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Abstract:

An electron microscopic study has been made to define cell to cell and extracellular variations between
glial cells in vascular and avascular portions of the fiber layer of the rabbit retina. Studies using
ruthenium red, lanthanum, and ferritin as extracellular stains and tracers are correlated with fine
structural results.

In avascular regions of the retina, the Muller cell is the dominant supporting pell, forming the internal
limiting membrane and contributing to all of the extracellular channels, except when ganglion cells or
their axons are present, Miill'er cells lack cell to cell junctional complexes making the extracellular
channels and their large dilations continuous with the vitreous except for an intervening basal lamina.
Extracellular stains and tracers introduced in fixative or into the vitreous stained the inner limiting
membrane, the extracellular channels between Muller cells, Muller cell pinotytotic invaginations and
vesicles, and large extracellular dilations. These results suggest that the Muller cell is specialized to
take up materials from the vitreous via the patent extracellular channels.

In vascular regions of the retina, the astrocyte is the major supporting cell, forming the inner limiting
and glial limiting membrane around blood vessels. These limiting membranes are characterized by
numerous cell to cell junctional complexes, Extracellular stains and tracers did not penetrate these
junctional complexes from the vitreous to enter the vascular fiber layer. Tracers in fiber layer blood
vessels are stopped at endothelial junctional complexes. They are pinocytized by endothelium, but
aren’t transported to or released into the perivascular space. These results suggest an astrocytic barrier
system to materials from the vitreous, and- an endothelial barrier system to materials in the vasculature,
The close association of astrocytes to blood vessels also suggests that these cells serve an intermediary
role between the vessels and neuronal elements, in terms of metabolic support.

Tracers introduced in choroidal blood vessels were found in endothelial pinocytotic invaginations and
vesicles, and outside of the endothelium, After longer periods, particles were found deep to Bruch’s
membrane and between pigment epithelial microvilli, but not deeper. These results suggest a pigment
epithelial barrier system between the choroid and the outer retina.
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ABSTRACT

An electron microscopic study has been made to define cell to
cell and extracellular variations betweén glial cells in vascular and
avascular portions 9f the fiber layer of the rabbit retina, Studies
using ruthenium red, lanthanum, and ferritin as extracellular stains
and tracers are correlated with fine structural results.

In avascular regions of the ret1na, the Miiller cell is the

" dominant: supportlng cell, forming the internal-limiting membrane and

contributing to all of the extracellular channels, except when
ganglion cells or their axons are present, Miller cells. lack cell to
cell junctional complexes making the extracellular channels. and their
large dilations continuous with the vitreous except for- an ‘intervening

-basal lamina. Extracellular stains and tracers introduced in fixative

or into the vitreous stained the inner limiting membrane, the extra- -
cellular channels between Miller cells, Miiller cell.pinotytotic-
invaginations and vesicles, and large extracellular dilations, These
results suggest that the Mhller cell is gpecialized to take up
materials from the vitreous via the patent extracellular chanmels.

‘In vascular regions of the retina, the astrocyte'is the major

- supporting cell, forming the inner limiting and glial 11m1t1ng

membrane around blood vessels. These limiting membranes are charac-
terized by. numerous cell to cell junctional complexes. Extracellular

.stains and tracers.did not penetrate these junctional complexes from

the vitreous to enter the vascular fiber layer, Tracers in fiber -
layer blood vessels are stopped at endothelial junctional complexes.
They are pinocytized by endothelium, but aren't transported to or

‘'released into the perivascular space. These results suggest an astro~.

cytic barrier system to materials from the vitreous, and-an. endothellal
barrier system to materials in the vasculature, The close association

- of astrocytes to blood vessels also suggests that these cells serve an

intermediary role between the vessels and neuronal elements, in terms -

.of metabol1c support.

Tracers introduced in choroidal blood vessels were found in endo-
thelial pinocytotic invaginations and vesicles, and outside: of the
endothelium, After longer periods, particles were found deep to
Bruch's membrane and between pigment epithelial microvilli, but not
deeper, These results suggest 'a pigment ep1the11a1 barrler system .
between the choro1d and the outer retlna. -




INTRODUCTION

All nerve cells within the central nervous system are_surrouﬁded,

physically guppprted, and p;obably nourished by a complex system of '

glidal cells. .How these célls performjthese functioﬁs énd ﬁhé total

complement of functions is $till not known. As a uniquély.accessible

and spécialized extension of centfal nervous éystém parenchyma,:the
Yetina provides an oppértuﬁity.to stﬁdy the.feiationship betﬁéen.
c§n£ra1 nervous system glial cells, adjacent neﬁronal éiemenbé,.vas—
culature, and other supporting tiésues. |

The Mﬁller celllis é'specialize& gliél éellg fo@n& only:in the -
retiné, which forms a coérse supporfing skeleton for the néufél_ele—‘

ments. The presense of astrqcyteé, giial cells which form this skele-

ton in the central nervous system, is variable in the retina depending '

lupon the species. When they are present in the retina, they are ﬂ_y
mainly gssociated with blood vessels and large fields'of.axons.
Oiigodendroglié, the-other'common central nervous system gliél'qell is
Oﬁly rarely present in the fetina, and is éiWays associatea.With
myelinatéd nerve fibers. | |

Ihe retina iq vé;tebrates is ioca;ed between the.ch6£oid (a vas~

.Cﬁlérizeduconﬁective.ﬁissue layer)'oqtside, and the vitreous (a gelé—

ﬁinous.mass)‘ingide (Fig. 1).- The outer‘iafer'of the retiﬁa,'édjacent

to the choroid, is the pigment epitheliumm The pigment épithelium is
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a singlé‘layér-of pigmented cells jbined By specialized cellular junc-

" tions. The rods and cones, the light sensitive elements of the retina,

1ig jest vitreal to the pigment epithelium. These phototeceptors

s&napSe with a variety of intermediate neuronal elements (Fig..l) which

. in turn synapse with the ‘ganglion cells. The ganglion cell axons

cross the inner'léyer of'the retina, the fiber layer,A;o con?erge.to

form the optic nerve at the optic disc. The fiber layer consists of

ganglion cell éxons cluspered between glial cells,” The inner limiting

membrane (ILM), an apparént.bérrier between the fiber layer and the

vitfeous, is variously defined as a basal lamina and the plasma mem-
53

brane of the glial cell end feet27, or as the basal lamina only~”~,

The presense or lack of blood vessels in the fiber layer determines

. whether the.réting is copsidered vascular or avascular, which is

species dependent. Functional differences between glial cells in

vascular and avascular retinas would be expected -due to their sup-

portive role,

Vascular re;inas have blbod,vessels in.the fiber layer,. and some~
tiﬁeé.in the vitréous just inside of ‘the fiber layer. These vessels |
probably supply the inner half of the retina, ﬁﬁiie'the choroid sup-
Plies the outer half via diffusion. Avascular retin;s have no blpéd
vessels in the fiber layer and supposedly would be dependentlentirely
upon the .choroid for nutrition and gas exchange, Exémples 6annimals-

34

with vascular retinas are the rat, mouse, and human™ . The gecko
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lizard and graés snake have‘évéscular’retinas34.- Morphological
studies in these animals have'sﬁown that différénces in gliél spec—'
dalizations exist when aﬁascular and vascular species are comparéd34f
Howéverj interpfetafion of suéh éifferences is‘compliqated.by the fact’
.that irregardleés of vasculafity, the retinal glial ;ells différ
. between épecies. The rébbit retina offers a unique mo&el_to study
-glial.specializationé reflecting the functional'ﬂifferendes betweeﬁ
Vascular and avascular retinas. Although mosﬁ of-thé rabbit retina-is
avascular, therxe are two vascular regioné‘of tissue fhat form'horir |
zontal bgnds just lateral and medial to the optic disc, These bands
are supplied by bréncheslof the central retinal afte;iés‘which enter
the eye through the optic nerve and form a system of capillaries with-
in the fiber layer. There is élso a system of supetficia; éapiiléfies
in the-vitreousjB, adjacent to the fiber 1ayer; Ihese vascularized
bénds are also the oﬁly part of the,rabbit'retina with myeiiﬁatéd,
rather than ummyelinated axoﬁé in:the fiber layer., Aé'a conseéuence;
the ﬁascﬁlar fiber layer is often referred to .as the médullated tay.

This study was undertaken to.defiﬁe cell to cell and extfacellulér
structural variations between glial célls in vasddlér‘and‘avaéculag>
Parts of the rabbif‘retina using'standard elécton microscoﬁié proce-
duneé, cell surface stains, and ¢xtraceilu1ar-tra¢eré. This informa-

tion will confribute to an understanding of the role of glial_ceils in

the functional support and nutrition of the retina and of nervous
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tissue in genera;, their relationship to adjacent tissues, and the
Possible role of the vitreous iﬁ exchanging méteriais wifﬂ the reétina,
This information will also contribute to the intérpretation éf studies
which utilize the retina to model extracelluiér space for the rest of
the ¢eptrai nervous system51’53.

The understanding of glial and vascular structurallspecializations
would also.help provide an understanding of the blbod—refiﬁél barrier,
the fupétional bar;ier system between the retina and its blood éupply.
It is likely thére are three separate cdmpongnts.to the barrier, 1.

The pigment epithelial cells lie'betweeq the-outér retina and the
choroid., 2, Endbthelial célls form ;he walls of blood vessels in the
vascular part of fhe fiber layer, and dre surrounded by.glial eiements.
3. The ILM, an apparent barrier formed by glial céll specializatiqns,
lies betweep,the retinal fiber layer and the vitréous; A fou;th
barrié? may -exist between the vasculature and the vitreous,

Alterations or deficiencies in the blood—fetiﬁal barrier have
been.impliéé;ed in some patholbgical conditions. One of the eaflies;
Changes known-to occur in diabetic retinoﬁafhy is an abnormal léak4
.age of intravascular-fluoréscein into‘the vitreous7. in cysfoid
macular edema, retinal failure results when-abnormal leakage from
capillaries destroys retinal structuresSL An’understaﬁding of the
normal blood-retinal bérrier coqld lead to important diagnoééic and

t

preventive procedures in retinal vascular disease.

A



LITERATURE REVIEW

Neural tisgue éppears morphologically t6 have ;elatively'little
extracellular space in contrast to mdst other body tissue., Estimates
of intercellular vqlﬁme range from 5 to 35% of the tiésue-volume,
depending on the technique used43. Electroﬁ microscqbiC'étudies of

chemically fixed central nervous system tissues reveal 100 t6 200 2

19

" N - 7 ' " -
extracellular spaces between glial cells When freeze~substitution

fixation is used, it is estimated that 25.5% of the central nervous

tissue is extracellular space, and that these extracellular spaces

46

.average 200 to 250 R in width , Ferritin and hofseradish.peroxidase,

9

both documented extracellular tracers l, when injected into the

cerebrospinal fluid are able-to pass through the ependyma into this
.parenchymal;extracellular space4. The pinocytotic uptake of materials

in extracellular channels by glial cells hds beén noted in the central

4

Hervous system:,

The Mtller cell, as the predominant supportive cell in the avas~

cular retina, is in -contact with most of the retinal expracellulér
Space, The.Mﬁller cell processes in the fiber layer have been char- -
acterized as containing numerous 250 to 320 & glycogen granules and

occasional structures that appear to be smooth .endoplasmic reticu-~

1um25’30. In some pfepafations, 100 & filaments appéar to pack the
' 25,31

processesBl, while other organelles are lacking . Mﬁllef cell -
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.ﬁiﬁocytotic invaginations and vesicles have not been described except-
‘in.one preliminary study from fhis laboratoryal.

Retinal extracellular space in vertebrates has not been well
Studied, Most comments about it in the literature are made in'passiﬁgf
In the toad, ferrocyanide stain introduced.into fhe vitreous pene-’
trates the 120 to 256 2 extracellular space as &eép as the bipolar
layer (inner % of the retina)lgﬁ In the cat, thorium aﬁd ferritin-
introduced into the vitreous were located in 150 tb 200 & wide sbaées
through the retinal layers as deep as the external iimiting membrane
(almdst the entire thickness of the retina) where thei; moveﬁént was
st0pped43; However, attempts to duplicate this experiment as é part
of this study were unsuccessful,

Large extracellular dilations in the fiber layer are not mentioned
-EXéGPt in the preliminary study from this laboratoryBi. It is of
interest, however, that such dilations can be seen in light micro;
scopic studies, although they are not commented-onl7. Extracellular
spéce'size in the outer retina has been‘showﬁ to be dependent on the

-osmolarity of the cellular environment51. Standard éiectron micro-
scopic fixation procedures cause slight shrinkage of cellulér elements
bﬁt only minimal distortion of extracellular space and cell to cell
relationshipssz.

The presence or absence of junctional complexes between Miller .

cells has not been commented upon in the literature. Astrocytic and :

X
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Mdller cell junctional complexes should be expected since in most

central nervous system tissues such complexes are characteristic of

. . ' , s 2
astrocytes around perivascular spaces and in limiting membranes ’

and since Miller cells are generally considered to be modified astro-

cyfe326’32’33.

The patency of extracellular spaces may play a role in the blood-

retinal barrier system and thus in inner retinal nutrition and meta-
bolism, It has been suggested that the exposure of cells to extra-
cellular space indicates a role by these cells in active water and

ion traﬁsportlg. The role of the vitreous in retinal nutrition is not

“known, although one biochemical studyl suggests that the glucose

content ofhthe vitreous adjacent to the retina is less than that of
the remainder of the vitreal body, and that in the rabbit, there is

a preferential flow of vitreous in the posterior direction. An active
exchange of water between the vitreous and éurrounding retina has

been demonstrated with tritidted waterl, These studies suggest that'

the vitreous might serve as an intermediary between the blood and the '

retina.
Early investigators speculated that anaerobic glycolysis occurs

in the inner retinal layersl’zz.

This possibility is supported by
biochemical studies showing a relatively greater activity of glucose-

6-phosphotase and lactate dehydrogenase in the inner retinal layers

when compared to the rest of the retina25. Glycogen is probably an
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important energy reserve for the retinal tissues since ischemia pro~
duced By pressure on the internal éarotid artery produces rapid gly-.
cogen depletion in the retina49. Incubation of retinal tissues in
tritiated glucose for electron microscopic radioautbgraphy25 indicétes
that glial elements,.and particularly the Miller cells, are performing
most of the glucose to glycogen conversion, The vitread portions of
the Miiller cells are richer in glycogen thén the outer'pértiqn525.
This might be explained by the fact that fhe~outer retina requires
less stored cafboh&dratelsince the ﬁlenfiful choroidal vesselé pro-
vide easy access to nutrients. These studies'suggest an active role
of the Miller cells in retinal nutritionm,

Clues to the nature of the blood-retinal barrier may be derived
from the structure of fiber layer blood vessels and the adjacent glial
cells. In a review‘artiéle, Raviola 36 cites studies whiéh demon- - .
strate continuous tight junctions-or zonula occludens between‘retiﬁal

. fiber layer‘endothelial cells, like thosé seen iﬁ'centrai nervous
system vascﬁlature. Zonula océlﬁdens in central nervous system
vessels consist of five ultrastructural layers: two cytoplasmic deﬁse
leaflets (the inner leaflet of -each trilaminarlmeﬁbraﬁe),tbwo-élecrnan
lucent leaflets (the middle lipid layer of‘each trilaminar membrane),
and a single median dense leaflet (representing intimate oppbéition

if not fusion between the outer leaflets qf adjacent cell membrénes)s.

These zonula occludens are considered to be the site of maximum
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constraint to movement along intercellular spacesg. In the central

nervous system, these endothelial tight junctions are impermeabie

5,6,14,15,37 36

to horseradish peroxidase ’ ferritiné, and injected dyes™ .
It has also been shown that horseradish peroxidase can't pass through
these tight junctions from the tissue side of central nervous system
: . 4 ' . .
blood vessels into the lumen l, These endothelial cells do, however
have numerous invaginations and vesicles that accumulate intravascular
.. . O . . 37 - . . - .
ferritin and horseradish peroxidase™’. Pinocytotic activity in
fiber layer blood vessels of the retina has not been discussed in the

literatqre.

The extracellular stains and tracers used in this study were

ruthenium red, lanthanum, and ferritin. Ruthenium red is an inorganic,

Synthetically prepared, crystalline compound containing thé-modefately
heav& element rutheniumlz. Ruthenium red in fixative is generally

used as a.cell surface staiﬁxz.- When used to bathe peripheral nerves,
ruthenium red éenétfates into the periaxonal space and‘stains apparent

42

pinocytotic invaginations in Schwann cells =, It has been'noted pene-

trating 25 to 30 | spaces in myelin figures generated-fromllecithinzaw
It is believed that ruthenium red has a staining.affinity for highly
polymerized acid mucqpéiysaccharideszs. Ruthenium rgd staininé may

_ have functional significance since recent studiés indicate that anionic

side chains of acid nucopolysaccharides facilitate the utilization and

. trangfer of various ions and metabolites, and bind large amounts of
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water27,

Ruthenium red has sufficient electron density to be easily;
Seen on electron microscopic sections not post—~stained ‘with lead

citrate and uranyl acetate. Ruthenium red may be a cell poisonéz;

which complicates interpretations of its use as a stain. The extent
of ‘extracellular staining may be limited by heavily bound stain

impeding the movement: of unbound stain24.

Lanthanum is described as an extracellular tracer or'stain38. It

"is a relatively heavy element, which exists as two nm wide colloidal

particles that may be used prior to or during fixationlz. It is

assumed that tissue spaces :filled wifh aggregates of lanthanum are
occupied by interstitial fliud or water under physiological condi-i

tionslz. It is generally found in narrow extracéllular spaces38, but

éan be washed out of tissues during proceésing12’16;38. Studies with
_Peripheral nerve'myeliﬁ suggest that lanthanum is likely to penetrate
into preexisting spaces and' leave their sizes unalteréd rather th&hh

cause a séparati&n of ﬁormally opposed 1ayer339.‘ Lanthanum‘particles
can pass throﬁgh 18 & wide cardiac "fight junctions", but can not pass

38

through true zonula occludens™ . Lanthanum does not appear loose in

the cytoplasm of undamaged ce11316’38

, but can be taken up pinocyte-

tically by the axons of certain insect neuronsls. Lanthanum is toxic
' ' i e 12

to living tissues, although many studies utilize it before fixation ~.

Ferritin is a nontoxic, protein-iron complex, 100 R in diameter Ty

_which occurs naturally in the brain3’5. It has been.used as .an extra- -
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cellular tracer in brain parenchyma af
brospinal fluid and in the vasculature

tissues both before and after fixation

ter introduction into the cere-

3’4’5. Ferritin is applied to

3,4




MATERIALS AND METHODS

Animals

Weanling New Zealand white rabbits;'is to .7 Kg. in weight,
were.used for the.intravascular ferritin and rutheniﬁm red perfusion
Studies in order to minimize the volume of perfusate required. Mature

2.0 to 4,2 Kg. rabbits were used in all other experiments.

Anesthesia

All animals were anesthetized with a sodium pentobarbital solu-
tion. The initial dose was 30 mg/Kg body weight given in the mar-
ginal ear vein. Succeésive dqses_were given until the animal faiied

to reflexively respond to Achilles tendon pinch and/or corneal touch.

Enucleation and Tissue Preparation

At the time of sacrifice, the medial and lateral palpebral com~-
missures were cut for better access. Scissors werelused to penetfate
the conjunctiva and cut extrinsic eye muscles. Using the superior
Tectus tendon as a hold, the eyes were pulled down gnd forward, and
the optic nerve severed with scissors. The eyes were then removed
by cutting any tissues still attached. With the eye on a flat suf—
face, the s?lera was cut along a line approximétely corresponding to
the ora serrata, and the anterior eye and vitreal body discarded.

The rest of the eye was immediately submerged in fixative. This total
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Process, from conjunctival penetration fo submersion, was accomplished
within approximately éO seconds. The retina was then dissected from
the sclera by blunt teasing iﬁ fixative, and was divided.into optic
disc, medﬁllated ray, and avascular retiné. Optic nerve tissues left
W?th the eye wefe also dissected out. All tissues were then diced.

. ' . 2 . .
into approximately one mm~ pieces for further fixation,

Perfusion Technique

The aﬁesthetized animals were given 1000 units of heparin intra-
peritoneally.- Nitroglycerine tablets (,6 mg total dose) for vaso-
dilation were placed under the tongue.with water 2 to 5 minutes befot¢
sacrifice, At the time of ﬁerfusion; an incision was made to expose
the xiphoid process of the sternum which ﬁas used as a héndle to ex-
POse the diaphragm by upward tension. Incisions were made in the
diaphragm to enter the thoracic cavity, and parasagittal cuts thyough
the rib cage approximatély 4 to 5 cm from the midline followed, The
rib cage was lifted by a hemogtat which also c;amped the internal
thoracic arteries, and the pericardial sac was opened and élipped out
of the way. A 13 gauge needle was inserted into the left ventricle
and passed into the aorta, then its position verified by feeling the
needle's location from the posterior side of the vessel, Upon

. ! ’
insertion of the needle into the aorta, the right atrium was cut énd

the fixative was allowed to perfuse at approximately 100 to 120 mm Hg

pressure, The elaﬁsed time between the first incision into the
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thoracic cavity and the flow of perfusate was in the range of 30
to 45 seconds. The perfusion was continued for 10 to 15 minutes

after initiation.

Experiments
EXTRACELLULAR SPACE STUDIES

Ruthenium Red Immersion

To stain cell coats, the eyes were enucleated, the anterior eye

removed, and the remaining posterior cup immersed in fixative

.. . 2
containing ruthenium red, 4

Lanthanum Hydroxide Immersion

To uge lanthanum as an extracellular tracer, the eye was
enucleated, the anterior eye and vitreal body removéd,'and the
posterior eye cup immersed in fixative containing 17 lanthanum
hydroxide.38

Lanthanum Hydroxide Vitreal Exposure

Approximately 40 cc of a 2% solution of lanthanum hydroxide
in Ringer's solution was introduced into the posterior vitreal
cavity through a slit made in the posterior superior quadrant of the
living eye in order to observe lanthanum movement in the iptact
Tetina. Enucleation and fixation occured after 30 minutes of

exposure,
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INTRAVASCULAR STUDIES

Intravascular Lanthanum Hydroxide

To demonstrate lanthanum movement in the retinal vasculature,
2 cc of a 407 lanthanum Hydroxide solution was slowly injected into~
the marginal ear vein of anesthetized rabbits, The animals were
then perfused with fixative and the eyes removed after 2, 15, and
28 minutes of exposure to the intravascular stain. Intravascular
injection of lanthanum hydroxide tended to stop the animal's
respiration, suggesting some possible poisoning. In the 2 minute

infusion study, breathing stopped shortly before the perfusion. 1In

the 15 minute infusion study, breathing was artificially maintained

for the last 5 minutes before perfusion.

Ruthenium Red Perfusion

The anesthetized animal was perfuséd with fixative containing
0.27% ruthenium red to observe ruthenium red staining_asSociated with
the retinal vasculature, Following the perfusion, the eyes were
removed and fixed further in the same fixative. |

Intrayascular Ferritin

To use ferritin as an extracellular tracer, 2 cc of Ringer's
solution containing 200 mg of ferritin3 was injected into the
marginal ear vein, The animal was perfused with fixative and after

20 minutes, the eyes removed.
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Fixatives and Buffer Washes

See tables 1 and 2.

Dehydration and Embedding

After diéing,_the.tissue was left in fixative for 2 ﬁo 3 hours,
followed by 4 to 5 rinses in buffer wash, 10 to 15 minutes per wash.
P?stfixation in 0s0, followed for 2 to 2.5 hoﬁrs. Next, the tissues
were dehydrated in an ascending series of ethanol solutions (50, 70;-
95, and 100%). All of the abaove steps utilized solutions at 400,
while the balance of the procedure was carried out at room temperature.
Three more changes of 1007 ethapol were made, followed'by three 10
to 15 minute changes in propylene oxide. The tissués were then
~placed on a rotating wheei in.a 1:1 mixture of propylene oiide—
maraglas¥0: for 1 to 1.5 hours, and then in a 1:4 mixture of
propylene exide—ma?aglas for 20 to 30 minutes. The tissue was then
infiltrated with undiluted maraglas for two, 1 hour periods ané‘l
embedded in #00 plastic capsules. Polymerization took place in a
60°C vacuum oven for 72 to 96 hours.

This procedure was followed in all expériments except two of
the lanthanum hydroxidé experiments. In one sfudy, the time the.
tissue was in the dehydration steps was cut down. In the otﬁer, the
ethanol and propylene oxide dehydration steps were replaced by

immersion of the fixed tissue into activated 2.2-dimethoxypropane




Experiment

Control Immersion
Control Perfusion

Ruthenium Red
Immersion

Lanthanum Hydroxide.

Immersion

.Lanthanum Hydroxide
Vitreal Exposure

Table 1, FiXATIVEs AND BUFFER WASHES

Extracellular Labey'Studies

Fixative (pH= 7.4)

3% glutaraldehyde in .67M
cacodylate buffer

3% glutaraldehyde in .1M
phosphate .buffer

3% glutaraldehyde in .67M

cacodylate buffer with .2%

ruthenium red

3% glutaraldehyde im .67M

__cacodylate buffer with-1%
- lanthanum hydroxide

3% glutaraldehyde in 67M
~cacodylate buffer

Buffer Wash (pH= 7,4)

L67M éacod&late'buffer

.1M phosphate buffer

+67M cdcodylate buffer

~with .2% ruthenium red

-+67M cacodylate buffer

with 1% lanthanum.

. hydroxide

~67M gécodylate buffer

0s0

1% 0s0O, in .67M - -
cacodyiate buffer

1% 0s0, in 1M i)
phosphate buffer N

1.66% 0s0, in
. 67M cacoéylate
buffer with .1%
ruthenium red

1% 0s0, in .67M
cacodyiate buffer
with 1% lanthanum

“hydroxide

17 0s0, in .67M

'cacodyéate buffer




Experiment

Intravascular lanthanum
Hydroxide

Ruthenium Red Perfusion

Intravascular Ferritin

Table 2, FIXATIVES AND BUFFER WASHES

Intravascular Label-Studies

Fixative (pH= 7.4) Buffer Wash (pH= 7.4)

0s0,
4

3% glutaraldehyde in ,1M .1M phosphdte buffer
phosphate buffer

3% glutaraldehyde in .1M .1M phosphate buffer
phosphate .buffer with .2%
ruthenium red

3% glutaraldehyde in ,1M .1M phosphate buffer
phosphate buffer o

1% 0s0, in .1M

phosphate buffer

17 0s0, in .1M
phosphate buffer

1% 0s0, in .IM
phosphate buffer

I
-
(oo}

1
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for 30 minutes, This dehydraﬁt was prepared by adding 1 drop of
concentrated HC1 to 60 ml of 2.2—dimetho,xypropane.28 These

variations in procedure were performed to minimize the possibility

- of lanthanum washing from the tissue during the length of the run up..

Sectioning and Staining

2 micron sections were cut with glass knives, stained with
basic toluidine blue, examined by light miqroscopy for study énd
orientation, Selected areas were sectioned for EM on a LKB ULtro tome
I11, and mounted on uncoated copper grids. Sections were gxémined ,
and photographed in a Zeiss EM9S-2 électron microscope. Some
-secitons were post-stained before viewing with 1% lead citrate47 and
satufated uranyl acetate.50 Others were left ﬁnstained as contréls

for the specific experimental stains,




- RESULTS

CONTROL FIBER LAYER

Avascular Fiber Layer

The fiber layer of the avascular retina consists'cﬁiefly of
Miiller cell end feet and scattered bundles of ganglion cell . axons
(Fig. 2). MHller cells were readily identified by their dense
appearance which is due to numerous glycogen granules and filaﬁents.
The glycogen granules measured 250 to 300 X iﬁ diameper, and were
found as single granules, or occasionally in rossettes. There were
variations in glycogen concentration between processes and between
areas of the same process (Fig. 3). Scattered ;hroughout the
cytoplasm were vesicles and tubules of appareﬁt smooth endoplasmic
reticulum (Fig., 3), Mitochondria, dense bodies, ribosomes, or
ofher organelles were not seen.

The Miiller cell end feet membranes and the 700 to 900 Z wide
overlying basal lamina formed a 3—la§ered'structﬁfe at the vitreal.
interface (Fig. 4). The outer membrane of the Miller cell end feet
stained as a thin, electron dense line. The vitreal side of the
basal lamina appeared as a less densely stained line.while between
these two lines, the basal lamina had a relatively clear appéarance.

The basal lamina had fine filamentous materiéliembedded'in its

vitreal side. The basal lamina, along with the Mifller cell end foot
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membrane will be referred to as the internal limiting membrane (ILM)
in this paper,
Between Miiller cell end feet, 150 to 250 Z wide, extracellular spaces
opened toward tﬁe vitreous at the basal lamina, There, 'the spaces
exXpanded to 350 to 500 Z in width, The basal lamina was continuous
over these openings (Fig. 3). Deeper into the fiber layer extra-
cellular spacds were generally narrowed to 100.to ZOO.X width in
most areas.. Theée chénnels-were sometimes in continuify ﬁith large ‘
" dilations of tﬁe extracellular space (Figs. 3, 6). Some of these'
dilations contained membranous material (Fig, 65, and some coﬁtained
lightly stained partiéulate material similar to the vitreous.(Fig. 3.
Junctional - complexes between Miller cell_brocesseS'were ﬁot seen. At
Varioﬁs depfhs; invagiﬁations of the Miiller cell membranes were seen
(Fig. 5). The plasma membrane lining the ektfaCellular space at
these invagiqations was thicker and denser than seen elsewhere; and
appeared similar to coafed membranes associated with pinqcytotic
formations, Apparent pinocytotic vesicles were seen in the Mﬁller
" cell cytoplasm (Figs, 3, 5). |
Just choroidal to the fiber layer was the inner_plexiformAlayer,
charaéterized by numerous intertwined axons, dendrites, éynapses, and

highly branched Mtiller cell processes.

" -Vascular Fiber Layer

The fiber layer of the vascular médullated ray consisted of




-2
large bundles:of myelinated axons supported by glia, :Capillaries
could be found scattered throughout the fiber layer, Capillaries and
larger vgsséls were also commdn onlthe vitreal surface of the vasculér
fetina. The predqminant glial ceil type was the astrocyte, although
occasional oligodendroglia were aiso fouhd, Only scéttgred areas'of
Mﬂllef cell cytoplasm,Amainly_near the inner ﬁlgxiform layer were
intensely stained. Transitional areas at the borders Eetween the
medullated ray ;nd avascular retina contained Eoth astrocytesAand
Miller éells.' Astrocytes and their processes were chgractérized by
Numerous filament bundles, éﬁ electron lucid cytoplasm and‘scattered-
300 to 600 X in diameter glycogen paréicles, arpanged both singlf and
in rosettes (Fig. 7. Aétrocyfe processes, unlike Miiller cell
processes, also Contaiﬁed roﬁgh endoplasmic reticulum and ﬁitochoﬁdria.

In the vascular fiber layer the ILM Qas f&rmed'py astrocytic
' .end feet (Fig. '8) instead of Miller end feet éxcept in- areas of
traﬁsition where some Miller celi end feet were found. The
moxrphology §f the astrocytic processes f&rming éhg IIM was charac-
terized by an-accumulation of filaments and a Véry appafent'submem—
bréne density where the processes abutted the baéal lamina (Fig;AS),
The bésal lamina was similar to that in avascular retina exéeﬁt that
the Vitreal.filaments embedde& in it were more obvious.

The extrécellular_space of the véscularizéd fibér layer waé

. : o
wider than that in the avascular regions, ranging from 160 to 900 A
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(Fig. 8), Adjacent astrocytes usually had definitiyve cell to cell
membrane specializatioms, especialiy near the 1imiting membranes
(Figs. 7, 13). ﬁbst of these junctions.had'associated intracellulaf
dénsities and an intercellular spacing of 200 to 250 X, and
correspond best to puncta a&herans (Fig, 7). Others appéared
similar to. zonula occludens (Fig. 13). No partiéulér jun;tional
Specializations were apparent between Mller cells and ;strocytes,
and the intervening extracellular'spaces were similar- to those
between Miller cells. |

FibervLayer Blood Vessels

Fiber layer blood vessels, which were mostly capillariés énd:.
venules, were only encountefed'in the medullated ray tissues."They_
‘were éharacterized by a layer of endotheiium surrounded by a peri—.
"vascular space. Outside of this space was a layer of gstrocytic .
cell processes which separated this space from.the fiber layer axons
(Fig. 9). Tramsitional areas could also be found with both
aétrocyte and ﬂﬂller cell proéesses against the perivascular spaée
(Fig. -10). Omn ciqser examination, five an;tomical 1a§grs separated
thé lumina of the blood vessels from the neural:élements:

1, endothgliﬁmé 2. the endotheliél basal lamina; 3. the peri-~
Vascular space with collagen (and pe?ivaécular cells when present);
4... the basal .lamina of the glia; aﬁd'SY the glia themselves

. (Fig. 11).
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The endothelium was irregular in thickness with numerous
invaginations and vesicles (Figs. 10, 11), At the jupctions between
endothelial cells (Fig, 12), zonula occludens were present, Thé
endothelial basal lamina was an'gmorphous, light staining layer,
300 to 1500 X wide, The perivascular space contained gollagen, with
- generally more present in the optic disc area and less in the tran-
sitional areas between vascular and avascular retina, The astfocytic
basal lamina was a uniformly dense amorphous layer 400 to 1100 Z
thick, covering the dénsely stained astrocytic cell mémbrane (Fig. li).
When Milller cells formed part of the perivéscular layer, the basal
lamina waé similar, but the cell membrane was not as intensely

stained,

Choroidal-Retinal Interface

The chéroid contained both large and sméll arteries and veins,
often stacked upon one another. The vessels in the pléne direcfly
against the retina were thin capillaries with 280 to 430 Z wide
.fenestrations on the retinal side (Fig. 14). All fenes£rations were
closed by diaphragms. Apparent pinocytotic invaginations and'intfa—
cellular vesicles were common., Zonula occludens were observed"
between endothelial cells. The endothélial basal lamina was a 450
to 1100 X wide amorphous layer, Vitreal to the capillary zone was

an electron lucid perivascular-space.containing collagen, Apposed

. o
to the perivascular space was the 420 to 1800 A thick pigment
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epithelial basal lamina. The endothelial. basal lamina, the peri-
vascular collagen space, and the pigment epithelial basal lamina
correspond to the classical Bruch's-membrane,2 Numerous microvilli
Of the pigment epithelial cells were against the basal lamina. They
ranged from 280 to 1300 Z in diameter and c¢omprised a layer .5 to
1,3y thick., The pigment epithelial cell body was characterized by
large mitochondria, abundant smooth endoplasmic reticulum, and dense
phagosomes (Figs. 14-16), Junctional complexes, coﬁsistiﬁg of zonula
occludens and_zopula_adherens, were noted between pigment epithelial
cells (Fig, 155. Extracellular spaces between pigmént epithelial
cells were relatively narrow and inconspicuous. Rod oﬁter segﬁents

were embedded in the vitreal side of the pigment epithelial cells

(Figs, 15, 16).

Extracellular Label Studies

RUTHENIUM RED IMMERSION STAINING

Avascular Fiber layer

Immersion of avascular retina in fixative containing ruthenium
red produced intense staining at the vitreal-retinal junction. At the
ILM there were two separate densities (Fig, 17). The vitreal pofgion
of the basal lamina stained uniformly with 500 to 740 Z,clumps of
electron dense material outside the basal lamina and against the
vitreal surface. These clumps were also seen loose in the vitreousg .

and appeared to be membrane bound (Figs. 17, 19)., Just choroidal to
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this dense layer, the basal laﬁina was stained but much leés
densely, The inner basal lamina against the membranes of the Miller
cell end feet also stained intensely, but with smaller 50 to 250 Z
rﬁthenium red particles.

Ruthenium.red entered extracellular spaces between Miiller
cell end feet in most areas (Fig, 17), In sections without post-
staining, fhe ruthenium red clearly stained the cell coats of the
Miiller cells and revealed thé outlines of all the Miller cell
processes (Fig, 19). Closer examination confirmed that the stain
was bound to the e#traéellular cell coat since the relatively
unstained extracellular space of 250 to 350 X in width separated two
adjacent stained membranes (Fig, 17). The ruthenium red wés in 180
to 260 X clumps between cells. Extracellular dilations were not as
apparent as in control tissues, but when present, contained 400 to
l100 Z wide electron dense particles (Fig. 18). 1In axonal fields,
the rutheﬁium red was ;n the extracellular spaceslbetweeq the axons
and tha Mﬁller cells (Figs. 19, 20). Ruthenium red coated invagina-
tions of the Miiller cell membrane, in continuity with the extracellu-
lar spaces, indicate possible pinocytotic uptake (Figs. 21, 22).
Vesiculated ruthenium red was also noted within Mliller cell cyto-
Plasm (¥ig. 23, 24). Free, cytoplasmic ruthenium red ﬁas not
observed in any cells, Other retinal layers only occasionally

stained with ruthenium red, but never.as intensely as the Mller
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cell membranes. These findings would indicate that there is no

Vitreal-retinal barrier to ruthenium red in the avascular retina,

Medullated Ray Fiber Layer

Immersion of medullated ray retina in fixatives containing
ruthenium red produced little staining at the ILM (Fig. 25).
Ruthenium red was not seen in extracellular spaces in the fiber
layer as verified by the study of sections without post-staining
(Fig. 26).

Ruthenium red was not found associated with deeper fiber layer
blood vessels, Stain particles, in 620 to 3100 K clumps, were against
the abluminal basal lamina of some superficial blood véssels in the

Vitreous (Fig. 27, 28),

Summary of Ruthenium Red Immersion Studies

In summary, the results from ruthenium red immersion studies
: C .

imply that the ILM is different in the vascular and avascular areas.
The avascular ILM was stained, while the vascular ILM was not,
suggesting a biochemical difference between the basal lamina and
glial end feet in these areas. In the avascular area the basal
lamina and Miiller cell membranes are specialized‘to all;w ruthenium
red to pass through the ILM and into the extracellular spaces between

cells, whereas the basal lamina and astrocytes of the vascular retina

appear to eéxclude this stain. Miller cells in the avascular retina
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also had apparent pinocytotic invaginations and intracellular
" vesicles laden with ruthenium red particles, suggesting an active
cellular uptake of materials from the extracellular space and

vitreous,

LANTHANUM HYDROXIDE IMMERSION

The tissue fixation after immersion in fixative containing
‘lanthanum hydroxide was generally less consistent than in control
tissues, with some areas of membrane breakdown and swollen endo-

‘plasmic reticulum.

Avascular Fiber Layer

Immersion of avascular retina in fixafives containing lanthanum
hydroxide resulted in 250 to 1100 Z clumps of electron dense‘iantﬁa—
. um deposited in the vitreous and aﬁ the junction of the vitreoué
with the basal lamina (Fig. 29), The basal lamina and the Miiller
cell end feet membranes were uniformly stained (Fig., 29). However, .-
-the lanthanum particles in the vitreous were 250 to 1100rz in diameter,
while those against the Miiller cell end feet were smallef; ZQO.to
370'2 in diameter particles. Lanthanum extended' into éxtra_
cellvlar spaces from the Easal lamina to as deep as thé inner
plexiform layer (Fig., 30), but never deeper. Sections without
pPost-staining also had the same extracellular distribution of stain
(Fig, 31). Apparent pinocytotic invaginations'filled'with'lanthanﬁm

were observed in Mliller cells near the ILM (Fig. 32). One section
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‘had a possible labeled vesicle within the Miiller cell cytoplasm
'(Fig. 33), |

.Numeroué spaces were present in the avascular retina. Some
small 1ntracellular spaces were wuth1n the Miiller cells (Fig. 29)

' Other, dllate& spaces aﬁ}eared to be continuous w1th extracellular
spaces. There were three general types of these larger spaces., The
Type 1 spaces had irregular and broken linings, with membranous
material within them (Figs. 29, 34). lhese spaces'lidn't.contain
stain even thouéh‘stain was preseat in extracellular spaces

immediately adjacent to the space, The Type 2 spaces (Figs. 30,

35-37) had a smoothly lined surface, contained no membranous material,

and frequently Were lined by lanthanum. 'Occasioaally, these spaces
- Were full of stain (Fig. 38). The Type 3 spaces (Flgs. 29 33, 39)
" contained 110 to 170 A partlcles, similar to particles in the .
vitreous. These spaces showed some vacuolation and possible
membrane disrpptien of the linlng of the space. The Type Z‘and~Type
3 spaees corresponded best to apaées seen in the control avascular
retina. Lanthanum stainlng:cbuld be seen in the ektracellular spaées
extending to all three types of s?aces.

Lanthanum particles were never seea as free cyteplasmic
inclusions,

Medullated Ray Fiber Layer

TImmersion .of medullated ray retina in fixatives containing -




-30-
lanthanum hydrqxidé produced scattered staiping of the ILM, similar
to that seen in ayascular areas (Fig. 40). Lanthanum particleé
were seen entering some extracellular‘spaces between astrécytes
near the basal. lamina (Fig. 40, 41). However, the staiﬁing of
these extracellular spaces was shallow, being only as:deep as 290 nm
where they.ﬁere s;opped by astrocytic céll.to cell épecializatioﬁs.
Lanthanum particles were seén against astrocytic junctional complexes,
but'did ngt appear to penetrate them (Fig. 41), Lanthanum particles
were not found associated with fiber layer blood vessels or their
perivascular spaces.

Summary of Lanthanum Hydroxide Immersion Studies

In summary, the results from lanthanum immersion studies imply
as_did-the ruthenium red studies, that the'ILM is different in the
. vascular and avasculér areas. In the avascular area, the Miller cell
membrgnes are speciélized to allow lanthanum td'fasg'fhfough the ILM
and into fhe extracellular spaces between cells,.whereas the astro-
cytes of the vascular retina are specialized to exclude this stéin.
Mtiller cells in the avascular retina also demonstrated:appareﬁt
pinoéytofic invaginations and vesicles laden with lanthénum particles,
Sﬁggesting an acfive .uptake of materials from the extracellular

Space and vitreous.

LANTHANUM HYbROXIDE VITREAL EXPOSURE

The preservation of this tissue was generally poor as
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: indicated by membrane disruption, numerous swollen and disrupted
vesicles within the Mﬁller-cells, dilation of Miller cell endo-
plasmié reticulum, and myelin disruption,

Avascular Fiber Layer

A 2% lanthanum hydroxide solution introduced into the ﬁosterior
vitreél cayity in vivo stained the .IIM much the same"as when siain
was used in the fixative., The basal lamina and Miller cell end
feet membfanes Were-uniforﬁly stained (Figs. 42, 43), Lanthanum
particles were present in the extracellular spaces Eetween Miller
cells (Figs.l42, 43). Because tissue1préservafion Wés poor, it was
not possible to idéntify'piﬁocytotic invaginations or vesicles, or
clearly distinguish extracellular dilations. This staining was

observed in, but not beyond the inmer plexiform layer,

Megdullated Réy Fiber Layer
Becaﬁse‘the tissue was so disrupted by the treatment, it was

difficult to iﬁterpret.the extent of much of the staiﬁ. Lantﬁanum
staining was observed as 470 to 1500 Z cluﬁps at the IIM (Fig. 44 ).
In contrast to the fixative introduced lanthanum, the sfaiﬁ was in
extracellular spaces between astrocytes and between'éstrocytes and -
axons in heavily myelinafed éregs (Fig; 44,’45 ).' In tranéi?ional
areas, scattered lanthanum stainiﬁg was seen in extracellular-spécés
between astrocytés, between astrocytes and axons, between astrocytes

and Mtller cells, and between Miiller ceils themselves (Fig. 46).
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Lanthanum particles were not observed within glial or axonal cytopiasm.
Lanthanum was also obsérved:iﬁ perivascular spaces around fiber:
layer capilla?ies (Fig, 47). ét;in was not observed.within'endo~
éhelial-cells, within endothelial.Piﬁocytotic invaginations on

Vesicles, or within capillary lumina,

IntréﬁaSaular Label Studies
INTRAVASCULAR LANTHANUMfHYDROXIDE _
(Two Minute Infusibn Time)

Avascular Fiber Layer

Lanthanum particles were present in theivit¥eous and at the ILM,
appearing as 130 to 900 X wide ﬁaf;icles or aggregates of particles
(Fig., 48), 'Sbme'bf these particlés were present in thé extfacellular ‘
space; bétwéenlMﬁllér cells at the ILM'(Fig. 48), but not aeeper in

the fiber layer. -

Medullated Ray Fiber Layer

Lénthanum staiﬁ was not associatéd with the:ILM.in medullated
‘ray tissue..:Lanthanum staiﬁ was found in fiber layer éapillary
1ﬁmina as 180 to 400 X-wide'dérk, irregular particles or groups of .
:ﬁarticlesr They were often found agéregated arouﬁd'efythrocytés
(Fig, 49). Some ﬁedullated‘ray bibod Vessels'had appapenf'pino—
Cytotic invaginations in the endothelium containing lanthanum

particles (Fig.'Sd), Vesiculated lanthanum within the endotheliai
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cytoplasm was also found (Fig. 51, 52), Lanthanum was not seen
outside of the endothelium,

Choroidal~Retinal Interface

'-Lanthanum parficles were found within the lumina ofnchoroidal
cabillaries, but with one excéption (Fié. 535, lanthanﬁm was not
found vesiculated within the endothelium and was never f;und outside
of it,

(Fifteen Minute Infusion Time)

Avascular‘Fiber Layer

Lanthahum particles were in the vitreous and at the ILM, dis-
tributed in the same fashion as those seen in the two minute infusion.

Medullated Ray. Fiber Layer

Lén%hangm stain was not found asgociated.with tﬁe I1M,
Lanthgnum étaining of fiber layer blood vessels appeared similar to
that in the 2 minpte.infusion study, with endothelial inVaginatiops
and vesicles containing stain (Figs., 55, 56). Lanthanum was not
seen outside of the endothelium, |

'Chbroidal—Retinal Interface

Endothelial piﬁocytotic invaginations'contained lantﬁanum
Particles in the choroidal vessels (Figs. 57), énd stain was’féund in
cytoplasmic vesicles in the endothelium (Fig. 57, 58). In one
sécﬁion, a.lénfhanum particle was ggainst the inside of an endo-

thelial tight junction (Fig. 59), Lanthanum pafticles were found
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in the choroidal perivascular spaces in post-~stained sections
(Fig. 59); and‘in unstained control sections (Fig, 60); Lanthanum
was also found in the outermost extent of the spaces between tﬁe
pigment epithelial microyilli (Fig, 61).

(Twenty Eight Minute Infusion Time)

Avascular Fiber layer
The distribution of lanthanum at the IIM apnd avascular fiber
layer was the same after 28 minutes as after 2 minutes (Fig. 62).

Medullated Ray Fiber Layer

Lanthanum stain was not found associated ﬁith the ILM. Lanthanum
particles were seen in the spaces between endothelial cells, and
adjacent to eﬁdothelial tight junctioné in the medullated ray
capillaries (Fig. 63). Lanthanum in eﬁdothelial invaginations and
cytoplasmic vesicles was similar to that seen in the 2 and 15 minute
infusions. As in the shorter infusions, lanthanum was not seen
outside of the endothelium,

Choroidal—-Retinal Interface

The lanthanum distribution at the choroidal-retinal interface
was similar tolthat seen at 15 minutes except that there was a
deeper penetration of stain between the pigment epithélial microvilli
(Fig. 64)., Some particles were also seen free within the pigment
epithelial microvilli eytoplasm, Lanthanum particles were not'seen
in extracellular spaces between pigment epithelial celis,'nor deep

to the pigment epithelial cells proper.,
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Suﬁmary of Intravascular Lanthanum Studies

In summary, lanthanum hydroxide introduced into'thelvésculature
in Ringer's solution resulted in particles enterigg the vitreous
ana Being 1ocalizgd at the ILM in the avascular retina. The site
of entrance of the lanthanum particles into the vitreous was not
determined. In the-vascuiar retina, ianthanum particles Qere
pinocytized by endothelium, but they didn't cross the .endothelium,
At the chéroidalwrgtinal interface, lanthanum particles crossed
Vesgsels, but their movement ﬁas stopped by the junctiénal complexes

of the pigment epithelium;

RUTHENIUM RED PERFUSION

Ruthenium red introduced into the general circulation as an
element of.the perfusate was not visualized in the tissues, not
even in the vasculature. It seem probable that higﬁef concentrations
are needed for such a stain to bg used, |
INTRAVASCULAR FERRITIN.

Ferritin, in any sizable concentration, was nof obsefved in
avascular retinal areas when it'was introduced info the vgsculature.
Ferritin particle size and density was similar té béckground material
in the vitreous and extracellular spaces, thus it-waé'hot possible
to accurétely localize individual particles, Some.fiferjlayer blood

o

vessels contained electron dense ferritin particles, 60 to 90 A -in

diameter. These particles were occasionally seen in endothelial
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Pinocytotic invaginations (Figs 65 66); However, ferritin could ‘not
be Posltlvely 1dent1f1ed in endothellal vesicles or outside of the
endothelium., Ferritin was not VlSu&llZPd in the chor01dal Vessels,

probably due to 1ts relatlvely 1ow concentratlon.




DISCUSSION

Milller Cells in theInner Retina

Miller cell processes were the'onl§ supporting elements encoun-—
tered in the avascular fiber layer. Extracellu@ér:channeié, continu—'
ous wifh the vitreoué space except for the.intervening basaillamina,
have been reported between Miller cells.in'the toad retina, and veri-

fied there utilizing extracellular marker519’20’21.

However, such -
channels and their vitreal communications have not been reported in
mammalian tissues. Most investigations, with the exception of an
.48 . . .
early study of the turtle retina =, have not examined the presenece or.:
lack of cell to cell junctions that could affect access to such
channels between Miller cell end feet. Junbtional complexes between
Miller cells were not seen in this study in either control. or stained

tissues, thus suggesting an open communication between these extra-

cellular spaces and between the vitreous and the extracellular

26,32,33

spaces. Many authors have compared Miller cells to asfrocytes
Astrécytes are chéracterizéd by cell té cell junctional complexes; as
shown in this study and othersA’S, while the‘ﬁﬁller cellé are charac-
terized by a lack of 'such complexes. The.evideﬁée fromifhis study

N T -
thus suggesté.tﬁat Mﬁllef‘cells and astrocytes probably have quite
. different fﬁhétioné as pertains to the\extfacellula¥_space. .

Extracellular channels between Miller cells were observed in-

1 ’
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communication with’the vitreous, with an irtervening basal lamin;
in all tissues of this study. Ruthenium red, introduced frém the
vitreal side in fixative; was hble to penetrate the baéél lamina and
Spain Miller céli coats‘iining the extracellular cﬁannels. ‘The fact
that the'futheﬁium red particles in ext;aceliuiar channels were gen-
erally smaller than th@sé between_thé'vitreous and tﬁe Méiller cell
basal lamina suggésts that the basal lamina may be acting sémewﬂat

like a filter to larger particles. Lanthanum, introduced in fixative,

Was able to penetrate theg ILM and fill extracellular spaces between

Mudller cémls. As with ruthenium red, particles found on the vitreal
side of the basal lamina were larger.than those on the retinal side.
Extracellular channels were‘stained more randomly with lanthanum than
with ruthenium red. This may be reiated to the faét the’lanthanum
has no specific bindiﬂg properties12 and can thus be washed out of-
tissues.'” .

Although scattered iptrécellular vesicles were-reported ip e;rly,
eléctron microscopic studies of Miiller cells, normentiop‘of piﬁo—
cytotic vesicles was'madel3;19.. Probable pinocytotic invagiﬁétions
and intraéellular vesicles were noted in this study; Ruthenium red
and lanthanum particie§ from the extracellular chaﬁnels'were:seen.
lining the apparent pinocytotic inVagipaéions apd iﬁ intracgllular

vesicles. It is of interest to ask why laden vesicles are present

since the stains were administered in the fixative which stops
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cellular:actiyipy.addthardens the tissue, I£ is possible that the
laden vesicles could be laden pinocytotic invagina;ions cﬁt tangen-
tially, or more'likely'that upon exposure to stain and fixative,
pinocytotic vesicles Which were almost totally formed were able fo
become cytoplasmic before total fixatiéﬁ occured, -

| Excépt'for prévious studies in this laboratéryBo, dilated extra-’
ceildlér spaces between Mﬁller'cells have not béen.reported'even
though some light micrographs in fhé 1itératuré show these spéces17.
In fhis study; three types of apparent.extxacellulér dilations were
encountefed. The-Type 1 spaces, characterized by irregular and
broken outlining membranes and'containihg membranous debris, suggest
tissue damage. It is possible that these spaces may result from'de-~
generated axons, or that they may in fact be intracellular since‘extra—,
cellular stains were not found associated witﬁ,thém. The Type 3
spaces, characteriéed:by minor membtrane disruption and an'amorphbus
Particulate content similar to vitreous, also may be the result.of
tissue damage.. fhe substance within_tﬁe>Type 3'spéées_suggests an !
area of vitreal continuity in the fiber layer, possibly due to tissue
damage, It is also possible that some Type:=3 spaces (such as the one
in Figure. 33) are in faét intracellular vacuolations. This is sug~
gested by the electron dense line egtending across the dilation,
poésibly indicating intracellular yacuolation in two adjacent Miller

cells with staining of the extracellular channel between them, Small
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converging groups of cellular vacuolations (such as in Figure 38) inm
dicate such a formation. The Type 2 spaces: characterized.by smooth
and continuous lining membranes, appearéd‘to be actual enlérgements of
the extraceliular space and were continﬁous with the &itreal space,
These spaces Weré found to cpntéin_rutheniumlfed particles, anﬂ, mosf
usually, were lined by extracellular lanthanum particles.A In somé
instances, the lanthanum literally filled the spaces. The differences
in lanthanum £illing could likely be explained by 1anthénﬁm washing
out of the tissues during processing, or by different concentrations
of lanthanum working through the ILM in differen; areas; One must
consider that £he extracellular dilations may be fixation artifacts.
However, in most adjacent tissue the intercellular relationships and
‘Qrganelle size and appearance Eorresponded well to 'normal retinal’

26,35

tissue as described in the literature . Also, the fixatives used

fit the osmolarity guidelines suggested to minimize shrinkage and

33,32 pxtracellular dilations

expansion during fixation of the retina
.could play a role in Miiller cell—gxtracellular space interactions by
increasing the exfracellular volume and the cellular surface ekposure
to that extracellular space and its contents, These iesulFS'suggest i
that studies .using the rabbit.retina_as a model for central ne?vous

system extracellular spacesz?53

.may be misleading since central -
nervous system tissues have no such dilatioms.,

The combination of extracellular ¢hannéls from the vitreal space,
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the dilations within those channels, the presense of pinocytotic
invaginations and vesicles, and thé lack of junctional complexés.
between Mullexr cell end feet makes it seem likely'that the Mﬁllef
cells in the avascular region could be involved in the'uptéke of
materials from the vitréous. This supposition is further supported
by the results of the studies which exposed ruthenium red and lantha-
num to the vitreal surface of the retina, This is also sﬁpported by
biochemical studies suggesting the retinal uptake'of-glucose from the
vitreousl’49.

It is of interest to note that some studies in the literature45
imply that ruthenium red is an intracellular stain for Miller cells.

However, intracellular ruthenium red was never seen in this study

when membranes were intact.

Astrocytes and Blood Vessels in the Inner Retina

In the vascular, myelinated fiber layer, astrocytes were the
major glial cell type. Astrocytic end feet formed the ILM and 1in§d
the perivascular spaces around fiber layer blood vesseis. Astrocytes
were characgerized by conspicuous junctional complexes, Whicﬂ would
appear suitea to proyiding some functional barrier, The concept of -
such a barrier is supported in this study by the fact that in well
prepared tissues, neither ruthenium red or lanthapum pa;ticles intro~

duced in the fixdtive penetrated the IIM and entered the extracellular
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spaces between astrocytes., However, when 1anthanum‘hy&ro#ide, with-
out fixative, was introduced into the vitreous, lanthanum pafticles
were found in extracellﬁlar sﬁaces witﬁin the vascularized fiber layer.
This particular preparation could be misleading however, since the:
COndition of the tissue was very poor as suggested by mgmbrane dis~ -
Tuptions, dilation of Miller cell endoplasmic reticulum? and ﬁyelin
disruption., This much disruption of the tissue suggests that func-
gional barriers could easily have been disrupted also, It‘is poséible
that the lanthanum salt could havé easily -damaged the tissue.befbré
fixation occured,

Since the astrocytes do not appear specialized to utilize tﬁe
vitreous like the Miller cells are in the avascﬁlar areaé, it is
assumed that the vitreous is less involved with medullated ray nutri-
tion. Thus, it aﬁpears likely that astrocyteé utilize different
mechanism; than Miller cells do in their métabolic support role. The
Miller cells in the avascular retina, are_specialized to éllbw éxposure
of the cells to the extracellular space and vitreoué, and to actively
take up materials from the extracellﬁiar space,and vitreous via pino—‘
cytosis. Astrocytes in the vascularized retina, are specialized to
form a.barriér which exclﬁdes materials from the vitreous by junc-
tional coﬁpléxes. Astrocyteé are noted to be in close association
with fiber ia&er blpod vessels, suggestiﬁg a pcésible involvement of

astrocytes with the metabolic activity of this tissue, Astrocytes
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also contribute to a barrier system between the vasculature and the
neurons by their junctional complexes and location between these
elements.,-

The endothelial cells of capillaries and venules in the fiber
layer were joined by typical five-~layered zonula occludens as have
been noted previously:in both retin;'a36 and central nervous system

vessels5’37

. In this study, circulating lanthanum particles did not
Penetrate the fiber layer endothelium, even after 28 minutes of cir-
Culation, although they were seen against the inside of the endothe-

lial tight junctions in certain areas. This is consistent with data

obtained using lanthanum and horseradish peroxidase in central nervous

5,14,15,37

system blood vgssels The fact that lanthanum particles
did not penetrate the endothe;ial tight junctions from the abluminél
side (és shown in the laﬁthanum hydroxide vitreal’exposure) is consié;
tent wiph data obtained using horseradish peroxidase in the.centrai
nervous system41. -

Pinocyto£ic invaginations and vesicles in Fetinal fiber layer
endothelium as described in this study, are not mentioned.in the lit—.
erature, although they have been described in central nervous system

6,37

endothelium . The presense of lanthanum particles from the blood

Stream within endothelial invaginations and vesicles verifies the

role of . endothelium in pinocytotic uptake6’37. However, laden endo-

thelial vesicles were not observed opening on the abluminal side, nor
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were lanthanum particles seen outside of the endothelium, These
Tesults are consistent with central nervous system studies using

horseradish peroxidase and ferritin6’37

+ It should be noted that it
is possible that poisoning by the lanthanum12 could affect vesicular
transport mechanisms, thus limitiné the degree of 'transport.

It is of ingerest that some lanthanum particles were seen out~
Side of the ILM in the vitreal space of the avascular retina when
lanthanum hydroxide was introduced into the general qiréulation. Some
of these particles also entered extracellular spéces'between ﬁﬁller,
cells. One possible explanation for their vitreal presense is blood
Vessel damage by either the lanthanum or the perfusion, and subsequent
leakage of lanthanum. However, damaged vessels weré never seen in the
vasculdrized tissues., Another possible explanation is that certain
vessels may in fact be "leaky" to lanthanum, although oﬁher evidence
for this was not seen in this Study.' Lanthanum was not found:iin-peri~
vascular spaces in the fiber léyer?ﬂnor associated with superficial
fiber layer blood vessels. ‘It is possible, however, that certain
vessels may act like the superficial blood vessels of the_pécten in
the bird, which allows a direct flow of materialéhf;om the vasculature
iﬂto the vitreous40.

Examinatioﬁ of the choroidal capiliaries‘demonstrated thét
intravasculdr lanthanum particles penetrated the capillary walls and

entered the perivascular space, It is assumed that they were trans-'
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ported by vesicles, although direct evidence was not obtained, They
then crossed Bruch's membrane and became localized between pigment
epithelial microvilli; Some particles were also seen as free cyto~
Plasmic inclusions in pigment epithelial microvilli, although no pino-
cytotik activity was observed, This vitread fiow of particies occured
in an ordered, temporal sequence in the 2, 15, and 28 minute infusion
times, with deeper penetration at succeeding times, Lanthanum par-
ticles were not found between pigment eﬁithelial ceils, nor internal
to the pigment epithelial.cell bodies, This evidence suggests thaf
the pigment epithelium forms a structu;al‘and functional barrier to
large molecules, preventing their access to the other rgtinal layers
from the choroidal circulation. This idea is supported by an intra- -
vascular study using horseradish peroxidase36.

This study thus concludes that the vitreal space is continuous
with extracellular spaces in the.avascular retina, and,that.the Miller
cells' morphoiogy reflects their fﬁnctional role in the uptake of
vitreal material into the retina. In vascular retina, such speciél—
izations do not exist, but rather, the retiﬁa-is depéﬁdent upon
vasculature with astrocytic boundary layers similar in function to
those in typical central nervous system‘tigsues. Astrogytes are not
.mﬁdified for pinocytotic uptake of extracellular'mate?ials as are
Mdller Cells.: This study points out the active role of glial cells in

the support of nervous system tissues, and indicates that the Miller
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cell is functionally quite different from the astrocyte. fhis study
concludes that in thé vascular retina, as in the rest of the central
nervous system, ﬁhe functional barrier to lérge_moleculestié the
endo;helium. A simiiar barfier to 1argé molecules is shoWﬁ'to exist
in.the,outer retina, b#t resides in ghe pigment epitheliﬁm, rather

" than in the choroidal endothelium,
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Flgure l. A light micrograph of the ‘choroid (c), vascular retlna,
and vitreous (v). ‘The ten generally descrlbed layers of the retina
arer (1) the pigment epithelium Joined by spec1alized Junction5f "
(2) the photoreceptor layer containing the light sensitive elements of
'the retlna, the rods and cones, (3) the outer llmiting membrane cone’
sistlng of- a row of. dense Junctlonal complexes between the photore-.h__
ceptors and Muller cells; (4) the outer nuclear layer containing thei'“
cell bodles of rods and cones; (5) the outer plex1form layer ‘con~ . N
'-talnlng the synapses between the photoreceptor cells and 1ntermed—
1ate neurons (horlzontal and bipolar cells), (6) the inner nuclear
:layer containing the cell bodies of the Mﬁller and intermediate .
‘(bipolar, horizontal .and amacrine) cellsj (7) the inner plexiform '
lafer containing the synapses between the intermediate neurons and

'the ganglion cells; (8) the ganglion cell layer contalnlng ganglion

o {cell ‘bodiesy (9) the fiber layer contalnlng gangllon cell axons

clustered between Miiller cell processes; and (10) the inner 11m1t1ng
. membrane, an apparent barrier between the retina and the vitreous. -

'Caplllarles = ca, X 560

' figure 2. The fiber layer and inner limiting membrane of the avascular
retina. Note the clusters of ummyelinated axons (ax) located between
the darkly stained columns of Miller cell processes. Note the con-
t1nuity between the extracellular channels (e) and vitreous (), w1th

an intervening basal lamina (b), =x 21,500,
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Figures 3 through 6. Avascular retinal lnté:face with the vitreous,

Figﬁfe 3, _Immersionffixed‘Mﬁller cell end feet continuities (arrows)

betwéen extracellular channels (g) and the vitreous ) with an o

" ‘intervening basal lamina (b). Note glycogen, concentration differences

between diffefehp end feet, and profilés of appérént?smodth endoplasmic
reticulum within the Mitller cell cytoplasm, Extraééllular dilation =

ed; pinocytotic vesicle = p. x 25,000,

Figure 4, Part of the ILM consisting of the basal lamina (b) and the

Mdller cell end foot membrane (m). Extracellular channel = e;

vitreous = v. x 55,000,

Figuré 5. A ﬁinocytotic invagination (pi) and pinocytotic vesicles
(») in a Miller cell, Vitreous =v. x 56,700,
Figure 6. Perfusion fixed Miller cell end feet, Note the extra-

cellular dilations (ed) containing membranous material, and their

continuity with extracellular channels (arrows). Vitreous = v.

x = 7,200,
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Figures 7 and 8., Vascular retina.

' Flgure 7. Pefivascular astrocytic pfocesses. They are characterized

. by numerous cytoplasmlc fllaments (f) and scattered glycogen (g,

_Note the astrocytlc basal 1am1na (b) and submembrane density (d)
'adJacent to a perivascular space (pv). Collagen = c; puncta-

. adherans = pa, x 45,000,

Figure 8, Astrocytic processes forming the IIM, Note the basal
lamina (b) with vitreal filaments embedded in it,'and the astrocytic
submembrane density (d), Extracellular channels = e myelinated

axon = mx; vitreous = ﬁ. X 27,900.
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Figures 9 and 10. Vascular retina,

Flgure 9. Astrocytlc processes (a) adJacent to a flber layer blood '

'f'avessel._ Note the endothellal p1nocytot1c 1nvag1nat10ns (p1) and

' p1nocytot1c vesicles (p) Collagen = c, endothel1al cell 'g

_lumen = L, perivascular space = pv, zonula occludens < zo.' x 3l 500‘:

*u_Figére 10. Both Miiller oell (m) and astrocytic (a) prooesses:

.adjaoent‘to a fiber 1ayer blood vessel Note the open Muller cell .

to astrocyte Junctlon (arrow), whlle astrocyte to astrocyte Junct1ons

are closed (See F1gure 9) Endothellum = eC; lumen = L, mye11nated
axons = mx, perlvascular space = pv, p1nocytot1c ves1cles = p.

~x 36,000,
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- Figures 11~13, Vascular retina:

Figure 1. A fiber 1ayér blqodgvesse1.With adjaceﬁt éstrocytic: ‘ -
ﬁrbcessés (a). Endothelium =;ec;,endoﬁhe}ial basal lamina = b;

perivascular_space'ﬁ'pv;'astrocytic_basallléminé = g; pinocytotic

‘invagination ='pi;”pinodytdtic vesicle ﬁ:p;';uﬁén'é”L. x_ZZ;OCO;'-
Figﬁré 12; A zonula occludens (arfow)fbetﬁéen two eﬁdothéiial'l .
cells (el and ez); Lumen = Lj perivaécqlaf épaqé = pv. % 54,000.
Figure 13, A zonula occludens (arrow) between twd adjacent astrocytic °

cell processes (al and az)l Perivascular space = pv; basal lamina =_b;

'x 85,500,
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Figure 14, A choroidal blood vessel with the adjacent pigﬁent
epitheiium. . Lumen = L; endothelium.= ec;_endothelial"bésal

laminé'=_b5 periyasculér'spaqe = pV3 pigment'epithéliai basal'-

-
]

‘lamina pb;'pigment epithelial microvilli = my '3 pigmént'

épithelial cell bodids = pe. x 57,500,

'Iﬁsetg Fenestrations with -diaphragms in the endothelium of a
choroidal capillary, Endothelial cell = ec; 1ﬁmen = L3 perivascular
space = pv. x 58,500.

Figure 15, A junctional complex between two pigment epithelial

cells consisting of a zonula adherans (za) and a zonula dccludenS'(z)}
Arrow indicates the diredtién,toward the choroid, Rod outer segmeﬁt
=1, x 34,500,

.Figufe 16, . A éhordidal-capillary, the pigment epithelium (pe), and
rod dute; segments'(i), Endothelium = ecj lumen = L; pigment

epithelial microvilli = mv. x 25,000.
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Figures 17-19. Avascular retina which was prepared by immersion

in fixatives containing ruthenium red.

Figure 17.. Avascular retina with the basal laming (b) aﬁd Mﬁ1lef h
. cell end foot membrane (m) stained with ruthenium red particles ().
Note ruthenium red in_the'extrqcellular chénnels (arrowé)istaining

' Miiller cell membrane coats, Vitreous = v. x 40,500,

Figure 18, An.ethagellular dilation (arrow) containing ruthenium
red, Note the continuity of the dilation with an. extracellular space

(e). Vitreous = v, x 21,000,

Figure 19. Ruthenium red stain in a section prepared without 'post-
staining, Note that the stain is concentrated at the basal lamina
" (b) and on the cell coats adjacent to extracellular channels (arrows),

x 43,000,
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f‘Figures 20—24, Avascular retind which was prepared by immersiaﬁ

in“fixatives containing ruthenium red, N

-Figure 20. 'Ruthgnium red stain between Miiller cells and betwéen. :;

| Miller cells and ummyelinated axons (ax). Vitfeous = v. x 18,500,

Figures 21 and 22, .Midller. cell pinocytotic invaginations lined.with .
‘ -ruthehiuﬁ fedA(arfbws)_in>the fiber layer-just'deep to the Viﬁreoust“

X 42,500, x 50,000,

‘Figures 23 and 24, Miller cell pinocytotic vesicles lined with
. rutﬁenium red (arroWs) in'the,fiber layer just deep to thervitreous-

(v). x 25,000, = 26,500,
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Figures 25 and 26, Vascular retina which was prepéred by immersion

uin‘fixatives containing ruthenium red,

=Figureﬁ25._'Astr6cytic prpcesées and cell body (a),édjacent'tq the -
.vitredus ). ﬁo;ehtha; there is no ruéhenium red stéining of the

© IIM or extracellular'éhénnéls. MYélinated_éxonS';.m&.; X 19;9Qd,_.

Figure 26. Astrocytic processes (a) adjacent to the vitreous (v) .
in a section withou postmstainihg. Note thellack of ruthenium red

staining of the.ILM an& extfacéllular channels,
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Figures 27.an§;g§, V;treal blood.veéséls adjaceﬁt to the ILM in-vaégl'

" cular retina pfepared by immersion in ruthenium red cohfaiﬁing-fixv '
:ativés; .Note’the rhthenium red stain at the basal lamina (arers). '
. - Astrocytic processes = aj endotheliunm = ec; 1umén = L} yitreous = v..

" x 5,900, x 21,700, -

Figure 29, Avascular retina which was p;epared'by immersion in

fixarive containing lanthanum hydroxide. Lanthanum particles are at

the basal lamina‘(b) and in extracellular qhanhels (arrows). Note th?.:

'extracel;ulér dilations t¢ Type 1 contains particulate material (1),

while Type 3 has membranous material in it (3. Intraééllular Spaéésﬁfl"

i; vitreous = v, . x'35;500.'







73




Figures 30—33. Avascular retina Whlch was prepared by immerslon in

fixat1ves conta1ning 1anthanum hydrox1de.

) Figure 30. Extracellular spaces stalned by lanthanum as deep as the
1nner plexiform layer (I) Note the Type 2 extracellular d1lat10n o

lined with" lanthanum part1cles (2).- x 6 700

Flgure 31 Milller cell procesqes adJacent to the vitreous (v) in a
section w1thout postnstalning. Note the lanthanum part1c1es in the

basal lamina (b), and in extracellular channels (arrows);. x 33,300.“

Figure 32. A Miiller cell'pinocytotic‘invagination filled with,

lanthanum (arrow), Vitreous = v. x 81,000,

Figure 33, . A pinocytotic vesicle filled with lanthanum (arrow).
Note the possible. Type 3 extracellular dilation (3) filled with light .

particulate material, x 17,100.










Figures 34-37. Avascular retina which -was prepared 'by immersion in

fixatives containing lanthanum hydrgxide,"'

”"'Figufe;34} A:Type 1.¢xtracellﬁlar dilaﬁion'cohtéining membrénoﬁs ;
VZJmatefial;(l), Note the 1§nthaﬁym par;iclés agéinst'the bésa;;}émina
(artow). Vitreous.= v, ¥ 35; 500, -

FiggféHBS. Smooth walled Type 2 extraceliﬁlar dilatiqns.(é) on a
" section prepared without ﬁpsf—staining. Note the lack of lénthaﬁqm."'-

o

. in these dilatioms. .k 19,000,

Figures 36 and. 37, Examples of smooth walled Type 2 extraceilﬁlar

[

dilations (2).1lined with lanthanum particles. x 19,000.. x 17,900. .
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Figures 38 and 39, Avascular retina prepared by immerslon in

fixatiyes containing lanthanum hydroxide,

Figure 38.- An example of a smooth Walled type 2 extracellular
.dllatlon (2) f1lled Wlth lanthanum. Npte the intracellular
vacuplations (Ve) adjacent to this dllatiqn,' Vitrebus-= V.

x 16,300,

Figure 39. Type 3 extracellular dilations (3) fllled with 11ght _:

particulate mater1al. Note the extracellular channels, some
. containing lanthanum, leading to these dilations (arrows).

x 15,000,

'Flgure 40, Vascular-retina wnich was prenared.by immereicn.ln'
.flxatives contalnlng 1anthanum hydrox1de. Lanthannm parﬁlcles
have penetrated extracellular channels (arrows) between astrocytlc
prqcesses (a), - The stain appears to have penetrated the extra—-
cellular spaces.pnly as deep as to the region where juncticnal=

complexes exist. Myelinated axons = mx; vitreous = v. ' gy

x = 30,600,
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‘lFlgure 41. .Vascular retlna Whlch was prepared~by 1mmer31on in -
fixatlves contalnlng lanthanum hydroxlde. Two adJacent astrocytlc
processes (a) at the IEM are 301ned by a 7onula occludens (arrow).
.Note that the lanthanum is penetratlng the extracellular channel

, only as deep as the zonula occludens. =Vitrepu55= v, X 67, 500.

'Flgures 42 and 43, Ayascdlar retiﬁe treated in vivo for 30 minutes

'w1th a v1trea1 1anthanum hydrox1de solutlon.
Figure 42, Lanthanum perticles in the basal lamina (b) and
extracellular chennels between Miller cells'(arrdws).' Vitreous = v,

"~ x 30,600,

Figure.43.A Miller cell processes adjacent to the vitreous (v) in . -

e section prepared without'postvstaining. Note lanthanum particles
" in the basal lamina (b) and in extracellular channels between

Mnller cells-(arrows).' X 41,400.
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Flgures 44H47. Vascular retina treated_ig vivo fcr,30.mintues with

S a vitreal lanthanum hydrox1de solutlon.

-Figgre 44 ‘Lanthanum stain“in the basal laﬁina'(b) in extra— S
.Cellular channels between astrocytlc processes (a), and between h
‘astrocytic processes and myelinated axons (mx).' Vltreous = v.'.n .T-

% 20,700,

‘Figure'45, Lanthanum stain in the f1ber 1ayer between astrocytes

Ay(a); and between astrocytes and myelinated axons”(mx). X 7, 200.

Fignre 46, An area of vascular retina with ‘both astrocytes (a)
and‘Mﬁller cells (m). the the stain between astrocytes, betWeen
astrocytes and myelinated axons (mx), between astrocytes and Muller

’ cells, and between Mhller cells themselves. x 8,700a

' Figure 47. Lanthanum particles in the perivascular space (pv) around
tiber layer blood vessels. Endothelium = ecC; lnmen % L; myelinated

axons = mx. x 8,000.

e
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Figures 48-53, Tissues exposed to two minutes of intravascular-lan—'l

thanum1hydroxidefsoluticn followed by perfusion with fixatiye,

Flggre 48 Avascular retina, Lanthanum particles at the basal
'lamina (B) and in extracellular spaces (arrow) betWeen Mﬁller cells.

Unmyelinated axons = axj Vitreous = v. x 42 300

,::Figure 49, Vascular retina. Lanthanum partlcles next to au
.erythrocyte (E) 1n a flber layer blood vessel, Note the |
1anthanum partlcle in an endothe11a1 pinocytotic 1nvaglnat10n
(arrow). .endothelium —"ec, perivaecular'space = pv; Lumen-= L,

" x 45,000,

Figure 50, Vascular retina, Lanthanum particles in a pinocytotic
invagipation,(arrow) in a fiber layer blood vessel, Endothelium =

- ec; lumen.= Lj perivascular space = pv. x 28,800.

Figures 51 and.52.' Vascular retina, Lanthanum'particles“in
endothelial pinocytotic vesicles (arrows) in fiber layer blood
vessels, Endothelium = ec}'lumeu = L; perivascular space =:pv.

x 49,500, x 38,700,

Figure 53. Choroid, Lanthanum particles in an endothelial
pinocytotic vesicle (arrow), Choroidal endothelium = ec/ lumen = L;
pigment epithelial basal lamina = b} periveécular space = pV,

x 63,000,
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Figures 54—61 Tissues exposed to 15 mlnutes of intravascular

lanthanim hydroxide solution followed by perfu31on w1th flxatlve,

Figure 54, Avascular ret1na. Lanthanum at- the basal lamina (arrows)

- adJacent to the'vitreous ). x 36 000 . o _
-Figure 55. Vaseular ret1na. Lanthanum in -an endothellal plnocytotlc

1nvag1nation (arrow) and vesicle (p) in a f1ber 1ayer blood vessel :

. Endothelium =. ec& 1umen = L. x 82 000 SR
\ Flgure 56, Vascular retlna. A 1anthanum particle in an endothellal

pinocytot1c ves1cle (arrow) in a fiber_layer-blood vessel.: Astro—:
cytic process = a;‘endothelium = ec;'lumen =.Ls perivascular

:space = pv. x 51,300,

Figires 57 and 58, Choroid ‘Lanthanum particles in endothelial
'piuocytotic vesicles (arrows). Eudotheliuu = ec; lumen ='L;
perivascular space = pv; plgment ep1thellal microvilli = mv,

x 17, ooo " "x.29,300, _ | o o
Flgure 59._ Choroid, . A 1anthanum particle adjacent_to the luminal

side of an endothelial zonula occludens (arrow) Nore_the 1antha¥ '
num particle (p) in the per;vascular space (pv). éendothelium = eeﬁl

lumen = L, x 77, 000, _
Figure 60, Choroid in a sect1on prepared w1thout post—sta1n1ng A

lanthanum partlcle is in the per1vascu1ar space (pv) between the

choroidal endothelium (ec) and the pigment epithelial microvilli‘(mv).

. Lgmen = L. x 50,700, . . )
Figure 61, Choroid, Lanthanum particles (arrows) are in_thefperi#

vascular space (pv) and adjacent to the'pigment epithélial microvilli

(my). x 61,600,










Figures 62-64, 'Iissueé exposed to 28 minutes of intravascﬁlér.laﬁ—

thanum hydrqiide'sbiutidn'fbllowed by perfusibnlwithjfixafivé.-

: #iggfg'6?; AVééculé?_retipaﬁ,.La;thahﬁm p;ffiéiéé“(affows) gtéxiﬁ f‘
' the vitreous (¥) and against the basal lamina (b), x 51,800,
Figuré'éé; Vaséularlrétina. A'laﬁthanﬁm p;rticie is aggiﬁst ﬁhé
lumiﬁal si&e 6f an eﬁdotheliél zonﬁlé 6éciudens fafréw) in a .
fiﬁe?'la§¢r.blo§d vessel, Endothelium =‘ec} iumen_= L perivaséulaf
sbace = ﬁvf ‘x 103,600, |

‘ Figure 64. Chofoid; Lénthanum.particles are in the perivéscular
'_épace (pv);‘betwéén pigment eﬁithelial ﬁicrovilli (av) , an& some .

. aﬁpear'fo'bé free, intracellularly‘(arrows). x 60,300,

Figures 65 and 66, Vascular retina treated with intravascular

ferritin solutibn for 20 minutes followed by perfusion with fixative.
Ferritin particles (f) in the lumima (L) of fiber layer blood ve$Sels.
Note the particies in endothelial invaginations (arrows).

Endothelium = ec. x 75,600. x 89,600,
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