (0600, 0800), the number of days in a given lighting 
. mr » J. 

condition (2, 7, 14 days), or between continuous light (L;L) 

or* continuous dark (D:D) .regimes. Since no significant 

' * \ " • ** 
differences existed between values for 2, 7 or 14 days in. 

" ,' -A 

extended lighting conditions,, the bars on the graphs 

represent the results of pooled sample values; The p values 

calculated for- the number .of SRs per terminal profile 
fa • 

(p=0,634 for alpha rods; p=0.722 jfor paranuclear rods; 

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

had not occurred .in this parameter between any <o±% the * 

experimental conditions <sample time, number of days in 

lighting regime, otr type of lighting condition), 
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FIGURE 35 . • 
.'* * 

Graphs showing, the relationship'.between synaptic ribbon 

(SR) length and sample time <a, cr e),. and between the 

• n ^ e , <* a * pet ^ i - ! p.ofUe.an, the t i . in t * * , 

lighting cycle («8,d, f). The mean values ± S.E.M. are 

illustrated for £he fetal data collected at various times 

• throughout the LsD cycle.\ Calculated p values for SR length 

(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 

profile (p-0.170 for alpha rods; p»0.827 for paranuclear 

rbds; p»0.183 for cones) indicated that statistically 

significant changes hadCnot occurred in these parameters 

during the 24-hr cycle-; * .• 

/ 
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FIGURE 36 

I 

Histograms showing the relationship between synaptic 

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

the number of SRs per terminal profile and sample time 

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

The mean values + S.E.M. ase illustrated. Calculated p 

values for SR length (p»0.150 for' alpha rods; p«0.282 for 

paranuclear rods;vp»0.524 for cones) indicated that there 

was no statistically significant difference between the two 

sample times (1330, 0230) or-between the four neonatal ages 

(1, 3, 5, 7 days). TSince no significant differences existed 

between values for 1, 3, 5 or 7 days of age, the bars on the 

graphs represent the results of pooled sample values. J 

Similarly, the calculated p values (p«0.587 for alpha rods; 

p-0.550* for paranuclear rods; p«0.427 for cones) for the 

number of SRs per terminal profile, indicated that there was 

no significant difference in this parameter based on sample 
4c 

time or neonatal age. 
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IV. DISCUSSION 

/-"• * The process of definingcthe presence ôE specific 
* A » " .* 

K * " - morphological changes in cells usually requires the accurate 
,' > 4P* ° ° •> • ' * 
estimation of..structural parameters. The' quantification,,of 

* * 8 1 

J* I 

these parameters, while, highly, desirable, is extreme'ly 

labour intensive, and is- dependent' on a variety of extrinsic 
* j * 

9 i . [. 

factors. One such factor, that must be considered is the 

effect of electron microscope-preparation 'techniques on 

^ delicate biological tissue,' Tissue distortion following 

, 5 aldehyde fixation, dehydration and plastic embedding is>a 

major problem that has been quantified.(Arbuthnott, Ballard,' 

Boyd and Kalu, 1980; Berthold, *Corneliuson and Rydmark, 

1982; Schnepp and Schnepp# 1971; Schnepp, Schnepp' and'Spaan, 

1971) a.nd shown -to result, in an approximately 10% shrinkage 

of mammalian nervous tissue. Since the synaptic terminals 

' m , ih -this study were compared at the various sample times for 

relative, rather than absolute change, any possible error 

' induced through tissue" shrinkage (assuming, it to be constant 

- • for all samples) caused by fixation and/or embedding 

procedures should not be a contributing"factor in £he„ final 

analysis, However, .differential tissue shrinkage or 
' ' ~y • * # 
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alternatively swelling, among the various sample times,could 

t -7 * 

adversely affect' data analysis. "This latter possibility was 
controlled for in the present study by a careful monitoring1^. 

• of fixative" osmolarity and the implementation of 

standardized dehydration arid embedding protocols,' 

Sampling design- is also an extremely important factor 

when considering the interpretation of* morphometric data. * 

Accordingly, the sampling protocol chosen for this-.study wag 

a multilevel or cascade sampling designo (Cruz-Orive and. 

Weibel, 1981), where the first leyel was the animal, the ' 

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

finally, the photoreceptor synaptic terminals (from-each eye 

• of each, animal), ' Since it lias already been established , 

(Gundersun and Osterby, 1981; ,'Gupta, Hayhew, Bedi, Sharma 

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

- that biological variation is generally the largest source of 

variance in such data, the statistical analysis employed" 

must then take this into consideration." Since often it is , 

„ not possible-to»acquire samples of equal size, especially 

when dealing with/"biological materials, the statistical 
- - • -> ^ y 1* 

analysis should̂  compensate for unequal sample sizes as well 

(Kornegay and Poole, 1983). The BMDP-3V computer-based 

statistical package used in this study meets.all of these 

^ criteria by employing a mixed model of variance and ' * 

co-variance which takes into account \the effect 'of 

variations among the different animals and between the eyes> 

.of each animal, on the parameter being measured. 

0 * 
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A. Photoreceptor Synaptic Terminals • 

Alterations in the' size and shape of photoreceptor: 

synaptic, terminals as they relate to the „phenqmenon of 

membrane turnover, have bee* demonstrated in a Variety of 

Vertebrates (Ball and Dickson, 1983; Cooper and McLaughlin, 

1982; Scheaffer and Raviola, 1976), but rigorous' 

quantitative (morphometric and statistical)'evaluations have 

'" • - ' ." "% T 

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

19.80). In the present study, computer-assisted 

morphometries have been employed to evaluate' guinea pig * - ) 

photoreceptor synaptic-terminal morphology during normal r 
/' ' 

diurnal lighting events, and under conditions of extended 

light and extended.darkness. „ „ 

The first reports of vesicular profiles.within neuronal, ' 

synaptic terminals (De,Robertis and'Bennett, 1954; Palade, 

1954; Palay, 1954)" and the evidence for the quantal release 

of transmitter substance (Del Castillo and Katz, 1954), led' » 

to the origicial proposal which linked1 vesicle exocytosis to 
" • . ' * ' / " 

transmitter release at the'neuromuscular junction (De] 
> 

Castillo and Katz,-1955). This theory has'since been 

expanded to account for? both „the correlation of the number ' 

of quanta of transmitter released through fusion (Heuser and 

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

b), with complete incorporation of the vesicle membrane into 

the presynaptic membrane (Heuser and Re'sse, 1980), and the 

recycling of vesicle membrane through endocytosis (Heuser 

and Reese, 1973). Synaptic vesicle membrane recycling 
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# 

\ 

within»the terminal membrane pool (syna-pt̂ ic vesicles, 

agranular enl^plasmic.reticulum, large smooth-membrane 
*« » c 

.cisternae ajid -terminal plasmalemma) has also been jshown to * . 

occur in photoreceptor synaptic terminals,' Evidence for ? 

exocytotic fusion of synaptic vesicles with the presynaptic 

/Tnembrane has been.demonstrated both in thin-section studies 

(Ball'and'Dickson,'1983; Tsukamot'o, 1983) and in 
f, * 9 * r, ' V 

freeze-fracture studies (Cooper et al., 1983; Raviola arid, 

Gijulai. 1975; Schaeffer and Raviola, J976; /L97&). The 

occurrence of endocytosis has been demonstrated in * 

• dark-adapted retinal photoreceptor synaptic terminals by the>„ 

uptake of the.extracellular tracer horseradish 'peroxidase 

(Cooperiand McLaughlin,/1983; Ripps et al., 19̂ 76/i Schacher. ** 

et al," 1974; 1976; Scfaeffer and Raviola, 1978). ̂ Further,. , b r 

•» • m . ' u 

this uptake process has been shown to be mediated by coated 

vesicles* (Sail and Dickson, 1983; Cooper and .McLaughlin, < 

1983; Schacher et al.',-1976; •Schaeffer and Raviola,-1976;' * -< 

1978) and alsol by. uncoated vesicles at sites near the 

active synaptic zones* within the terminal' (Cooper, and , 

McLaughlin, 1983; Cooper et al., 1983), Therefore;, the 

* Couteaux and Pecot-Dechavassine (1970) originally 
•defined an active zone* in neuromuscular 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, 198TJ) . £~ 

' v 

«,'* ' H. 
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'•inclusion of synaptic vesicle membrane ̂ within the^ 

' photoreceptor synaptic terminal membrane pool must be * 

considered when discussing changes in terminal sisje and 

,shape,„ 

/ " 
)f photoi 

Fluctuations in i:he size of photoreceptor synaptic 

vesicles have also been evaluated. The potential for 

vesicle size to fluctuate has been an important 

consideration, since.De Robertis and-Franchiv (1956) 

Ifeiti-allŷ eported'-a .decrease in photoreceptor synaptic 

vesicle size in albino rabbits kept in constant darkness for 
• • ^ ' • -

nine days, as compared with' animals exposed to sunlight. 

-However, these findings were later disputed by the studies ' 

,of Mountford (1963) and Cragg (1969), w.hich showed no 
X , 

difference, in the diameter, of photoreceptor synaptic 

v 

vesicles in terminals" sampled either under light or dark 

conditions. These later' findings are in complete agreement 

with.the jjesults of the present stereological study, which 

. has shown that in the guinea pig, the mean vesicle diameter 

.does not undergo any, statistically significant change in 

response to a diurnal lighting cycle. *> 
* , 

Although photoreceptor synaptic-v&sicle size does not 
» i f » IS 

appear to change on a diurnal basis, synaptic-vesicle 
> . 

densi€y has. been, shown to vary over 24 hrs in this and in 

/ other'studies (Cxagg, 1969; Schaeffer and'Raviola, 1976). 

^Since there is substantial evidence that vertebrate 

' • photoreceptors'depolarize and maximally release transmitter 

*. in the dark (Dowling/ 1974; Karteko, 1979; Kaneko and 
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Shimizaki, 1975; Trifonov, 1968;-~Trifonov, Byzov and . 

. Chailahian, 1974) , ,it -is not surprising that studies have 
# » * 

found a* decrease in absolute vesicle numbers in "the dark 

- (Cragg, 196*9; Schaeffer and Raviola, 1976). However, when 

Cragg (1969), and Ball and Dickson (1983) take into account 

terminal size (volume) fluctuations, the synaptic vesicle 

population' in photoreceptor 'terminals appears to remain 

stOTle during a diurnal .cycle. Results from the present • 

» study are in partial agreement w'ith those of Cragg (1969), 

in that during the light period of a normal diurnal cycle, 

vesicle packing density (number of synaptic vesseles/jim^) 

was significantly greater in all three synaptic-terminal 

#types in the adult guinea pig retina. However, our results 

d.if f er ̂f rom Craggrs (1969) findings of terminal size * 

decrease in the light; on the contrary,.the synaptic 

terminals' of all three photoreceptor cell types in the 

guinea pig retina increased significantly in area during the 

light period-of the diurnal lighting cycle. "Thus, when both 

terminal area and vesicle packing density axe considered 

together, the actual number of synaptic vesicles per 

terminal profile in the,guinea pig was found to vary 

considerablly oyer time, with far fewer vesicles being 

present in the dark. The result of^this is, that unlike ,the 

situation described in other stucries (Cragg, 1969) where 

f vesicle depletion' in the dark wich-*subsequent membrane 

addition to the terminal plasrjalemma is used to account for • 

' noted increases in î rminallr-airea, in the presentHsrTudyX 

'V 

r. », 
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terminal area increases actually occurreeKiirthe Hght, and 

as such, appear to be independent of vesicle exocytosis. * v 
3 * , * " t 

o •» ' a -4 

Synaptic vesicle exocytosis in photoreceptors, has not .. 

only been associated with increased terminal, perimeter, but 

also with a decrease- in the amount of plasmalemma! infolding'* 

as well, with the result that-synaptic terminals iri the1 newt 

retina become more rounded in the dark (Ball and Dickson, ."* 

1983). Our results however, have indicated that although * 

both the-vesicle numerical dens ifeŷ  arid the actual" number, of • 

vesiclep per terminal profile are decreased in the dark", a 

compensatory decrease in the amount of infolding, as is ° 
' . ... «, 

suggested to occur in the newt by Ball and DickSon {1§8"3), 

does not take place"in the guinea pig; rather, there'was a • 

significant (increase in terminal plasmalemmal infolding in 

the dark?. -However, perimeter measurements from both types -

of rods in this.study did Show a significant increa'se during 

the dark period of the diurnal "lighting'cycle, and this 

could be accounted for, at least in part, by the addition'of 
•« 

membrane,to the terminal plasmalemma through Vesicae*. 
. - • v 

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

' to 'be localized to sites - immediately adjacent to processes 

of the-postsynaptic elements,'such'as has been suggested by ' 

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

substantialy increased simply by increasing the amount of 

plasmalemmal infolding at.'these localized sites, and-without 

significantly increasing the overall? synaptic terminal area. 

•Alternatively, the perimeter measurements for cone 
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terminals, while seeming to show.trends similar to those 

found iii rods, did not demonstrate any statistically-

significant diurnal changes. , This lack of significant 

perimeter change in cone- terminals may, however, b e 1 •> 

accounted for bya the complex shape of the cbner.synaptie, 

pedicle, the n™ 6 1 0 0 8 invaginations of postsynaptic element* 

which enter at a variety""6f angles, and the larger surface 

area of cone terminals as compared to rods (McCartney and 
^ " -• * 

Dickson,.* 198°4). « In fact, the ratio x>£ membrane added 
". ' • ' » • *" 

through exocytosis ?t specific localized site's adjacent to 

•the postsynaptic invagination, over vthe total synaptic 

terminal membrane surface area, .would' in all likelihood be 
much greater for rod terminals than for cone terminals. 

* t "'- ,f • 

Therefore, when considering''the total amount of terminal' 

membrane,^these relatively small additions of vesicle 

membrane to the total" terminal membrane surface.area, should 

be^more readily detected in rods, through perimeter^ ' " : 

measurements, where they would not be masked by a large 

terminal* size.- However,- cone area and shape determinations" 

should not.be. subjected "to thisVdampening effect, 'since :*• » 

changes in'these ,two parameters appear'not to be localized ̂  

to one area of the terminal plasmalemma. 

, , Although' the plasmalemma of guinea pig photoreceptor -V 

synaptic terminals clearly underwent changes both in length 

a$d infolding over 24 hrs, it would appear that the direct, 

processes of synapti-c vesicle membrane addition (exopytosis) 

and 'retrieval (endocytosis) can not completely account for 

http://not.be


theso changes, as terminals appeared'larger andf^oun'der at-

the same time when synaptic vesicle numerical .density was 

also highest. ^Alternatively, jnembrane diverticula, which 

are believed to form as a result of synaptic vesicle 

• exocytosis, and to function as membrane 'storage areas', „, 

have been described by Cooper arid McLaughlin (1982) and 

"Cooper et al. (1983), where they have been implicated in 

synaptic-termina»l membrane alterations in chick 

photoreceptors exposed to a diurnal lighting cycle. * 

Although structures which superficially resembled these 

diverticula were observed in guinea*pig photoreceptor 

synaptic terminals*in the dark, on closer examination of 

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

reconstructions, these elaborations were shown simply to be 
vprofiles of deeply invaginated postsynaptic elements 

(McCartney.and Dickson, 1984). Therefore, it would appear 
lthat neither the direct processes of exocytosis and 

.endocytosis of synaptic vesicles nor the recycling mechanism 

proposed for chick photoreceptor synaptic terminals (Cooper 

and McLaughlin, 1982; 1983;-Cooper et al., 1983)/ adequately 

account for the alterations in size and "shape of mammalian 

photoreceptor synaptic terminals observed in the present 

study. , ' 

A mechanism which may, however, explain the light 

mediated size and shape changes which occur' in guinea pig 

, photoreceptor synaptic terminals, involves a system of , 

cross-sfcriated fibrils which, have been shown in guinea pigs 
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v. •; 
to extend from the ciliary rootlet of the inner segment-down 

through the perikaryon and into the ̂ synaptic terminal of ' 

both rods and cones (Spira and Mi'lman, »1979). Thes^ fibrils 

have been noted, in a variety of other mammals as well,,,, . 

including developing and"mature mouse (Olney, 1968), adult 

*. .cat^Stevens °et al., 1984) ," and mamUVillegas, ,1964; Oga et 

al, 1970). Although their* function.has not been 

conclusively resolved, jt .has "been suggested „that they hav,e 

contractile properties. Drenckhahn and Groschel»-Stew>art 

- {1977) demonstrated that these fibrils in the rat- « *" 
' * 

photoreceptor inner segment have actin- and myosin-like 

activity, while Matsiisaka (1967) has localized ATPase 

1 activity to the striated ciliary ̂ rootlet in the inner ,j , 

segments of human rods. In addition, Spira.and Milman 

(1982)^observed positive ATPase staining in these* fibrils in 
^guinea*pig photoreceptors and conclude that this 
histochemical evidence j.s consistent with an energy -

J - ^ 

utilizing contractile system. More recently, Stevens, et-.al. 

« (1984) employing computer-assisted three-dimensional , 

reconstructions from thin sections, have demonstrated that * ' 

\ ° 
i cat photoreceptor cross-striated fibrils fprm a ring-like 

*configeration within the synaptic terminal surrounding the 

sjsnaptic ribbons and associated processes of invaginating 

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

suggested that contraction and relaxatiorf-'of this ring mayk 

lead to changes in the size- and shape, of photoreceptor 
synaptic terminals. 
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IteLs.now established that photoreceptors depolarize .' -. 

.maximally in the dark (Dowling,' 1974; ,Kaneko, 1979; Kaneko 

and Sh^mizaki/1975; Trifonovrjj3^68; JTrifonov et al., 1974) 
- ^ » 

apd if. as in. other neurons, depolarization increases the 

/ rate of transmitter release, maximum contact with 

K ' y * -
postsynaptic elements would provide the largest area for the 

transmitter to interact with*- the postsynaptic membrane. 

Changes in1photoreceptor synaptic-terminal morphology could 

then serve to maximize the relationship of terminal ( . 

plasmalemma wi'th the invaginating processes of inner retinal 

. neurons. This increasen in surface area contact, if effected 

through the deeper penetration of postsynaptic elements,-

should be reflected in increased terminal membrane infolding 

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

synaptic terminal form factor measurements In the dark. 

Concentric contraction of the cross-striated fibril during 

the dark could also spbserve this process by effecting"a 

downward (vitreal) folding of the terminal plasmalemma over 

the processes of the postsynaptic elements, and in effect 

• causing them to become more"deeply invaginated into the 

•receptor synaptic terminal while-at the same time resulting 

in ajjfccreased terminal profile area. Conversely, the 

observed increased sectional area and decreased infolding in 
mW T . , 

guinea' pig photorecptor synaptic terminals in the light may 

be brought about through a relaxation of this »ing. By 

utilizing this proposed mechanism, the"photoreceptor 

synaptic terminal could provide maximum surfaoe area contact 
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- ' • , \ " - ' ** * 

with the .postsynaptic cell processes during the appropriate ' 

period of the,diurnal cycle. " * -"." „ 
, . * » "* " • -

Whether this«proposed fibril-bundle mechanism "ier m¥M 

, controlled by a light Stimulus (on/off), or- is due to* some 

ongoing biologfcal^variation,which-is independent-Sf the' 
•% * 

. lighting'conditions' is-difficult*to assess directly. It 

was^ however, possible to evajjuate the, effect of extended s 

•periods of continuous light or darkness on synaptip terminal 

' morphology*. It was -hypothesized fhat if the noted " - <-. 
• • ' - . " * " ?• ./ 

alterations in photoreceptor synapticxterminal'^slze and ' 
shape were' independent .of the lighting qycle, they should 
% • * ' * :" " " * -. ,» ' ' t' 

not be affected*by continuous lighting conditions and would 

be maintained at or very close tp the values obtained in a 

L:D cycle. However, in view of previous reports (Anderson,* , 

•Coyleand and O'Steen, 1972; Fifkova, 1972; -Grignolo,, . * 

Orzalesi, Castellazo, and Vitone," 1969; Kuwabara,-,1'970-; 
* v 

« Kuwabara arid Gorn, 1968; O'Steen, Shear and Anderson, 197-2; > 
i t B 

Shear, O'.Steen-and Anderson, 1973), which have"showri that 

constant low-level illumination can have deleterious ef.fects 

-. - - • °r , 5 

on photoreceptors, we were concerned that the planned I• 

. '" yj 
experiment might not be feasible. Fortunately,•other ^—^ 
studies on the frog (Osborne and Monaghan,' 1976) and chick 
(Cooper'and McLaughlin, 1982), employing similar ' 

„ • . - < * ' • 

experimental conditions, produced none of these degenerative, 

changes; similarly, no such effects were observed in any of 

the guinea pigs retinas used in this study. The 

photoreceptor synaptic terminals from the extended light 

y . . % 



• -f ' - 95 -
s. 

experiments appeared" qualitatively similar to those^ sampled 

during diurnal cycles, and therefore the parameter 

, measurements obtained were compared directly \o those values 

obtained at-similar sample times, but from th«j cycled light 

experiments. .Morphometric measurements from bottrv»xtehded 

dark andhlong-term light experiments indicated that there , 

was no significant difference between samples taBeira^OeOO < 

(normal dark period in a diurnal cycle) and at 0800 (norma*! 

light period in»a diu»nal cycle), despite the fact that 

there was a statistically significant difference in receptor 
i * ..- ° v , . -

terminal morphology between these two sample times in 
y 

animals subi/jcffcea* to, a diurnal lighting cycle. • I,n addition,/. 

none of the terminal measurements from the extended light or -
a -|-» a 

• 1 " * 
. * _, m "« 

dark regimes approached values «btaine<3 ,in animals* under a* 
/ ' ' ' • 

12:12 L:D cycle and sampled at 0800. Therefore, the 

proposed mechanism-controlling these alterations noted in a 

diurnal cycle, appears to be initiated, or at least 

enhanced, by a light stimulus rather than some internally 

controlled biological clock. 

Further evidence^in support of a light-regulated control 

mechanism for synaptic-terminal alterations, rather than one 

.that is internally controlled, comes from our fetal data. 

Cyclic shedding of outer-segment discs was first shown by . 

LaVail (1976) in the rat retina, subsequent studies have 

established that shedding is controlled by a mechanism 

located within the eye (Besharse, Terrk and "Dunis, 1980; 

Heath and Basinger, 1983; Hollyfield and Basinger, 1978; 
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Teirstein, Goldman and O'Brien, 1980) and, while amphibian 

outer segment disc shedding is tightly entrained to light 

onset and does not persist in extended lighting conditions 

(Hollyfield and Basinger, 1978; Basinger and Hollyfield, 

1980; Basinger and Hoffman, 1982), outer segment disc < 

shedding in mammalian retinas has been reported to be 

controlled by an ongoing biological process, even in the 

absence of light (LaVail, 1980; Teirstein et al., 1980). 

The outer segments of fetal guinea pig photoreceptors have 

been^shown to be shed in utero • (Spira and Huang, .1978) and . 
i « ' „ 

to follow a "cyjClic pattern similar to phe adu^t (Huang et ' 

al.,'1982)» It has been suggested that this shedding 

phenomenon is regulated independentlŷ .from, the shedding 

cycle of the adult, and is not under the conlyol of maternal 

( humoral factors jHuang et al., 1983). Results obtained in ' 

this study, from functionally mature fetal guinea pig 
# • 

t s 

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 

explanation for the significant changes in two parameters 

(cone terminal profile area and alpha rod form factor) at s 

two quite different and apparently unrelated times during 

the cycle, there does not appear to be any significant 

sustainable pattern of change established in fetal 

.terminals. Therefore, it would appear that although an 

internally regulated process is thought to control disc 

shedding,in jitejco. (Huang et al., 1983), 'an internally 
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regulated process appears not to be involved in effecting 
- * ' 

the observed cyclic changes in photoreceptor synaptic _<*" 

terminals in the guinea.pig retina, „ 

In view of the demonstrated cyclic activity that exists 

in adult photoreceptor synaptic terminals, and the fact'that 
r ° 

* ' > "> < o 

no such activity can be demonstrated in fetal tissue, it was 
" * . * 

. of interest ,to ascertain at what postnatal stage this 

^ activity became evident. • ̂.The results which we ,have obtained 

from the morphometric determinations on neonatal 'retinas 

are, at best, .ambiguous. In the adult, synaptic terminals 
y v 9 i 

sampled, from the mid-dark period were smaller in sectional 

surface area than those terminals sampled during the„early 

light period (see Fig. 13).. However, a few hours later? -" "- o 

•(mid-light period), area values were begining to decline 

towards those values obtained in the dark. Since neonatal " 

samples were unfortunately only taken at times (0230 -

mid-dark and 1330-- mid-light)' when the differences in adult 

tissue were inconspicuous," the values obtained for ^neonatal 

- photoreceptor synaptic terminals could indicate: ei'ther that 

the differences in neonatal receptor' terminals sampled 

- during the light and dark period are not as pronounced as in 
\ , * ' •>" - »> 

adult retinas; or the neonatal photoreceptor synaptic 
* *. 

terminals may show a pattern,, but similar to results 
obtained for outer disc shedding in fetal retinas (Huang «t 

» 

al., 1983), it is out qf phase with the adult pattern. The 

resolution, of this question clearly requires further 

investigation. <, 
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Therefore, the present study has shown that guinea pig 

photoreceptor synaptic terminals undergd alterations in size 

anfi shape when the .art'imals are maintained under diurnal 

lighting conditions. While alterations in perimeter 

measurements during the dark may be explained using %the 

vesicle recycling hypothesis, the rounder and larger 

terminal profiles observed in the light period can not. It 

is suggested that a cross-striated fibril system found in 

all three photoreceptor cell types of the guinea.pig retina 

as weljL as the photoreceptors of other mammalian retinas, „ 

may be responsible for these latter alteratibns. Further, 

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

retinas and functionally mature fetal".retinas has led us to 

.suggest that these morphological alterations may be 

initiated, or at least enhanced, by a;light stimulus. 

B. Photoreceptor Synaptic Ribbons 

Contrary to previously published reports (Spadaro et" 

al., 1978; Wagner, 1973; Wagner and Ali, 1977) stating that 

variation in synaptic ribbon length and number per terminal 

occurs during a normal light:dark cycle, the present study 

has demonstrated no statistically.significant change in 

either of these parameters in guinea pig retinal 
> 

photoreceptors during a diurnal cycle. In an effort to 

explain why the results differ from those of others (Spadaro 

et al., 1978; Wagner, 1973; Wagner and Ali, 1977), 

s 

) 
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computer-generated three-dimensional reconstructions of 

synaptic ribbons and receptor terminals were undertaken. 

These 3-D reconstructions indicate' that the SR should be 

considered^-to haye a thickness, as well as width and length. 

In the present study, we have designated the distance from 

.' • . A. 
the"arciform density to the scleral, end of the SR profile as 

*. , " l 
it appears in thin sections, to be the width of this 

4 ' 
organelle. This parameter has previously been termed length 
by others (Spadaro et al., 1978; Wagner, 1973; Wagner and 

Ali, 1977) , but when the organelle's three-dimensional- form 
v - • » ' " • ' 

is -taken into consideration, it is apparent., that width is 
\ ' . 
the more appropriate(descriptive term. Data comparisons 
with the length measurements from previous studies are,valid 

to * *" 

however, as the same dimension has been evaluated in our 

mprphometrlc measurements. 

In this study, three-dimensional reconstructions have 

confirmed the basic curved shape of the alpha rod synaptic: 

ribbon as it was first proposed by Sjostrand in 1958; they 

have also demonstrated that synaptic ribbons in paranuclear 

rods, as well as cones, have this same basic shape. Slight 

variations in ribbon contour within and between receptor 

terminals can be explained on the basis that postsynaptic 

elements vary in shape and arrangement between terminals, 

and because the depth of penetration of postsynaptic 
elements has been showrivto vary throughout the diurnal 

lighting cycle (Ball and Dickson, 1983; Brandon and Lam, 

1983; Cooper .and McLauglin, 1982; Raynauld e"t)al.* 1979; 

_/ 
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Schaeffer and Raviola, 1976; Wagner,, 1980). 

In reconstructed cone terminals, ribbon shape appears to 

be highly variable (Fig. 28.). However, these variations/in 

SR appearance should not.necessarily be Interpreted as 

changes in the true structural shape of thê  ribbon. 

Rotations-of a single SR (Figs. 29 and 30) clearly 

demonstrated that the viewing perspective JLs an important 

consideration when interpreting this complex organelle. 
a. 

This is especially important in cone terminals where SRs 

assume a myriad of orientations. 

- As demonstrated here, the effect-of sectioning angle on 

synaptic ribbon 'length* (width) can be substantial. Figure 

" 32 shows only one of *a wide range of possible sectioning 
« i 

angles that Grun (198Q>) suggested could result in ah 

artifactual increase in SR length.- In addition, since the 

shape of the? synaptic ribbons in guinea pig photoreceptor 

* terminals is convoluted in numerous planes, this effect • 

would be even more pronounced than in the plate-shaped 

models (Bunt, 1971; Gray and Pease, 1971; McLaughlin and * 

Boykins', 1977; Raviola and Gilula, 1'975") that Grun (1980) 

discussed. In the present studyV this potential problem was 

controlled for by-~the use of sampling criteria which ensured 

that rod ribbons were only sectioned perpendicularly through 

their width, while the vast majority of cone SRs Were also-

sectioned perpendicular as indicated by the alignment with 

the synaptic ridge and the presence of the arciform density. 

Sectioning angle may'also have an effect on synaptic 

L>o 
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ribbon/prof ile shape," \ts°late(* granular synaptic jribbons 

such as Chose reported? by Spadaro et al. (1978)^ were never 

, " noted in guinea pig terminal profiles that met our sampling 

criteria. Granular profiles were noted however, in serial 

sections that-*were being used for three-dimensional 

reconstruction of synaptic terminals. When these terminals 

were reconstructed, the granular profiles always became part 

„ of synaptic ribbons, i-f a seption were to be taken so that 

the synaptic ribbon was cut ,e_n. face at" its periphery, a 

round granular appearance could be generated and it would 

appear similar to,those suggested by McLaughlin and Boykins 
o - s 

0 • 

(1977). Therefore, at least in the three photoreceptor 

synaptic-terminal types of the guinea pig"retina, sectioning 

artifacts could in all likelihood account for tihe "granular" 

synaptic ribbons reported-by others.' ° 4 

' . -Bunt (1971) proposed that#the "synaptic ribbon may *• 

function to support or maintain the synaptic ridge in * 

relation to the postsynaptic elements and in addition, or 

' alternatively, may serve as orienting structures for a 

9 - "sliding vesicle" mechanism of transmitter release. The §R 

would therefore have a similar function-to the dense 

projections of brain synapses, namely to guide' .vesicles to a 

narrow strip of presynaptic" membrane (Gray and Pease-, 1971). 

.Since vertebrate retinal photoreceptors have been shown to 

depolarize and release neurotransmitter in, the dark 

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

Trifonov, 1968; Trifonov et al., 1974), it has been 
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suggested (Spadaro et al., 1978; vkgner, 1973; •Wa'gner and 

Ali. 1977) that fl.itu.tlon. in SK len^h an, nuiers are 

closely related to the physiological "state of the p 

photoreceptor terminal. The formation,'in t:he dark, and the 

degradation, in the light, of SRs would therefore' provide • 

increased numbers of.^conveyer belts" (Bunt, 1971) at the, 

appropriate time for transmitter release. Our results, 

indicated that this* degradation and reformation of SRs does 
*** - „ 

not occur in guinea pig photoreceptor synaptic terminals. 

These findings, however, do not necessarily discount the 

proposed explanation ofe SR function. If SRs do function' as 

Bunt (1971) suggests, vesicles must be 'aligned' throughout. 
4 

a diurnal cycle in order to react'to lighting changes. The 

rate at which these vesicles associate with the SR may vary 

throughout the cycle,̂  but SR 'length' would not necessarily 

have to chahge in order to react to"the physiological 

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 
J a 

terminal during a normal 12:12 diurnal lighting cycle or'in 

adult animals exposed to an extended light or dark regime. 

We have also demonstrated using computer-generated 3-D 
* 

.reconstructions that the synaptic Ftbbon is horseshoe-shaped 
' * • • • • ' ' . - / • 

with folds irfjpumerous planes conforming to"the invaginating 
postsynaptic ̂ rements.' 

http://fl.itu.tlon


V 

10-3 -

S 

In conclusion, the present study'has provided precise 
. i' , ' % ' " 

* * — 

statistical evaluation of the alterations tha't occur in 

guinea pig photoreceptor synaptic"terminals exposed to a 

diurnal lighting cycle. Alterations in rod synaptic 

terminal perimeters, during.the^3ark"period of a diurnal 

cycle, may be explained using the vesicle' recycling 

'hypothesis of Heuser and Reese (1973). The noted variations 

in synaptic terminal size and*shape in both rods and .cones . 

daring, the liight Iperiod of a diurnal lighting" cycle, „„ 

however, may be effected by an" annular configuration of 

cross^striated fibrils that are, found in guinea pig and 

other mammalian photoreceptors. Results from experiments 

where extended lighting-conditions, were used, suggest that 

this cross-striated fibril mechanism may be initiated, or at 
& * 

least enhanced, by a light stimulus rather .than some' 

internally controlled biological clock. In addition, the 
combination of computer-assisted three-diittensionafl 

reconstructions and morphometric analyses has been shown to -J , • * • ( ' ' i 
. be an effective« tool in providing evidence that previously 

reported variations in synaptic ribbon length and number per 

terminal, profile in other vertebrates, does not occur in. 

r • *, 
guinea pig photoreceptors. 'As result of our studies, it is 

"""S* '' ' 

/^apparent that the implementation of stringent sampling 

~ criteria is essential to the success of any morphometric 

procedure. 
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*• V. SUMMARY 

, ) . . Adult Hartley-outbred guinea pigs'were entrained to a 
• v l 

1*2 hr light:. 12 hr dark diurnal lighting regime for at least 

two weeks prior to-the initiation of experiments." 

,2, A continual supply^of fefal guinea pigs,was >\ 

"maintained by establishing a breeding colony of adult 

animals* Fetal animals were obtained on the 62 ± 1 days of 

gestation. Fetal age was verified by using the aging 

criteria established by Draper (1920).' - • 

6 

3. Neonatal animals, were obtained from breeding colony 

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

of age." The age at the time of sacrifice was based on 

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

with 1 day of age. ' .-

4. Adult, fetal and neonatal retinas' were sampled at 

various times throughout a normal 12:12 L:D diurnal lighting 

cycle. Additional adalt 'L.l-1. were.entrained to iong-fr. 

light" (LSL) or alternatively long-term dark (T>:D) before 

being sacrificed after^2, 7, or 14 days in the extended 

- 104 -, 
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lighting conditions.,, 

> • \" 

,5. Representative samples from all retinal quadrants 

^ere obtained and processed for election microscopy. 

Computer- assisted three-dimensional reconstructions from 

serial thin sections were produced for all three types of 

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'invaginating postsynaptic 

cell processes. 

6. The. synaptic terminals of, all three photoreceptor 

cell typesa found in this retina (alpha and paranuclear rods, 

and cones) were analysed using computer-based morphometries 

for changes in their area, perimeter, synaptic vesicle 

density, degree of plasmalemmal infolding, as well as for 

Synaptic ribbon length and number per terminal profile. 
m. 

7. Analyses of adult diurnal data, using the 

computer-based statistical package BMDP employing a mixed 

model of variance and co-yariance, showed that all three 

photoreceptor synaptic terminal types had increased area and 

decreased membrane infolding during the light period, while \ 

the perimeter or* the rod terminals increased In the dark. 

" " ^ 

( . 
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8. Results from the adults maintained in extended , 

lighting conditions showed no statistically significant 

differences between sample times at which statistically 

signficant differences clearly existed during a diurnal 

lighting cycle. . . 
/ 

9. Diurnal data from fetal retinas showed no 

significantly sustainable pattern while neonatal animals 

showed no statistical difference between the light and dark 

sample times or between neonatal age, 
a 

10. Three-dimensional reconstructions of photoreceptor 

synaptic ribbons revealed that guinea pig synaptic ribbons* 

are horseshoe-shaped with pleats in numerous planes 

conforming to the Invaginating postsynaptic elements. 

Wetric data for synaptic ribbon length, and 

number per^terminal profile from diurnal and extended 

lighting conditions exhibited no statistically significant 

changes>-lflr these parameters in adult, fetal or neonatal 

animals. 

12. These'quanti|ied findings have led to the following 

conclusions: 

i) the alterations in rod synaptic terminal perimeter 

during the dark period of a diurnal cycle may be explained 

using the vesicle recycling hypothesis. 
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ii) the changes in synaptic terminal size and shape ..-
* v \ 

during the lights period of a diurnal IsUjhting regime ma"y be 

effected by an annular configuration qfyoross-striated 

fibrils found within these terminal*. 

iii) the proposed cross*-striated Fibril mechanism appears 

to be Initiated,, or at least enhanced, by a light stimulus, 

iv). the guinea pig synaptic ribbon is horseshoe-shaped 

and can be thought of as having a finite thickness, width 

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

length.' " -

v) contrary to reports for other vertebrates, guinea pig 

synaptic ribbons showed no significant-differences in 

•length' or number per terminal profile when the retinas 

were exposed to normal diurnal or extended lighting 

(conditions in adqlt, fetal or neonatal animals. 

vi) morphometric evaluation of such parameters as* 

synaptic terminal size and shape and synaptic ribbon length 

and. number per terminal profile must include- the 

implementation of stringent sampling, criteria. 
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