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ABSTRACT

AN ATLAS OF THE CHOROIDAL ULTRASTRUCTURE

,5.) WITH THE HISTOCHEMICAL LOCALIZATION

,, 0F CHOROIDAL AND PSEUDOBRANCHIAL

CARBONIC ANHYDRASE ACTIVITY

IN THE RAINBOW TROUT

(SALMO GAIRDNERI)

By

Graig E. Eldred

A specifddz site of carbonic anhydrase activity within

the effereni;xressels of the choroidal rete mirabile had

been speculaflxui for the prevention of short-circuiting of

the oxygen.nnfiLtiplication mechanism by the diffusion of

carbon dioxide from the efferent to afferent retial vessels.

It had further been speculated that the pseudobranch may

secrete carbonic anhydrase for use at this site. With the

development of a specific histochemical method for demon—

stration of carbonic anhydrase at an electron microscopic

level, the localization of specific sites of carbonic

anhydrase activity within the choroidal vasculature and

pseudobranch of the rainbow trout, Salmo gairdneri, became

feasible.

An atlas of choroidal vascular pattern and ultrastruc-

1mre has been compiled and presented in Part I. In working

vuth vascular tissues,particularly in fishes. special

Imecautions must be taken in order to avoid clot formation.

Specific examples from the existing literature in which

this had been neglected are cited, and the importance of

the tissue preparatory technique upon the appearance of
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the ultrastructure is stressed.

The GXiS‘tence of a possible mechanism for the neural

control of flow through the counter-current multiplier via

the arterial manifold is identified.

The packing; pattern of the retial vessels is cubic,

such that there is an equal number of afferent and efferent

vessels. Pvt 811 ultrastructural level, the endothelial cells

of the affeandt and efferent retial vessels are structurally

practically identical, yet the afferent vessels are clearly

distinguisfluible as having associated pericytes, a distinct

basement nundbrane, and a smaller lumenal diameter. No

structural differences could be detected distinguishing

distribution.from collection vessels. The choriocapillaris

region has three distinguishing features: 1) the endothe-

lium is relatively free of fenestrae, 2) Bruch's membrane

lacks the complexity seen in higher vertebrates, and 3)

the pigment epithelium lacks a highly involuted basal

border.

Light and electron microscopic carbonic anhydrase

histochemistry was pursued in Part II. Problems with visu—

alization of the cobalt sulfide reaction product were

encountered on the electron microscopic level, but not on

the light microscopic level.

The normal ultrastructure of the pseudobranch-type

cell was found to be similar to those investigated else-

where. Conclusions are drawn regarding the possibility
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that pseudobranchial secretion of carbonic anhydrase may

cmcur for subsequent usage in the choroidal counter—current

oxygen multiplier .

Carbonic anhydrase activity within the choroidal rete

mhmbile is found to increase in intensity along the length

OfIme afferent retial vessels and is seen to extend for

smmadistance into the peripheral distribution vessels.

fiwsesfltes of activity are consistent with a short-circuit

nmdalfbr oxygen multiplication.
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GENERAL INTRODUCTION

Oxygen tensions at the retial-vitreous interface in

teleost fishes are phenomenalogically high (Wittenberg and

Wittenberg, 1961; Wittenberg and Wittenberg, 1962). In

the rainbow trout, Salmo gairdneri. oxygen tensions at this

site reach 400 mm Hg which is ten to twenty times arterial

levels (Fairbanks, Hoffert and Fromm, 1969). These tensions

areesmablished by the operation of a morPhOlOgiCally dif-

ferentiated network of parallel vessels within the choroid

laymrof 1flie teleost eye-——the choroid rete mirabile.

anmr, erffert and Fromm (1973) have established that

higloxygeui tensions and hence the functional integrity

Of‘fim re1xirmq are dependent upon carbonic anhydrase. A

"smut-cirwyuit" model has recently been proposed by Fairbanks,

Hmfikrt arui Fromm (1974) in which the counter-current ex-

<fimngm¢(3f- oxygen in this system relies upon a localized.

highly active focus of carbonic anhydrase activity, pre—

mmmbly jJfi ‘the efferent side of the system. Its presence

here, as distinct from the foci of activity present in the

retina and red blood cells has yet to be demonstrated.

In Inostteleosts, the choroid rete mirabile receives

oxygenated blood directly from the gills with only a

small veS‘tigial gill structure, the pseudobranch, inter-

posed

betWeen them. The pseudobranch has exceptionally

high 1
evels of Carbonic anhydrase activity (Leiner, 1938;

1



Maetz, 1956; Hoffert, 1966). The capillary network within

the pseudobranch is surrounded by very morphologically dis-

tinct, "pseudobranch-type" cells (Harb and Copeland, 1969).

In as much as the functional significance of the pseudo—

branch had eluded investigators for years, Copeland (1951)

Proposed that it may secrete carbonic anhydrase into the

blood stream for use in the concentration of oxygen by the

SWimbladder rete mirabile and Fairbanks _e_1_'. _a_1. (1969)

also Proposed the same function, this time with the choroid

rete oxygen multiplier as an additional site of activity.

Laurent and Rouzeau (1972) demonstrated the presence of

barorecep‘tor elements and chemoreceptor elements in the

pseudobranch; the chemoreceptors responding to oxygen ten—

Sions, PH. and sodium ion concentration of the blood. This

neural receptor activity, however, accounts for neither the

apparent Secretory cellular specializations of the pseudo-

branCh‘tL’pe cell, nor the high levels of carbonic anhydrase

aetiViW reported. Thus. the hypotheSiS PrOPOsed by

Fairbanks g 31' (1969) remains a viable theory.

H"il’l's‘vson (1967) introduced a light microscopy technique

for the histological staining of carbonic anhydrase activity

utilizing a cobalt sulfide precipitate. Because cobalt

sulfide is electron dense as well as light opaque, the tech-

nlque has recently been improved and used at the electron

mi .
croscoch level by Rosen and Musser (1972)-



In the current study, through the use of this carbonic

anhydrase histochemical technique, at both light and electron

microscopic levels, two objectives are sought. First, the

Possible presence and precise locus of an efferent choroidal

carbonic anhydrase activity will be studied in order to

Provide either supportive or contradictory evidence to the

Short-circuit model of Fairbanks gt al. (1974). Secondly,

1She localization of carbonic anhydrase activity within the

Pseudobranch of Salmo gairdneri is attempted, in hopes of

correlating its ultrastructural location with morphological

eVidence for secretory activity, and in so doing lend

credence to the hypotheses of Fairbanks et all. (1969) and

COPeland (1951).

In order to achieve these objectives, however, it is

first necessary to precisely define the vascular patterns

and morphological features which distinguish the structures

01" interest here. The pseudobranch ultrastructural morphol-

ogy had Previously been extensively described (Copeland

and Dalton, 1959; Holliday and Parry, 1962: HELP‘0 and

Copeland, 1969), so that it was merely necessary to re-

affirm these findings in Salmo gairdneri. However, the

choroid Vascular morphology has not been extensively

described in teleosts, particularly at an ultrastructural

level- Copeland (1974a) and Wittenberg and Wittenberg

(1974) haVe published studies in which gross vascular

patter .

n8 in several teleost species and preliminary



Observations on rete ultrastructure are described. The

apparent interspecific variability in gross morphology and

remaining paucity of definitive ultrastructural description

deemed it necessary to catalogue an atlas of choroidal vas-

cular ultrastructure before proceeding to the histochemical

localization of carbonic anhydrase.

In Part I of this study, a description of the normal

Choroid vasculature in Salmo gflrdneri is presented along

With a comparative discussion of the functional significance

of each vascular segment. Part II is concerned with the

localization of carbonic anhydrase in the choroid and

Pseudobranch of this species.

It is hoped that a much clearer anatomical and func-

tional understanding of the teleost choroidal vascular

ultrastructure and an important extension of the evidence

for the possible role of carbonic anhydrase in the choroidal

Oxygen CGunter—current exchanger will be gained through this

study. Further, important problems and precautions in

microvasoular fixation procedures will be presented which

have heretofore gone undefined, but which should be taken

into c . o o

C)nslderation in future ultrastructural research on

any VaSCular bed .

 



PART I



INTRODUC T ION

The circulatory system is designed to supply the body

tissues with blood in amounts commensurate with their meta—

bolic requirements. To accomplish this most efficiently,

the microvasculature of each tissue and organ must be

Specialized in 1) its microvascular geometry, 2) the spatial

relationship between tissue cells and capillaries, and 3)

the structural nature of the capillary endothelium-

Vertebrate retinal tissue has the highest rate 0f res—

piration of any tissue in the body comparable only to» and

often exceeding, that of cancer tumor tissue and embryonic

tissue (Noell, 1959). In keeping with the needs of this

metabolic demand, the mammalian ocular tissue is supplied

with ”CW0 microvascular beds-—-one in the choroid, and one

in the retina. Unlike the mammalian retina, however, the

teleost retina is avascular. With the exception of the

minor Vascular contributions made by the lentiform body and

the falciform process (Copeland, 1974b) the entire metabolic

needs of the teleost retina must be met by the circulation

0f the C:horoidal layer.

In meeting these metabolic needs and in keeping with

the notion that over-all tissue and organ function is funda—

mental t0 and a determinant of vascular architecture, the

teleos-t choroidal vasculature has evolved into a structure--

the ch ,

orold rete mirabile—--capable of the counter—current
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exchange of oxygen (Wittenberg and Wittenberg, 1962;

Fairbanks, Hoffert and Fromm, 1974). A notable exception

is seen in the eels, Anguilloidei, which lack the choroid

rete (Wittenberg and Haedrich, 1974), but which are also

unique among the teleosts in having vascular retinas

(Francois and Neetens, 1974). Besides its role in oxygen

concentration, the choroid rete has also been implicated in

the counter-current exchange of heat (Linthicum and Carey,

1972). The possibility remains that passive diffusion of

other substances across the endothelia of the exchange

system may also occur. Wittenberg and Wittenberg (1974)

suggest that diffusion of water may be important in the

process of oxygen concentration. Also, the importance of

carbonic anhydrase localized within this vascular bed has

been demonstrated (Fairbanks 23 al., 1974).

Thus, it is essential to define the vascular archi-

tectural framework around and upon which these physical and

physiological factors must operate. In reviewing the pub-

lished evidence and in reporting the observations of the

current study, emphasis will be placed upon morphological

features classically considered to be indicative of: l)

diffusion pathways and transport processes, such as fenes-

trations, pinocytotic vesicles, and endothelial junctional

areas, all of which may represent pathways for water soluble

and macromolecular substances; 2) of barriers to such move-

ment, such as basement membranes; and 3) of synthetic

1
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activity, such as rough endoplasmic reticulum, polysomes,

mitochondria, and Golgi complexes.

Several authors have published descriptions of the

choroidal network in various teleostean species which have

touched the surface of the problem. In the present study,

an atlas of the light and electron microscopic structures

of this vascular bed in Salmo gairdneri will be compiled.
 

Then, the functional implications of these anatomical

features will be discussed in light of evidence presented

in the literature for other vertebrate systems. Finally,

several important points of controversy with respect to

fixation procedures have arisen and will be clarified.

 



LITERATURE REVIEW

An historical review of the elucidation of rete

structure and physiology has been presented by Born (1961)

and Wittenberg and Wittenberg (1974).

General Vascular Patterns

The choroidal rete morphology has been described on a

gross structural basis for the cod, Gadus morhua; the blue—
 

fish, Pomatomus saltatrix; the bowfin, Amia calva; the sword-
 

fish, Xiphias gladius; and the tuna, Lampris regius (Witten-
 

berg and Wittenberg, 1974); the rainbow trout, §almg

gairdneri (Barnett, 1951); and the killifish, Fundulus

grandis (Copeland, 1974a).

According to descriptions thus far presented, a pattern

of choroidal vascular flow emerges which is quite different

from that seen in the human (Hogan, Alvarado and Weddell,

1971). Blood flows into the teleost choroidal vascular bed

via the ophthalmic artery. The ophthalmic artery passes

through the sclera along the optic nerve and then branches

into a thick-walled arterial manifold which parallels the

central margins of the horseshoe-shaped choroidal "gland".

This arterial manifold lies within the lumen of a venous

sinusoid. The arterial manifold bifurcates into parallel

afferent vessels of the rete mirabile (Figure 1, p. l05).

These vessels again converge into major "distribution"

vessels which go peripherally to supply the choriocapillaris.

8
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The choriocapillaris lies directly apposed to Bruch's mem—

brane and the pigment epithelium and is the presumed site of

nutrient and metabolite exchange for the retina. Efferent

blood returns from the choriocapillaris via major "collect—

ion" vessels which again bifurcate into the efferent rete

mirabile vessels running parallel to and interspersed among

the afferent vessels in a species specific packing pattern.

The blood is collected into the previously mentioned venous

sinusoid feeding the ophthalmic vein which passes out of the

eye along the optic nerve. Figure 2 illustrates this general

pattern.

Superimposed upon this pattern is an array of species

specific variations. The studies of Copeland (1974a) and

Wittenberg and Wittenberg (1974) both demonstrate that the

gross morphology of the choroid "gland" itself varies from

a horse-shoe shape in most forms to an inverted "Y" seen in

the killifish, Fundulus grandis. The killifish also pre—
 

sents a very interesting exchanger conformation (Copeland,

1974a). In F. grandis an intermediate collecting vessel

carrying venous blood enters the choroid rete at midstream

and bifurcates into an additional set of efferent rete

vessels which are also interspersed among and parallel to

the rest of the vessels on the central end of the rete.

The rainbow trout pattern follows closely that general de-

scription presented above (Fairbanks, 1970; Barnett, 1951).

 



lO

Choroidal and Retial Ultrastructure

In reviewing the choroidal and retial literature on

ultrastructure each segment of the vascular bed described

above will be considered sequentially. No information on

the ultrastructure of the ophthalmic artery and arterial

manifold has been located in the literature to date.

Most descriptions of rete mirabile ultrastructure have

been performed with the purpose of finding characteristics

capable of distinguishing afferent from efferent rete

vessels. None of these studies, however, are conclusive

enough to allow the definition of either vessel type in

Salmo gairdneri.
 

Swimbladder Rete

One of the only other rete mirabile structures of cap-

illary dimensions occurs in the swimbladder rete. Studies

on this system are noteworthy in that the retia of these

two organs are very similar in both function and gross

structure. The vascular ultrastructure in the swimbladder

rete has been studied in the toadfish, Opsanus tau,
 

(Fawcett and Wittenberg, 1959; Wittenberg and Wittenberg,

1974); the perch, Perca fluviatilis; and the pond loach,
 

Misgurnus fossilis (Jasinski and Kilarski, 1971); the eel,

Anguilla vulgaris (Born, 1961); and in the Whitefish,

Coregonus lavaretus (Fahlén, 1967).

In the swimbladder rete of Opsanus tag, the afferent

and efferent rete vessels are clearly distinguishable from
?
,
_
_
_
_
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each other (Fawcett and Wittenberg, 1959; Fawcett, 1961).

Afferent vessels possess a thick (2—4 um) continuous endo-

thelial lining. These cells display the overlapping or

interdigitation of their margins that is typical of mam—

malian capillaries (Rhodin, 1967 & 1968). In Opsanus tau
 

straight afferent endothelial cell boundaries have con—

spicuous desmosomes of varying sizes. Typically there is

one large desmosome situated about midway along the boundary

with two or more zonulae occludens above and below the

principal desmosome (Fawcett, 1966). The afferent vessel

endothelia possess an abundant supply of pinocytotic vesicles.

In contrast, the efferent vessels of the Opsanus tag

swimbladder rete display a distinctive variation in wall

thickness with thick nuclear areas (1—3 um) alternating with

extremely thin areas (lo—70 nm). Within the attenuated por-

tions of the endothelia, there are areas which resemble the

diaphragmed fenestrae characteristically seen in the mammali—

an kidney, intestinal villi, and endocrine glands (Rhodin,

1974). Fawcett and Wittenberg (1959) point out, however,

that in the efferent swimbladder rete vessels of Opsanus,

actual pores not closed by a membranous diaphragm are rarely,

if ever seen. The endothelial cells exhibit very little

vesiculation of the cell membranes. Wittenberg and Witten-

berg (1974) point out that both the afferent and efferent

capillaries of the Opsanus swimbladder rete do not change

in appearance throughout their length, either morphologi-

cally or in their packing pattern.
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Jasinski and Kilarski (1971) reported that afferent

and efferent vessels also display separate, distinctive

morphologies in the swimbladder rete of the perch, Perca

fluviatilis. Afferent rete vessels are apparently very
 

similar to those described in Opsanus tau. They display

exceptionally thick endothelia (4 um) with a great abundance

of smooth surfaced vesicles of an average diameter of 103 nm

and no fenestrae. In the central prominence of each endo-

thelial cell, an apparently full complement of typical cyto-

plasmic organelles (e.g., mitochondria, Golgi complexes) is

present. The endothelial cell junctions do not overlap

and have zonulae occludens and desmosomes. In contrast, the

efferent rete vessels have relatively thinner walls showing

attenuated areas containing both single pores and local

thickenings. Smooth surfaced vesicles are present in large

numbers in the cytoplasm. In addition, pericytes are associ-

ated with both categories of vessels and a basement membrane

surrounds the pericytes and endothelia. Collagen fibers are

reported in Eegga to be seen occasionally passing through

the homogeneous ground substance of the intravascular space.

The swimbladder of the pond loach, Misgurnus fossilis
 

(Jasinski and Kilarski, 1971) is slightly different from

those described in the perch and toadfish above. Afferent

rete vessels in this species show two types of endothelial

cells alternating around the vessel periphery. One is a

flattened cell (0.5 um thick) containing dark cytoplasm with
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numerous smooth surfaced vesicles. The others are l-l.5 um

thick showing light cytoplasm and a smaller number of smooth

surfaced vesicles and also large, electron—lucent vesicles

of irregular shape. Endothelial junctions in both vessels

show not only zonulae occludens and desmosomes, but also

marginal flaps which are arm-like extensions of the endothe-

lia into the vessel lumen at the junctional border. The

efferent rete vessels are like those previously described

in Opsanus and Perca.

Choroidal Rete
 

Contrary to the description presented for the swimbladder

rete ultrastructure the information presented on the ultra-

structural details of the choroidal rete has definitely been

lacking until only very recently, and the micrographs pub—

lished may be indicative of the reason why more information

has not been published.

Wittenberg and Wittenberg (1974) have published line

sketches of electron micrographs provided to them by D.W.

Fawcett at Harvard Medical School, of the choroidal rete

mirabile in gala aalxa, a holostean. This was an unfortunate

choice in that gala is a relatively primitive fish and cannot

be considered as representative of the teleostean form. It

may be used as an example, only if it is kept in mind that

it may at most represent an example of convergent evolution.

In contrast to the morphology of the swimbladder retia pre-

sented above, Wittenberg and Wittenberg (1974) point out
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from their sketches that in the choroidal rete of gala, the

difference in thickness of the walls of afferent and efferent

rete vessels is very slight. They state that this must mean

that some intracellular process is more developed in the

afferent swimbladder rete vessels than in the choroid rete

endothelia. The sketch presented depicts the afferent ves—

sels as being characteristically round in cross-section with

four or five endothelial cells bordering the lumen. The

endothelial cell junctions appear to show the marginal flap

configuration. Surrounding the afferent endothelia are

pericytes and enclosing this complex is a basement membrane.

The efferent vessels are depicted as lacking pericytes and

their basement membranes are apparently distinct from those

of the afferent vessels. The most striking feature, however,

is the fact that the lumen of the efferent vessel is not

circular in cross-section, but sinusoidal in appearance.

This feature had not previously been reported in the swim-

bladder rete conformation. Neither category of vessel is

shown to possess fenestrae. Unfortunately, because only line

sketches are presented, no further observations may be made

regarding vesiculation, perivascular structure and other

subcellular features.

Copeland (1974a) subsequently published the only actual

micrographs of the rete ultrastructure in Fundulus grandis.
 

He first presents the ultrastructure of a rete prepared by

immersion in Karnovsky's fixative (Karnovsky, 1965).

ft}...
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The features seen in these sections are obviously unlike any

other capillary endothelia reported elsewhere. The endo-

thelia are distinctive in having very large "phagocytotic"

vacuoles apparently having been formed by pseudopodia-like

extensions of the endothelial wall into the lumen distinct

from the marginal flaps at the endothelial cell junctions.

There are also numerous smaller pinocytotic vesicles which

would perhaps be more typical of what might be expected of

capillary endothelia (Bruns and Palade, 1968a; 1968b),

except that Copeland points out that these vesicles may be

an extensive network of parallel microtubules based upon a

longitudinal section through such a suspected area. Finally,

the perivascular space seemed to be swollen and basement

membranes were not seen surrounding pericyte and endothelial

components.

In an attempt to obtain more typical photomicrographs,

Copeland (1974a) then developed a perfusion technique which

yielded what he deemed to be a more acceptable ultra-

structural appearance. Here, as in the choroid rete of gala,

the efferent vessels in Fundulus are seen to be sinusoidal

in nature, not discretely circular in cross-section. Peri—

cytes are seen to be associated with the afferent vessels.

Vesicles of pinocytotic size are seen included within the

thicker areas of both afferent and efferent vessels. There

is little difference between the average afferent and ef-

ferent endothelial thickness, but areas of the efferent

 

‘
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endothelia become extremely attenuated, but lack either

pores or diaphragmed fenestrae. In general, the appearance

of this Fundulus choroidal rete preparation appears similar

to that seen in the sketch of the choroidal rete of gala.

The evidence regarding choroidal rete ultrastructure

seems to point toward features differing from those seen in

the swimbladder rete. Because of the variability displayed,

all features must be kept in mind in observing the ultra-

structure of the choroidal rete of Salmo gairdneri.
 

Choriocapillaris

Afferent rete vessels converge into larger distribution

vessels which proceed to a vast capillary network, the

choriocapillaris, which is the major site of exchange.

Large collection vessels drain the choriocapillaris and

deliver blood to the efferent rete vessels. No studies

have been published on the ultrastructure of either the dis-

tribution or collection vessels in teleosts. Braekevelt

(1974) has, however, reported on the ultrastructure of the

choriocapillaris capillaries and their relationship to Bruch's

membrane and the pigment epithelium in the Northern pike,

Esox lucius.
 

In both mammals and teleosts, the choriocapillaris abuts

Bruch's membrane, a non-cellular supportive structure. The

pigment epithelium lies on the retinal side of Bruch's mem-

brane. In the human (Hogan, Alvarado and Weddell, 1971),

and-mammals in general, the choriocapillaris endothelial
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cells are polarized in structure such that the nucleus and

bulk of the endothelial inclusions (i.e., the central promi—

nence) lie toward the scleral side of the capillary. Peri-

pheral extensions of the endothelia then extend around the

lumen and form the capillary wall adjacent to Bruch's mem-

brane. In this region, the endothelial wall is extremely

attenuated and in mammals, is highly fenestrated. In humans,

Bruch's membrane is composed of: l) the choriocapillary

endothelium basement membrane (0.14 um), 2) an outer colla—

genous zone containing collagen fibrils and a mucoprotein

ground substance (0.7 um), 3) an elastic layer (0.8 pm),

4) an inner collagenous zone (1.5 um) of collagen fibers

in a finely granular ground substance, and 5) the basement

membrane of the pigment epithelium (0.3 pm) (Hogan a: al.,

1971). The border of the pigment epithelium is character—

istically highly involuted in this region, and the pigment

epithelium cytoplasm is rich in mitochondria. All of these

features are purported to be indicative of a rapid diffusion

of large amounts of substrate from the choriocapillaris to

the pigment epithelium. Bernstein and Hollenberg (1965)

utilizing ferritin injection studies and silver nitrate

ingestion in Rhesus monkeys, Macaca mulata, indeed have
 

substantiated this diffusion pathway and pointed out that

it may be the preferred pathway over that of the retinal

vessels in mammals.
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In Esox lucius. Braekevelt (1974) reports that unlike
 

the mammalian features described above, the endothelial wall

of the choriocapillaris bordering Bruch's membrane is typi-

cally very thin, but relatively non-fenestrated. Diaphragmed

fenestrae are occasionally seen, however. The endothelial

cell processes often overlap and are bound together by tight

junctions. Vesicles are common within the endothelial cyto-

plasm where no fenestrations are found. The nuclear region

of the endothelial cells is rich in cell organelles: Golgi

complexes, mitochondria, and rough endoplasmic reticulum.

Bruch's membrane is composed of three layers: the basement

membrane of the choriocapillaris endothelium, a middle layer

of fine fibrils, and the basement membrane of the pigment

epithelium. Also in contrast to mammals, the basal border

of the pigment epithelial cell is not infolded.

As stated earlier, no information exists on the mor—

phology of the collection vessels draining the choriocapil—

laris. The efferent rete Vessels have been discussed. The

final category of vessel, the venous sinusoid, also has not

yet been described at an ultrastructural level.

Ultrastructure Summary-

All of the above studies suggest certain characteristic

properties which should be recalled when viewing the ultra—

structure of the choroidal layer of Salmo gairdneri. With
 

regard to the choroid rete, one might speculate based upon

the literature reviewed above that the afferent vessels may
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show thicker endothelial walls than the efferent vessels,

and be composed of either one or two distinct endothelial

cell types; or the afferent endothelial wall may show no

significant difference in thickness from the efferent rete

vessels. The efferent vessel endothelial walls in all cases

are invariably reported to be thin and in some cases may

or may not show areas with fenestrations. Endothelial

junctions in both vessel types show little overlap and

have desmosomes associated with zonulae occludens. The

junctions may or may not show marginal flaps. Afferent

vessels are depicted as being of a smaller diameter than

the efferent vessels and in some cases the efferent vessels

Show a sinusoidal configuration.

Within the choriocapillaris, the features seen in Bag;

lucius will be the most probable: attenuated, relatively

non-fenestrated choriocapillaris endothelia abutting Bruch's

membrane which is homogenous in structure, and subtends a

smooth pigment epithelium basal border. The remaining

choroidal vessel types observed on a light microscopic level

have not been studied in teleosts at an ultrastructural

level.



MATERIALS AND METHODS

Ocular tissues were collected from 150 to 300 g com—

mercially cultured rainbow trout, Salmo gairdneri (Midwest
 

Fish Farming Enterprises, Inc., Harrison, Michigan). Fish

were held in fiberglass tanks at 12 i 1.000, with a continu—

ous flow of aerated water which was treated to remove chloride

and iron. The animals were exposed to light-dark periods

of 16 and 8 hours, respectively. Choroidal tissues for

this study were prepared by several techniques.

For light microscopy, tissues were fixed in 10% neutral

formalin, dehydrated in tetrahydrofuran, vacuum embedded

in paraffin and stained with hematoxylin and eosin. Alter—

natively, tissues were dehydrated, embedded and stained

with Masson's trichrome as above after fixation in Bouin's

fixative (Luna, 1968).

Initial electron microscope preparations were fixed in

2% glutaraldehyde in 0.17 M cacodylic acid buffer at 4°C

for three to four hours, washed three times in 0.17 M

cacodylate buffer with 7% sucrose at twenty minutes per

step, and postfixed in 0.17 M cacodylate buffered, 2%

oSmium tetroxide for three hours at room temperature. The

tissues were then dehydrated in either a graded ethanol

series (30%, 50%, 70%, 95%, 100%) and embedded in Spurr's

low viscosity epoxy resin (Spurr, 1969), or in a graded

acetone series and embedded in EPON 812 epoxy resin (Luft,

20
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1961). This fixation procedure is the standard technique

.utilized in this laboratory for animal tissues and will

be referred to as the standard immersion fixation procedure.

After sectioning on a Porter-Blum MT—2 Ultramicrotome, the

sections were counterstained with lead citrate and uranyl

acetate after the method of Reynolds (1963). Sections were

then observed on a Philips 300 transmission electron micro—

scope.

After a series of initial observations which indicated

that a refinement in tissue preparatory technique was neces-

sary, two experimental tissue treatment regimes were estab-

lished. The first treatment included heparinization of the

fish. One U.S.P. unit is the amount of Panheprin (Abbott

Laboratories, N. Chicago, Illinois, 60064) required to main-

tain fluidity in one ml of plasma. A perfusate of heparin—

ized (2 U.S.P. units/ml) Ringer's solution is routinely used

in this laboratory to clear gill arches (Bergman, 1975). On

this basis, it was decided that the final circulating con—

centration of sodium heparin should be between one and two

U.S.P. units per milliliter of plasma. In Salmo gairdneri.
 

blood volume is approximately 2.25% of the total body weight,

whereas the plasma volume is about 1.50% of the total body

weight (Schiffman and Fromm, 1959). Thus, approximately

0.03 U.S.P. units of sodium heparin per gram of total body

weight were injected into the caudal vein ten minutes prior

to enucleation. The eyes were then fixed in 0.17 M
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cacodylate buffered, 2% glutaraldehyde, 2% paraformaldehyde

after the technique of Karnovsky (1965). Subsequent steps

were identical to the initial treatment. This preparation

will hereafter be referred to as the heparinized immersion

fixation treatment.

In the second treatment, eyes were enucleated from

non-heparinized fish, stored in a moist atmosphere for 20

minutes, and transferred to Karnovsky's fixative as described

above.

In order to better visualize the area from which elec—

tron micrographs were taken, monitor sections of l to 2 um

thickness were frequently taken for each block and stained

with methylene blue (Richardson, Jarett and Finke, 1960).



RESULTS

Light Microscopic Choroidal Morphology

Based upon light micrographs presented in Figures 3—12,

it is evident that the general arrangement of the choroidal

vasculature in Salmo gairdneri follows closely that pattern
  

described previously in the literature review and by

Barnett (1951). Blood enters the choroidal vasculature via

an ophthalmic artery which branches into an arterial mani—

fold. This then bifurcates into the afferent rete vessels.

These vessels then converge upon larger "distribution" ves-

sels on the peripheral side of the rete (Figure 1)., These

then feed a vast capillary network-—-the choriocapillaris--—

supplying all areas of the retinal-choroidal interface at

Bruch's membrane. Large "collection" vessels return blood

from the choriocapillaris to the rete where they bifurcate

into small efferent rete vessels which lie interposed among,

and parallel to the afferent rete vessels. These efferent

vessels finally drain into a large thin-walled venous sinu-

soid which encloses the arterial manifold and leads out of

the eye via the ophthalmic vein (Figure 2).

There are several points of interest which have not

previously been mentioned in the literature. The vessels

of the central side of the rete mirabile (i.e., the venous

sinusoid and arterial manifold) are distinguishable as

being relatively devoid of pigmentation. The arterial

23



24

manifold and its bifurcations are distinctly thick—walled,

characteristically staining blue—green in the Masson's

trichrome preparations indicating an abundant supply of

connective tissue (Figures 7—8). 0n the peripheral side,

however, interspersed among the distribution and collection

vessels, and indeed, throughout the peripheral choroidal

vasculature, pigmentation is characteristically observed

(Figures 9—11). The collection vessels are not distinguish-

able from the distribution vessels at this level.

Within the rete itself, the parallel nature of the

vessels is evident in longitudinal section (Figure 4). It

is evident from Figure 12 that two types of vessels may be

distinguished upon the basis of their size. Although no

justification for distinguishing efferent from afferent

vessels on the basis of size alone can be made in the current

study on Salmo gairdneri, according to the studies of
 

Wittenberg and Wittenberg (1974) and Copeland (1974a) the

efferent vessels in all species studied were the larger of

the two types. For this reason, it seems reasonable to

assume that in Salmo gairdneri. this pattern holds. Thus,
 

on the basis of Figure 12, the efferent vessels appear to

be about twice the diameter (9.5 um) of the afferent vessels

(4.5 um). The packing pattern of the afferent and efferent

vessels appears to be one of an orderly array such that

four efferent capillaries surround each afferent vessel

(Figure 12). This means that the number of afferent vessels
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equals that of the efferent vessels. This packing pattern

is also seen in the tuna eye, Lampris regius, but in other
 

species such as the swordfish, Xiphias gladius, hexagonal
 

arrays are also encountered (Wittenberg and Wittenberg, 1974).

These patterns of close packing are significant for the

determination of exchanger efficiency.

Electron Microscopic Fixation Techniques

In order to further characterize the various vessel

types in the choroid layer, an electron microscopic examina—

tion was undertaken. Prior to pursuing a detailed study of

the ultrastructure, however, it was necessary to develop

proper fixation techniques.

Initially, nonheparinized tissues were prepared by the

standard immersion fixation procedure in which 2% glutar-

aldehyde was used with postfixation in 2% osmium tetroxide.

A sampling of the resulting choroidal rete ultrastructure is

depicted in Figures l3, l4, and 15. The most notable fea-

tures of the rete vessels and endothelia are: 1) very large

vacuoles, 2) areas containing numerous micropinocytotic

vesicles, 3) areas of extremely attenuated, but non-

fenestrated, endothelial walls, 4) swollen adventitia between

the vessels, 5) a relatively dense background matrix within

the lumen of the vessels, and 6) numerous myeloid configur-

ations and thin—walled vacuoles seen within the lumen of

the vessels.
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From these results, it was deemed necessary to modify

'Um preparatory technique in hopes of yielding characteris—

‘fics more typical of endothelial ultrastructure. When the

fish'were heparinized prior to fixation by immersion in

Iwrnovsky's fixative, much more typical micrographs resulted

(Figures 19—21).

To determine whether the heparinization versus the use

of Karnovsky's fixative was the cause for the change in

appearance, a Karnovsky's fixed, clotted preparation was

processed for observation. The latter yielded results iden-

tical to those seen in the standard immersion fixation

preparation.

Electron Microscopic Choroidal Morphology

Having selected the optimal immersion technique, a

detailed survey of the choroidal vascular ultrastructure was

pursued. The structure of the ophthalmic artery was not

observed in this study.

The arterial manifold wall is very thick and is compos—

ed of several cell types (Figure l6-18). There is a rather

thick endothelial wall on both surfaces. These cells are

richly supplied with rough—surfaced endoplasmic reticulum

and polysomes. There are also very many micropinocytotic

vesicles which appear to be concentrated on the border facing

a layer of closely apposed smooth muscles (Figure 18). Were

these vesicles active in the transport of macromolecules

across the endothelial wall, one might expect the presence
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of an equal number of these structures on the lumenal border.

It is seen that this is not the case.

The next layer is a thick matrix of collagen fibers.

Within this collagenous matrix, one sees fibroblasts which

are probably active in the secretion of the collagenous

matrix (Rhodin, 1974), a single layer of smooth muscle cells,

and occasionally bundles of both myelinated and non-myelina—

ted neurons within Schwann cells (Figures 16—17). Neurons

were occasionally seen to be closely associated with the

smooth muscle cells. Neither neurons nor muscle cells were

ever seen in any other choroidal vessel walls, thus it is

possible that the arterial manifold may play a significant

role in the regulation of flow through the choroidal vas—

culature.

Within the rete (Figures 19-21), there is only a single

discernable type of endothelial cell in the wall of both the

afferent and the efferent vessels. The cell is richly en-

dowed with micropinocytotic vesicles opening on both sur-

faces. Larger vacuoles are also seen. Dense polysomes are

seen throughout the cytoplasm. Endothelial cell junctions

are seen to be abutting rather than folded and overlapping

and are characterized by possessing a single desmosome close

to the endothelial surface and an associated marginal flap.

Though the endothelial cells are similar in both afferent

and efferent vessels, the afferent vessels have two dis—

tinguishing features. First, a single layer of pericytes
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is often seen to overlay the afferent endothelia. Second,

outside these endothelial and pericyte cells is a very well—

defined easily discernable basement membrane. This may serve

as a significant barrier to the diffusion of substances

between vessel types. Neither pericytes nor basement mem-

brane are seen associated with the efferent vessel. There

appear to be no pores or fenestrae in either afferent or

efferent vessels.

In summary, there are three characteristic features

which may be used to separate the retial vessel types: 1)

the size of the vessel, afferent being the smaller of the

two, 2) pericytes are seen to be associated with the afferent

vessels and not the efferent vessels, and 3) the presence of

a distinct, well—defined basement membrane surrounding and

outlining the afferent vessel endothelia and any associated

pericytes.

Although serial cross—sections through the length of

the rete were made, no structural difference was discernable

between the two ends. Close to both ends, however, the

efferent vessels seemed to conjoin before those of the

afferent side. At both ends, then, the efferent vessels

appeared to be more sinusoidal in nature while the afferent

vessels remained discrete.

At the peripheral end of the rete, the distribution

and collection vessels showed no discernable difference in

structure (Figures 22-24). These vessels are notable in
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laying a fairly thin single layer of endothelium. Outside

‘Ufis endothelium and within the overlying collagenous matrix

are numerous fibroblasts. Overlying the collagen layer

occur many heavily pigmented melanocytes. The granules

here are roughly spherical, never rod—shaped. Above the

pigment layer is a very loose multilaminar stroma which sep—

arates adjacent vessels. No neural elements are ever seen.

These distribution and collection vessels feed and

drain respectively the choriocapillaris network which is

separated from the pigment epithelium by Bruch's membrane.

The structure of this region is identical to that seen in

Esox lucius as reported by Braekevelt (1974) (Figures 25—27).
 

The choriocapillaris capillary endothelia show a bipolar

nature in that the scleral side is thicker and typically

seats the cell nucleus and the bulk of the cytoplasmic

constituents, whereas, the Bruch's membrane border is highly

attenuated and shows random, but not abundant, diaphragmed

fenestrations. Bruch's membrane is uniform, lacking an

elastic layer (Figure 27) and is overlain by the basement

membrane of the pigment epithelium. The pigment epithelium

basal border is smooth as opposed to the highly involuted

border seen in mammals.

The ultrastructure of the pigment epithelium cells is

interesting in that its cytoplasm has an extremely electron-

lucent background substance. Inclusions include numerous

mitochondria, rod—shaped pigment granules, and vacuoles



30

cmntaining phagocytosed photoreceptor outer segments

(Anderson and Fisher, 1975) (Figures 28-29). The fact that

the pigments present here are rod—shaped versus spherical

as seen in the melanocytes within the choroid layer, sug-

gests that they may be of different crystalline structure

and thus of different chemical composition.



DISCUSSION

Several points which have heretofore gone unreported

regarding the morphology of the choroidal vasculature in

teleosts have arisen in the current study. A significant

finding for use in subsequent localization studies was the

fact that choroidal pigmentation occurred only on the peri-

pheral side of the circulatory bed. At either end of the

rete, the vessels unite into larger vessels: the arterial

manifold or venous sinusoid on the central side, and large

distribution and collection vessels on the peripheral side.

These two sides are easily distinguished from one another in

that the arterial manifold vessels are very thick—walled,

and there is no pigment in or surrounding the vessel walls

of the central side, whereas on the peripheral side, heavily

pigmented melanocytes are interspersed among the collection

and distribution vessels. Knowing this, it will be possible

to distinguish central from peripheral vessels within the

vascular bed during electron microscopic examination. Aside

from this point, the choroidal vasculature of Salmo gairdneri
 

appears to follow the pattern displayed by other species.

Vascular Artifacts

At the onset of the electron microscopic examination of

the choroidal tissues, no problems had been anticipated

with respect to fixation and tissue preparation. Eyes were

enucleated from fish and were processed by the standard

31
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immersion fixation procedures used for other tissues in this

laboratory (i.e., fixation in 2% glutaraldehyde, with post-

fixation in 2% osmium tetroxide). The results of these

initial preparations have been described. After obtaining

similar results, Copeland (1974a) reported that perfusion

of the fixative is necessary to obtain relatively artifact—

free electron microscopic preparations in the choroid rete

mirabile of the killifish, Fundulus heteroclistus. In
  

arriving at this conclusion, he had likewise initially at-

tempted fixing the tissues by immersion in Karnovsky's fixa-

tive (2% glutaraldehyde, 2% paraformaldehyde, with postfixa-

tion in 2% osmium tetroxide). Karnovsky's fixative is char—

acterized by penetrating much more rapidly due to the pres—

ence of the paraformaldehyde. Copeland's results and the

results of the current investigation were comparable with

these immersion techniques.

In that the Copeland report had been published after

the onset of the present investigation, the literature was

reviewed in an attempt to find an explanation for the un-

usual appearance of these tissues in order to determine

whether they were indeed artifactual. It was discovered

that Brown, Stalker and Hall (1969) had investigated the

ultrastructural changes in renal glomerular capillaries in

which blood had undergone defibrination experimentally

induced by thromboplastin and liquoid. Defibrination may

be defined as the intravascular precipitation of fibrinogen
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and/or its conversion to fibrin monomer or polymer, either

1) by artificial agents acting directly or through the throm-

bin mechanism, or 2) by naturally occurring thromboplastins.

Thromboplastin initiates the conversion of prothrombin to

thrombin with consequent fibrin deposition, and is the

natural activator of this reaction. Liquoid is an artifi-

cial fibrin precipitating agent.

In their studies, Brown a; al. (1969) showed that

both agents resulted in the same ultrastructural changes.

Within the lumen, granular material which they describe as

"fuzzy" in appearance is seen in small amounts at three

minutes after application, and it becomes progressively more

distinct and abundant. This granular background material is

seen in the lumen of the choroidal vessel of Figure 14.

After 100 minutes, the amount of granular material is con—

siderable and more electron dense. In the early stages,

endothelial "blebs" are formed in a process they refer to

as endothelial stripping. The fenestrated endothelial layer

typical of renal glomerular capillaries is lifted from the

basement membrane. The bleb space may be clear or may con—

tain granular material. Thus, in the electron micrographs,

the endothelium is elevated well above the subadjacent base—

ment membrane and separated from it by a clear zone or by

granular material (i.e., the bleb space). At several points

local swelling of endothelial cytoplasm was noted. The

small blebs can apparently form larger vacuoles which may
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MHach completely from the endothelial layer and lie free

hithe capillary lumen. Vacuoles similar to those published

‘MIBrown a3 al. (1969) are seen in the electron micrograph

cfi‘the choroidal vessels in Figure 15. Brown a: al. contin-

Lmd to explain that the endothelial cell nucleus itself

tmcomes prominent and bulges into the lumen. It remains,

tmwever, surrounded by a thin cytoplasmic rim. Vacuolation

occurs in both the fenestrated layer of endothelial cytoplasm

and the perinuclear cytoplasm. This perinuclear vacuolation

is more common between the nucleus and the basement membrane.

Vacuolation proceeds from both sides of the nuclear attach-

ment zone, and there is detachment and extrusion of the

nucleus together with a small cytoplasmic rim. Granular

material assists in this process. By the 100 minute stage,

all the endothelial changes are greater in degree. In some

capillaries, however, endothelial nuclei are notably absent,

and the capillaries appear bare. In the early stages there

is an irregular slight indistinctness of the basement mem-

brane especially where granular material is stripping the

overlying fenestrated endothelial cytoplasm. Later, the

basement membrane is irregularly thick and coarse in appear-

ance.

Brown a; al. (1969) conclude that:

"We believe that granular material penetrates as

far as the basement membrane, is temporarily held

up and then spreads laterally to a subnuclear po-

sition. Vacuolation of the endothelial cytoplasm

adds to the insecure position of the nucleus.
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This vacuolation may in part represent a method

of disposal of the granular material; it may also

be the result of filtration activity. A link with

production of plasminogen activator by the endo-

thelial cell must also be borne in mind but it is

not yet possible to test this view. The accumu—

lation of granular material and the vacuolation

could each cause nuclear extrusion, but presum—

ably they could be synergistic."

It is noted that many of the changes reported by

Brown a: al. (1969) were also seen both in the material

presented in the current study and in Copeland's (1974a).

Vacuolization of the endothelia, local swelling, granular

background substance, endothelial stripping, and degenera-

tion of the basement membrane were all prominent. Nuclear

extrusion was not observed in our material and was not re-

ported by Copeland, but this is explainable by the fact that

these.preparations would not probably have reached the 100

minute stage in the process of clot formation. It was noted

that Copeland (1974a) had used heparin in his perfusion

technique, but had not in his immersion technique. No

precautions had likewise been taken against clotting prior

to fixation in the standard immersion fixation preparations

of the current study. Thus, based on the reports of Brown

at al. (1969), and due to the fact that teleost blood had

been observed to display extremely rapid clotting times,

averaging about 30 seconds in Salmo gairdneri (Smith, Lewis
 

and Kaplan, 1952; Wolf, 1959), it was believed that the

blood of tissues of Figures l3, l4, and 15 had clotted prior

to the time of fixation. In light of the difficulties of
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um perfusion technique where pressures must be carefully

nmnitored and any unusual hydrostatic imbalances may pro-

Ibundly affect the appearance of a capillary network, a

mutable immersion technique is held to be preferable, pro—

vided that fixation is rapid and results are repeatable.

Pbr these reasons, a study was undertaken to try to estab—

lish an acceptable, optimum immersion fixation technique

and to confirm that clotting induced artifacts had occurred

in our preparations and in Copeland's (1974a) as described

by Brown a; al. (1969). The results of prior heparinization

and of prior clotting have been shown. It was concluded

that clotting had indeed occurred and that heparinization

prior to fixation was necessary in order to obtain a suit-

able immersion fixation preparation and the subsequent study

was undertaken under these conditions.

The precaution against clotting is apparently extremely

important in the study of any vascularized tissues in that

ultrastructural appearance is drastically altered. This

point should perhaps be emphasized to a greater degree in

future electron microscopic examinations.

Choroidal Ultrastructure and Function

The only literature thus far presented regarding the

teleost choroidal vascular ultrastructure has been of ques—

tionable value due to what is deemed to be artifactual tis—

sue preparatory techniques. Thus, the findings of the cur-

rent study warrant a rather detailed discussion. Functional
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implications as well as strict anatomical description will

be considered.

The arterial manifold wall is seen to be a thick struc-

ture consisting of two endothelial layers enclosing a dense

collagenous matrix in which fibroblasts, smooth muscle, and

myelinated and non-myelinated neurons may be found (Figures

16, 17 & 18). Although the arterial manifold lies within

the lumen of the venous sinusoid, it is unlikely that any

exchange of substances between the contents of these two

vessels occurs based upon the barrier presented by the arter—

ial manifold wall.

It seems significant that the only area in which any

innervation is observed within the choroidal layer is within

the arterial manifold wall. Although no physiological basis

for drawing conclusions regarding regulatory control is

presented in this study, the occurrence of neural tissues

within the wall of this vessel raises the suspicion that

regulation of blood flow through the rete in response to

any of a variety of factors may be possible via these tissues.

There is evidence for such neural influence in the

choroidal vasculature in mammals. In the human choroidal

layer and uveal tract in general, myelinated and non-mye-

linated nerves supply filaments to the blood vessels and

the stroma (Wolter, 1960; Hogan, Alvarado and Weddell, 1971;

Castro-Correia, 1967). In mammals, there are apparently

two types of fibers: intervascular and perivascular.
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Irrivascular branches course along the vessels sending

tmanches into the wall, where they end as small filaments

unthout end-plates. These perivascular elements are also

found closely connected to melanocytes. In the peripheral

regions of the choroid of S. gairdneri, where numerous

nmlanocytes are found, perivascular neural elements were

seen to innervate neither the vessels nor any of the melano-

cytes, and indeed, no nerves were ever present anywhere in

this region. This raises questions concerning the function

and/or mechanism of dispersion of pigment within the melano—

cytes found within the choroidal layer of §. gairdneri.

With regard to the intravascular nerves, Castro-Correia

(1967) speculated that nerve cells of a ganglionic type

found within mammalian choroidal vessels might have some

relation to the regulation of the ocular temperature as well

as the intraocular pressure. The role of the teleost

choroidal rete as a thermal exchanger seems to be in debate

at this time (Barraco, 1975; Linthicum and Carey, 1972).

In light of the fact that the arterial manifold in S.

gairdneri is muscular and innervated it is interesting to

speculate upon the possible role which this vessel may play

in the regulation of flow, and hence, in the regulation of

oxygen concentration, and thermal gradients. The importance

of such a control mechanism to the operation of the counter—

current exchanger definitely warrants further investigation.

m
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Although several papers have been published concerning

the ultrastructure of the swimbladder rete, there has been

a general paucity of work done on the ultrastructure of the

choroidal rete mirabile. According to the evidence presented

in the current study, it may be concluded that in S. gaaaa—

aari, afferent and efferent vessels are definitely morpho—

logically differentiated from one another. The afferent

vessels are the smaller diameter vessels, being approxi-

mately 4.5 pm in diameter. There is no discernable differ-

ence between the endothelial wall thicknesses of the afferent

versus efferent vessels. The afferent vessels are surrounded

by a clearly distinct basement membrane. The packing pattern

displayed in S. gairdneri is a cubic, checker board array

with four efferent vessels surrounding a single afferent

vessel (Figure 12). The packing pattern of the vessels

is not the same in all teleosts, as for instance the sword-

fish, Xiphias gladius, displays an hexagonal array (Witten—
 

berg and Wittenberg, 1974).

The efferent vessels are clearly discrete as typical

cylindrical vessels as opposed to sinusoidal in nature as

reported in Amia calva (Wittenberg and Wittenberg, 1974) and

in Fundulus grandis (Copeland, 1974a). There may be several
 

reasons for the discrepancy. To begin with, there may very

well be species-specific differences in the structure. A

second possibility is that the micrographs published by

these investigators may have been of tissue located very

 



40

close to the distal or proximal ends of the rete at a point

where the efferent vessels were still of a larger vessel

dimension. Indeed, such sinusoidal areas of the efferent

vessels may be seen in a tangential section when the ends

of the rete are approached. Finally, Copeland's preparation

was perfused at a pressure of 0.75 psi (Copeland, 1974a)

and based upon his published micrographs, and upon the fact

that the vessel walls separating adjacent endothelial cells

are very attenuated, and presumably delicate, any non-

physiological trans-luminal pressure caused by the perfusion

technique may have broken these walls. In fact, it appears

that instead of the sinusoidal case which he chose to illus—

trate, the more common case is one of a single arterial

vessel surrounded by five or six venous vessels. Close in-

spection of Copeland's micrographs reveals that the endo-

thelial lining of the venous sinusoid vessel reveals areas

which may easily have been endothelial bridges which have

been torn away. Line diagrams of micrographs of the rete

of gala also illustrate the presence of an efferent sinu-

soidal arrangement (Wittenberg and Wittenberg, 1974).

Unfortunately, the technique of tissue preparation used

was not described. The importance of the tissue preparatory

technique in studies of the ultrastructural morphology of

this network has already been pointed out. If indeed, the

micrographs thus far published are erroneous, it will not

have been the first time that the elucidation of rete

_
_
.
5
3
‘
.
“
“
.
3



41

physiology has suffered at the hands of fixation artifacts.

According to Dorn (1961) who also worked on the swimbladder

rete ultrastructure, Jaeger, in 1905, reached the conclusion

that gas was accumulated in the lumen of the swimbladder by

the physical rupture of blood cells by a toxin released by

the gas gland epithelium at the site of the rete. This sur-

prizing conclusion it seems was arrived at by light micro—

scopic observation of poorly fixed tissues.

It is my contention that Copeland's perfusion technique

may lead to as much artifactual results as did his initial

clotted tissues and that yet another appearance may be ob-

tained by using a heparinized immersion technique which is

deemed to be closer to the true morphology. Assuming that

the results seen in the heparinized preparations adequately

represent the closest approximation to the true condition,

comparisons to other vascular beds may be made and certain

functional implications drawn.

Bennett, Luft and Hampton (1959) have developed a

classification scheme for mammalian capillary types based

upon three morphological features--—basement membrane, peri-

cytes, and endothelial fenestrations. In keeping with the

established terminology seen in the microvascular literature

of classifying capillary vasculature according to Bennett's

classification scheme, the vessels of the choroid rete mira—

bile may be roughly categorized as follows. The afferent

component of the choroidal rete in Salmo gairdneri would
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be classified as belonging to vessel types represented by

muscle capillaries (type Ala) having a complete basement

membrane, lacking fenestrations, and being partially sur-

rounded by pericytes. Efferent components of the rete

contain few, if any, fenestrae and should be grouped together

with capillaries of the mammalian kidney and endocrine glands

(type A2a). The categorization of these rete vessels into

Bennett's classification scheme cannot be considered to

specifically describe the morphology or function of the

vessels present, but it is interesting from a comparative

standpoint. A

A With regard to the ultrastructure of the swimbladder

rete mirabile, Fawcett and Wittenberg (1959) suggest the

hypothesis that "the differences observed in fine structure

of the capillary walls may possibly be correlated with dif-

ferent physiological mechanisms of transcapillary exchange

in the two categories of vessels comprising the counter—

current system." Jasinski and Kilarski (1971) also suggest

that the general organization of the rete mirabile and dif-

ferences in the structure of the afferent and efferent capil-

laries probably reflect some functional role different for

both types of capillaries. Capillaries are extremely per-

meable to oxygen and carbon dioxide (Pappenheimer, Renkin

and Borrero, 1951), thus allowing counter current exchange

of these two gases. Marked differences between the fine

structure of the afferent and efferent capillaries have been
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noted. However, these differences would not be expected to

affect the transcapillary diffusion of gases. Thus, there

must be some other functional significance to the structural

difference if this hypothesis is true.

Jasinski and Kilarski (1971) noted that despite the

large number of smooth surface vesicles found in individual

sections of the swimbladder rete endothelial cells, very few*

are seen to empty at either of the cell surfaces, i.e.,

basal or lumenal. They suggest that these vesicles may

represent smooth endoplasmic reticulum in cross-section.

Copeland (1974a) noted the possible presence of a similar

microtubular system, as opposed to the more commonly expected

pinocytotic vesicles, in his immersion-fixed choroidal rete

endothelial preparations. The tubular structures shown by

Copeland (1974a) were present in clotted tissues and may

not be indicative of typical rete endothelial ultrastructure.

Bruns and Palade (1968a) have reconstructed models from

serial sections of endothelia from mammalian skeletal vas-

culature. In so doing they have found that a common feature

of capillary endothelia is the presence of many true pino—

cytotic vesicles as opposed to a tubular network of smooth

endoplasmic reticulum. These vesicles do open frequently

to the surfaces of the cell. The findings of the current

study suggest that there are numerous vesicles within the

choroidal rete endothelial cell cytoplasm. That these are

not likely tubules in cross—section is evidenced by the
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fact that one rarely sees a tubular structure in longitu-

dinal section (Figure 20). The vesicles present do not,

however open frequently at the cell surface as noted by

Jasinski and Kilarski (1971) indicating that pinocytotic

activity is not a very active process thus negating this

as a viable mode of transcapillary exchange.

Movement of water across the afferent-efferent inter—

face has been postulated by Wittenberg and Wittenberg (1974)

as being possibly significant in the oxygen concentrating

mechanism. The possibility of movement of other substances

has also not been ruled out. Like other capillaries, they

are probably readily permeable to lipid soluble substances

such as carbon dioxide, whereas water and sodium, for exam—

ple, would enter and leave the endothelial wall less easily.

The permeability of the basement membrane is not known.

According to Rhodin (1974), the basement membrane consists

of a thin basal lamina rich in mucopolysaccharides, amino

acids and a reticular network composed of delicate colla—

genous fibrils. He does state that the basal lamina estab-

lishes a microenvironment for the adjacent cells and acts

as a diffusion barrier to rapid ion exchange. It is inter-

esting to note that the basement membrane may be present

around the afferent vessels to act as a barrier to diffusion

of certain substances between afferent and efferent vessels,

whereas it is not seen surrounding efferent vessels which

often lie adjacent to one another. At these locations no
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deient for diffusion exists, thus eliminating the neces—

sfity for a diffusion barrier. In contrast to this notion

is the fact that there is a dual basement membrane between

‘flm pigment epithelium and the choriocapillaris, the pre-

sumed site of major metabolite and nutrient exchange for

'Uw retina. The question of whether the basement membrane

acts as a significant diffusional barrier awaits further

investigation. The endothelial cell junctions in the cho-

roidal rete, although not overlapping, characteristically

are seen to possess desmosomes and zonulae occludens whose

structure presumably represents a significant barrier to

the passage of substances by a pericellular route (Fawcett

and Wittenberg, 1962; Wade and Karnovsky, 1974; Spitznas

and Reale, 1975). Finally, if the pinocytotic vesicles

Within the endothelia were indeed active in the movement

of substances from one vessel to another, it would seem

likely that they would be seen to open more frequently onto

both the lumenal and basal surfaces of the endothelial cells.

Thus, it seems that the movement, and hence, the counter—

current concentration of substances not readily permeable

both to the endothelial cell membrane itself and to the

basement membrane is unlikely in this system. This supposi—

tion is again based upon presumptive morphological evidence

and requires further experimental verification.

At either end of the rete, the vessels converge into

larger vessels; the arterial manifold or venous sinusoid
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at the central end, and large distribution and collection

vessels at the peripheral end. These two sides are easily

distinguished from one another in that the arterial manifold

vessels are very thick-walled, and there is no pigment in

or surrounding the vessel walls in this end, whereas on the

peripheral end, heavily pigmented melanocytes are inter-

spersed among the collection and distribution vessels.

The collection and distribution vessels pass out to

the choriocapillaris through a loose connective tissue stroma.

These vessels are seen to be embedded in a collagenous matrix

Which is secreted by numerous fibroblasts. Melanocytes are

also seen throughout this layer. It has already been

stated that no innervation of either the vessels of this

region or of the melanocytes has been observed in Saiga

gairdneri which is contrary to the case in man, rat, hamster,

and guinea pig (Castro-Correia, 1967). In addition, the

human also displays mast cells, macrophages, plasma cells,

and lymphocytes (Hogan, Alvarado and Weddell, 1971), none

of which have been observed in S. gairdneri in this region.

It has been pointed. out (Hogan a; .52” 1971) that the func-

tional significance of the melanocytes within the choroidal

layer is not yet clear. The function of light screening

Shmild have been accomplished by the pigment epithelium by

this POint. The tapetum lucidum in this fish is located at

the baCk of the choroid in the region of the suprachoroid

layer, next to the sclera. If this reflective layer is
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functional in light gathering in the dark, as has been pro—

Imsed (Arnott a; al., 1974), this would mean that light

would indeed have to pass through the pigment epithelial

layer and the choroid layer as well, suggesting the possi—

bility that the light-absorbing function of the melanocytes

within the choroid may remain at certain times.

The structure of the choriocapillaris, Bruch's membrane,

and pigment epithelium are identical to those described by

Braekevelt (1974) in Esox lucius, but differs drastically

from that seen in the human (Hogan at al., 1971). The major

differences are three—fold: l) the choriocapillaris is much

more highly fenestrated in man than in teleosts, 2) Bruch's

membrane displays a slightly different arrangement, and 3)

the basal border of the pigment epithelium is very highly

involuted in man, whereas in teleosts, all signs of in-

volution are lacking.

Functionally, the choriocapillaris has been implicated

in mammals as being the primary site of nutrient exchange

rather than oxygen and gas exchange, the latter function

being provided by the retinal vasculature (Braekevelt, 1974).

In teleosts, there is no retinal vasculature, hence the

choriocapillaris must meet all circulatory needs. As already

pointed out, in keeping with the notion that the vascular

architecture must be designed to meet and indeed determine

tissue functional demands, the teleost choroidal rete has

evolved into a counter-current gas exchanger. It is likely,
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however, that the exchange of other metabolic substances and

products does not rely on the concentrating effects of a

counter-current multiplier, but upon the architecture of

the choriocapillaris, Bruch's membrane, and pigment epithe-

lium.

In agreement with the report of Braekevelt (1974) with

respect to the choriocapillaris architecture in Esox lucius,

numerous fenestrations do occur in the endothelial border

lying adjacent to Bruch's membrane in Salmo gairdneri, which

would presumably allow or facilitate passage of macromolec—

ular nutrients and metabolites into and out of the retina.

If the choriocapillaris is the major site of nutrient deli—

very in the vertebrate eye, as indeed it must be in the case

of teleosts, the occurrence of fenestrations is significant.

Fenestrations have classically been characterized as the site

of macromolecular passage (Karnovsky, 1967). The only al-

ternative would be pinocytotic activity which is typical of

some capillary beds (eg. mammalian skeletal capillaries

(Bruns and Palade, l968a & l968b)), but is notably lacking in

the vicinity of Bruch's membrane in S. gairdneri (Figure 26).

Another possible route would be extracellular passage at

the site of the endothelial cell junctions. These borders,

like those seen in the choroidal rete mirabile capillaries,

characteristically display desmosomes bordered by zonulae

occludens which, by the nature of their structure, present

significant barriers to the passage of substances. The
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diaphragmed fenestrae, then, are the only remaining site

possible for the passage of macromolecular nutrients.

Braekevelt (1974) points out, however, that in Esox lucius

the degree of choriocapillaris fenestration is significantly

less than that seen in mammals. This was also seen in S.

gairdneri. The role of the falciform process in nutrient

supply in teleosts also remains unclear (Walls, 1963). Thus,

the question of where macromolecular exchange occurs in this

region awaits further study, perhaps by the techniques of

ferritin or horse radish peroxidase injection (Clementi

and Palade, 1969).

The pigment epithelium has been reported to be active

in the disposal of shed rod and cone outer segments

(Anderson and Fisher, 1975) along with its light absorbing

characteristics. The cytoplasmic inclusions seen in

Figures 28 & 29 tend to imply that these functions are also

characteristic of the pigmented epithelium of S. gairdneri.

The significance of the lack of involutions in the

pigment epithelium is not known. This feature of the ultra-

structure seen in the mammalian system is observed in

several secretory tissues such as the adrenals (Hillman,

Seliger and Burk, 1975) and teleost pseudobranch (Copeland

and Dalton, 1959), the latter of which has been implicated

as a source of carbonic anhydrase production (Copeland,

1951; Fairbanks, Hoffert and Fromm, 1969).
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CONCLUSIONS

The ultrastructure of the rete mirabile of Salmo

gairdneri differs considerably from the morphology presented

for Fundulus grandis, the only other choroidal rete to have
 

been studied and published at an electron microscopic level

(Copeland, 1974a). Rather than a species specific differ-

ence, it has been pointed out that the apparent difference

is probably due to the fixation technique employed in the

preparation of each tissue. In teleosts, it has been con—

cluded that when working with vascular tissues, extra pre—

cautions must be taken in the collection procedure to avoid

clotting of the blood which has been shown to cause drastic

changes in the ultrastructural morphology of capillaries.

Also, an immersion fixation technique is deemed preferable

to a perfusion technique due to the delicate nature of the

endothelial walls, particularly in those areas of the cho-

roidal rete in which the wall is composed merely of two

adjacent endothelial cells lacking supportive basement

membranes or pericytes.

Discussion of the functional significance of each

structure studied within the choroid layer has been based

only upon the morphological findings and not upon direct

experimental evidence. The features seen, however, must

still be taken into account when explaining any empirical

evidence regarding this tissue. Indeed, the structures seen

50
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suggest directions which may be taken in future investiga-

tions which have heretofore gone uninvestigated. Perhaps

the most significant example is that of the role which

neuro—muscular elements within the arterial manifold may

play in the regulation of flow through the choroidal vascu-

lar bed and of its influence upon the operation of the

counter-current exchanger. Also, no morphological barriers

were seen to exist for the counter—current exchange of gas

within the rete. It was concluded, however, from the

morphological evidence presented herein that it is very

unlikely that the counter—current exchange of any other

molecular substance requiring specialized diffusional or

transport pathways occurs. This, however, remains to be

verified by empirical measurements. Finally, morphological

features which typically characterize active areas of ex-

change are relatively scarce in the one area of the choroid

which is the only possible site of exchange for the retina,

that is, the choriocapillaris, Bruch's membrane, pigment

epithelium complex. The resolution of this apparent con—

tradiction also awaits further experimental evidence.

Having presented the basic ultrastructure in Salaa

gairdneri upon which any functional model must operate, it

remains to demonstrate the possibility of a local focus of

carbonic anhydrase in the counter-current exchanger and its

likely source of origin as suggested by the short-circuit

model (Fairbanks, Hoffert and Fromm, 1974).



 

PART II



INTRODUCTION

In tracing the path along which blood must flow from

the heart to the eye, it is seen that in Salmo gairdneri
 

blOod passes from the heart sequentially through the conus

arteriosus, ventral aorta, afferent branchial artery, af—

:ferent filamental vessels, and out into the microcirculation

of the secondary lamellae. Here oxygen and carbon dioxide

are exchanged, and a certain degree of ionic regulation

occurs. From the secondary lamellae, blood then flows

through the efferent filamental vessels, the efferent branch-

ial vessels and then unite to form the dorsal aorta where

oxygenated blood may either flow anteriorly to the head

through the internal carotid arteries, or posteriorly to

the bulk of the systemic circulatory beds. .

In the first branchial arch (anterior-most arch),

unlike in the other arches, oxygenated blood may also flow

ventrally in the efferent branchial vessel to the point of

junction between the branchial arch, the operculum, and the

lower jaw. Without branching, this vessel, which is now

termed the afferent pseudobranch artery, leads directly to

the inner surface of the operculum where it proceeds dor-

sally and laterally roughly paralleling the opercular cover

margin until arriving at the pseudobranch. The pseudobranch

is morphologically and phylogenetically a vestigial gill

lying on the inner surface of the operculum, and in the

52
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I‘a-in'bow trout is isolated from the buccal chamber by an

OVerlying layer of dermal tissue. In the pseudobranch,

‘blOOd flows into vessels homologous to afferent filamental

.VeSsels, through a system of capillaries similar to that

Of the secondary lamellae and leaves via efferent filamental

vessels to the efferent pseudobranch artery. Qualitative

(*Hinges in the blood passing through the pseudobranch remain

t0 be definitively determined, and the possible role of the

pseudobranch is discussed below.

Blood passes directly from the pseudobranch to the

choroid layer of the eye. Thus, the efferent pseudobranch

artery is synonymous with the ophthalmic artery. Interposed

between the pseudobranch and the choroid is a communicating

artery which allows an anastomosing pathway between the

right and left ophthalmic arteries, presumably as a protec-

tive mechanism should one afferent blood supply become

damaged or otherwise occluded.

The pattern of blood flow through the choroidal vascu-

lature has been discussed (Part I). It now remains to be

seen what happens to the blood in passing through the pseudo—

branch and choroidal rete mirabile counter—current exchange

system, and more specifically, where along this path are

the foci of carbonic anhydrase activity, which are essential

in the counter-current concentration of oxygen.

Fairbanks, Hoffert and Fromm (1974) have proposed a

theoretical mechanism for the counter—current multiplication
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of Oxygen by the choroidal rete mirabile. They postulated

that strategically placed foci of carbonic anhydrase acti-

‘Vity'must be present within the choroidal vasculature in

Order to prevent the diffusion of carbon dioxide from the

efferent to the afferent retial vessels. They reasoned that

if carbon dioxide were allowed to diffuse into the afferent

‘Vessels, a premature release of oxygen from the hemoglobin

(would occur creating a gradient for oxygen to flow into the

efferent vessels and entirely bypass the circulation carrying

it to the retinal border. The retial carbonic anhydrase

activity was proposed to be present at some location in the

efferent vessels to trap this carbon dioxide before a short

circuiting could occur. They further speculated that it

must be present on lumenal membrane receptor sites on the

efferent rete endothelia since carbonic anhydrase inhibitor

of low diffusibility, CL-ll,366, not only rapidly stopped

oxygen concentration by the system, but also accumulated

in the rete in a time course paralleling the inhibitory

effects, and not in the erythrocytes or retina. Finally,

it was speculated that if the carbonic anhydrase were on

membrane receptors, it may have originated from an exoge~

nous source. All blood passing to the choroidal rete must

first pass through the pseudobranch, and it has long been

known that pseudobranch tissue has a high concentration of

carbonic anhydrase. Copeland (1951) and Fairbanks, Hoffert

and Fromm (1969) proposed that the pseudobranch may secrete
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Caxlxmnic anhydrase for use in the swimbladder and choroid

:retiau Finally, with the advent of electron microscopy,

it was discovered that the pseudobranch had a very charac-

teristic cell type of unknown function which appeared sus-

piciously to be of secretory nature, that is, having a mito-

cfllondrial network associated with a massive tubular system

Which emptied onto the capillary endothelium (Harb and

Copeland, 1969).

Since the work of Fairbanks, Hoffert and Fromm (1974),

an improved technique for staining carbonic anhydrase had

been developed and applied to electron microscopy largely

by Seymour Rosen and colleagues at Harvard Medical School.

The technique is based on the degradation of bicarbonate in-

to carbon dioxide and hydroxyl ion by carbonic anhydrase.

The tissue is floated on an incubation medium allowing loss

of carbon dioxide to the atmosphere and causing a localized

alkalinization in the tissue at the site of carbonic anhy-

drase activity. The alkalinization causes a local deposi-

tion of a cobalt salt which is later converted to cobalt sul-

fide, a black precipitate in light microscopy and an electron

dense precipitate in the electron microscope.

In Part II, the localization of sites of carbonic anhy-

drase activity in the choroidal vasculature and the pseudo-

branch was attempted using both light and electron micro-

scopic techniques. It was hoped that an important addition

could be made to the body of evidence regarding the short-
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Circuit model of counter- current multiplication of oxygen
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LITERATURE REVIEW

The Historical Elucidation of Retial Function

Upon anatomical investigation of the choroid rete mira—

bile, it became obvious that the choroidal rete morphology

is very much like that of the swimbladder rete mirabile—

i§is gland complex. The structural similarities of these

tW0 organs are striking. Both contain a rete mirabile

associated with a specialized epithelial layer; the gas

gland epithelium in the swimbladder, and the pigment epi-

thelium in the choroid.

In 1806, Biot had shown that oxygen tensions within

the swimbladder were so high that a pressure gradient of

over 100 atmospheres exists between the dissolved blood

gases and the bladder gases so secretion had to occur. Much

later, in 1911, Woodland showed that this secretion was

accomplished by the complex of the gas gland and rete mira-

bile (Haldane, 1927). Upon discovery of the choroidal rete,

it was then natural to question whether the rete of the

choroid performed a similar function in the eye.

It was with this reasoning that Wittenberg and Witten-

berg (1962) first undertook the task of measuring the

oxygen tensions in the eye of various teleost species.

According to their findings, oxygen tensions at the vitreal

surface of the retina were found to attain levels far above

arterial oxygen tensions, often ranging from 400 torr to
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1000 twrr in those species with well-developed choroidal

irete mirabiles. With the development of better recording

devices, Fairbanks, Hoffert and Fromm (1969) then demon—

Strated the same phenomenon to occur in the rainbow trout,

EEEAEQ gairdneri.
 

With a similar structure and function having been demon—

Str'ated, the elucidation of the mechanism behind this capa—

bility remained. The swimbladder mechanism has long been

discussed and much empirical evidence has accumulated upon

which a working hypothesis has been constructed. Steen (1970)

has reviewed the distribution, structure, and the historical

development of thought regarding the mechanism of function

proposed for the swimbladder oxygen multiplier. It has thus

far been presumed that the mechanism behind the function of

both the choroidal and swimbladder retia is identical. An

explanation of these proposals and some of the assumptions

upon which they are based are presented below.

The configuration of the rete is one which may act both

as a counter—current exchanger and a counter-current multi-

plier. A counter—current exchanger is a system in which all

exchange processes are strictly passive, substances merely

diffusing down their respective gradients. In a counter-

current multiplication mechanism, other active processes

which involve more complex chemical reactions are involved.

Here, the processes which make the rete an active multiplier

are due to the characteristics of both hemoglobin and ionic
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SOlirtions which affect their gas transporting capabilities.

The Rete Mirabile As An Exchanger
 

The importance of the rete as a counter—current ex-

Changer stems from the fact that it presents a barrier to

'the leakage of gas down the extremely large gas gradients

Ipresent. As blood passes through the swimbladder or eye, it

is exposed to very high oxygen tensions, for example, 450

tOrr in the eye of S. gairdneri (Fairbanks, Hoffert and
 

Fromm, 1969). The blood leaving this region will possess

comparable partial pressures of oxygen. Upon entering the

efferent vessels of the rete mirabile, blood comes into

close contact with blood in the afferent rete vessels of

much lower partial pressure. The gas will then flow down

its pressure gradient such that the partial pressures in

both streams will approach each other. Depending upon the

efficiency of this counter—current exchange system, the

oxygen tension of the blood leaving the efferent rete ves-

sels will be very close to, but slightly higher than that

of the blood entering the afferent rete vessels. The effi-

ciency of the rete as a gas exchanger is determined by the

area, the thickness, and the gas permeability of the mem-

brane shared by the afferent and efferent blood, as well

as by the rate of flow which determines the length of time

the two streams of blood are in contact.

Marshall (1972) has extensively surveyed the occurrence

and form of the swimbladder rete in marine teleosts. He



60

points out that in the deep water forms, in order to main—

tain neutral density, the swimbladder, as a buoyancy device,

must secrete gasses into the bladder lumen at much higher

pressures. As stated above, the efficiency of the rete

mirabile as an exchanger is dependent among other things

upon the length of its capillaries. Marshall (1972) did

indeed find a direct correlation between depth of occurrence

and rete length: 0.75-2.0 mm in upper mesopelagic species

(ca. 200-600 m); 3.0—7.0 mm in lower mesopelagic species

(ca. 600-1200 m); and 15—25 mm in the deepest living bentho-

pelagic species (1500 m and below); 8-12 mm in species

between 800-2000 m. In two interesting apparent exceptions

to this trend, the retia were shorter than expected, but

the fish had evolved such that the vessels were smaller

diameter so that the exchange surface area was greater and

the erythrocytes had become enucleate so that they could

pass through the smaller bore vessels. Wittenberg and

Haedrich (1974) recently surveyed the occurrence of the

choroid rete and found no correlation between rete capillary

length and depth of habitat. In fish with larger eyes, the

number, not the length, of vessels increased. The vessel

length was quite uniform.

In summary, the importance of the rete mirabile in its

capacity as a counter-current exchanger lies in the fact

that it prevents blood leaving the circulation of the swim-

bladder or eye from depleting the high oxygen tensions
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present. Workers all agree that the rete provides a barrier

for depletion of high oxygen tensions, but this, of itself,

does not explain how the high tensions are generated.

The Rete Mirabile as a Multiplier
 

Because blood does not act as a simple solution in

transporting gases, other processes must be taken into

account. The concentration and multiplication of oxygen

arises from the fact that there is a reduction in gas solu-

bility in the vicinity of the area of buildup. The phenomena

which create this reduction in whole blood carrying capacity

are as follows:

1) Bohr effect: as the pH decreases and carbon dioxide

increases, it takes higher partial pressures of oxygen to

saturate the blood, thus the affinity of hemoglobin for

oxygen is reduced,

2) Root effect: as the partial pressure of carbon

dioxide rises, the oxygen carrying capacity of the hemo-

globin is reduced, and

3) Salting-out effect: in any solution an increase in

ionic concentration results in a decreased solubility for

gases.

In both choroidal and swimbladder retial systems, the

epithelial layers and related tissues are characterized by

having intense glycolytic activity such that lactic acid

is produced at a great rate even under aerobic conditions

(D'Aoust, 1970; Hoffert, Eldred and Fromm, 1974). This
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lactic acid acts to acidify and to increase the ionic

strength of the blood passing through these tissues. This

activates all three of the above mechanisms and insures that

oxygen and other gases, such as nitrogen, which may be in

solution, are released and trapped in the exchanger mechan-

sim. The importance of the lactic acid in the operation of

the counter-current multiplier of the swimbladder has been

demonstrated. D'Aoust (1970), using oxamic acid, a competi-

tive inhibitor of lactic dehydrogenase, demonstrated the

complete inhibition of the secretory capability of this

tissue. He further demonstrated that the 1actic acid is

derived from circulating blood glucose rather than from

endogenous glycogen stores in the secretory epithelium.

The Role of Carbonic Anhydrase
 

The counter-current multiplication mechanism has also

been shown to be dependent upon the enzyme, carbonic anhy—

drase. Acetazolamide inhibition completely and rapidly de-

stroys the elevated oxygen tensions in the eye (Fairbanks,

Hoffert and Fromm, 1969) and also in so doing disrupts the

functional integrity of the retina as seen by a decline in

the ERG b-wave (Fonner, Hoffert and Fromm, 1973). There are

three sources of carbonic anhydrase in the vicinity of the

counter-current multiplier mechanism: the retina, the ery-

throcytes, and the rete endothelia. Fairbanks, Hoffert and

Fromm (1974) have recently proposed a ”short-circuit" model

which offers an explanation for the effect of carbonic anhy-



63

drase inhibitors, and the roles which are played by each

site of carbonic anhydrase activity. Retinal carbonic anhy-

drase catalyzes the dissociation of carbonic acid which re—

sults from the neutralization of lactic acid by bicarbonate,

thus producing carbon dioxide and water. The carbon dioxide

enters the efferent blood and a portion enters the erythro-

cytes where erythrocyte carbonic anhydrase hydrates it to

form bicarbonate, the latter of which leaves the red blood

cell to aid in neutralizing more lactic acid in the retina.

Hydrogen ion is also formed and this causes the Bohr and

Root shifts to occur, thus releasing oxygen from the hemo-

globin. The remaining carbon dioxide which was not seques-

tered by the erythrocytes enters the plasma to increase the

carbon dioxide tension. The natural tendency would be for

this carbon dioxide to diffuse down its gradient into the

afferent stream causing a premature release of oxygen which

then would diffuse down its gradient into the efferent rete

vessel and pass out of the eye without ever reaching the

choriocapillaris. In order to prevent this short—circuiting

of the counter-current multiplication mechanism, Fairbanks

a3 al. (1974) deduced that there must also be a rete mira—

bile carbonic anhydrase somewhere in the efferent endothe-

lial wall which would act to hydrate the carbon dioxide.

before it can do this. In so doing bicarbonate ion would

be produced which would flow into the afferent rete in ex-

change for chloride ion. In this manner, not only is the
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buildup of carbon dioxide prevented, but recycling of

bicarbonate ion for lactic acid neutralization is accom-

plished.

Acetazolamide would inhibit all of these forms of car—

bonic anhydrase so that the specific site of activity which

was crucial for the operation of the counter-current multi-

plication mechanism remained in question. Fairbanks, Hoffert

and Fromm (1974) then found that CL—ll,366, a carbonic

anhydrase inhibitor of low diffusivity, inhibited oxygen

concentration as rapidly and to the same degree as aceta-

zolamide. They also were able to demonstrate that only

in the rete was there evidence of a retention and progres-

sive accumulation of the inhibitor in a time course parallel-

ing the inhibition of the counter-current multiplication

mechanism. Because CL-ll,366 is an inhibitor of low diffus-

ivity, they concluded that either the rete endothelia walls

could be more permeable to it than the retina or erythro—

cytes; or the rete carbonic anhydrase could be bound to

the.luminal wall of the capillary so that it is exposed to

the non-diffusible inhibitor.

It has long been a matter of debate as to the possi-

bility of the pseudobranch being active in the secretion of

carbonic anhydrase for use in the counter-current multipli-

cation systems of the swimbladder and choroidal retia.

Wittenberg and Haedrich (1974) suggested that the pseudo—

branch acts in consort with the choroid rete to create a
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high oxygen tension without a simultaneous buildup of carbon

dioxide. The pseudobranch is known to contain a large conc-

entration of carbonic anhydrase (Hoffert and Fromm, 1966;

Maetz, 1956). Copeland (1951) and Ffinge (1953) demonstrated

a depression of secretion of gas into the swimbladder after

cauterization or extirpation of the pseudobranch and Copeland

thus suggested that the pseudobranch might be serving to

secrete carbonic anhydrase for use in the swimbladder.

Later, Fairbanks, Hoffert and Fromm (1969) suggested a

similar function for the choroid rete multiplier. Maetz

(1956), however, could find no difference in the carbonic

anhydrase concentration in the afferent versus the efferent

pseudobranch artery and he therefore concluded that the

pseudobranch did not secrete carbonic anhydrase. Also,

Fairbanks a; al. (1974) followed the accumulation of the

inhibitor CL-ll,366 in the various tissues in conjunction

with the time course of oxygen decline at the retinal-vitreal

interface. No CL—ll,366 was found in the pseudobranch ten

minutes after injection, although the oxygen concentrating

mechanism was still repressed at this time. That the pseudo—

branch does have a very intense carbonic anhydrase activity

is not questioned, however, and its usefulness at this site

has Proved to be a persistent conundrum despite repeated

efforts to find the reason for its presence. Wittenberg

and Haedrich (1974) suggested that pseudobranchial carbonic

anhydrase acts to remove carbon dioxide from the blood:



66

entering the rete and thus acts in consort with the choroid

rete to create a high oxygen tension without a simultaneous

buildup of carbon dioxide.

The pseudobranch possesses a very characteristic cell

type whose origin was for many years a matter of consider-

. able debate. It was believed by some to be a form of chlo-

ride cell (Newstead, 1971), but it has since been fairly

well—established as an independent cell type. With light

microscopy, these cells appear to be characteristically

acidophilic (Hoffert and Fromm, 1965). At the electron

microscopic level, it is seen to have a large number of

mitochondria in association with a dense network of smooth

endoplasmic reticulum.

Numerous speculations regarding the function of the

acidophilic pseudobranch-type cells have been made. Since

they resemble chloride cells of the gills, much work has

been done in futile attempts to prove an osmoregulatory

function for the pseudobranch-type cells (Newstead, 1964;

Holliday and Parry, 1962; Kessei and Beams, 1962). Perhaps

the most convincing evidence thus far presented has come

from the work of Laurent and Rouzeau (1972). In studying

the innervation of the pseudobranch, they have shown that

neural receptors from the glossopharyngeal nerve are sensi-

tive to changes in blood pH, P002, P02, osmotic concentra—

tion, sodium ion concentration and to pressure. For this

reason, they have suggested an apparent homologous role to
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the mammalian carotid body and carotid sinus complexes.

They have also noted the presence of carbonic anhydrase

in the pseudobranch—type cell and have demonstrated on a

light microscopic level of resolution its localization with—

in the pole of the cell which is rich in smooth endoplasmic

reticulum tubular system. They suggest that this morphol-

ogy is indicative of a specialized receptor ending associ-

ated with the receptor functions which they demonstrated.

Until more definitive evidence is presented, however, this

conclusion may not be entirely correct. In view of the

anatomical relationship between the pseudobranch and the

eye, and the function of carbonic anhydrase in the retial

oxygen multiplication mechanism, there is still a possibil-

ity that the pseudobranch plays a vital role in the operation

of this mechanism in teleosts.

Carbonic Anhydrase Histochemistry

A relatively recent technique has been developed which

was used by Laurent, Dunel and Barets (1969) for the histo-

chemical localization of carbonic anhydrase. The technique

had been criticized, but the criticisms have been countered

(Rosen and Musser, 1972; Lbnnerholm, 1974) and the technique

is now fairly well-established. Details of the method have

been reviewed and revised by Cassidy and Lightfoot (1974)

and Rosen (1974). Essentially, the reaction which is util-

ized in the staining procedure is the dehydration of bicar-

bonate ion into carbon dioxide and hydroxyl ion (Cassidy
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and Lightfoot, 1974). The carbon dioxide is lost to the

air and the tissue is alkalinized in the vicinity of the

reaction. A cobalt salt is the basic metal salt which is

precipitated at the site of tissue alkalinization. The

cobalt salt (either as a carbonate, phosphate, or hydroxyl—

ate) is then converted to cobalt sulfide which is visible

as a black precipitate under the light microscope and which.

according to Rosen (1974), is visible as an electron dense

precipitate in the electron microscope. Cassidy and Light-

foot, however, were not able to visualize cobalt sulfide

in the electron microscope, so they modified the procedure

to convert it to lead sulfide which is presumably more

electron dense. Because the Cassidy and Lightfoot modifi—

cation was not known until after the present investigation,

the technique of Rosen and Musser (1972) was followed in

the current study.



MATERIALS AND METHODS

Utilizing the techniques of Rosen and Musser (1972)

and Hansson (1967) with consideration for the precautions

which were determined to be necessary against clotting, the

following procedure was used for the histochemical locali-

zation of carbonic anhydrase activity within the choroid

and pseudobranch.

Rainbow trout, Salmo gairdneri, were taken from holding
 

tanks kept at 12 : l.0°C and anaesthetized with MS 222

(tricane methane sulfonate). The fish were then heparinized

(0.03 U.S.P. units/g total body weight) through the caudal

vein and released into fresh water for ten minutes to allow

circulation of the heparin. They were then single pithed.

Pseudobranchs were removed and the eyes were enucleated and

placed immediately into a glass petri dish containing cold

(ca. 4°C) 0.17 M cacodylate buffered, 3% glutaraldehyde

containing 7% sucrose and 2 U.S.P. units per ml Panheprin.

The sclera was removed from over the choroid, and the cor-

nea, iris, and lens were removed from the eyes while immersed

in the fixative. The pseudobranchs were cut into strips of

about 1 x 2 x 5 mm. These tissues were then placed in fresh

fixative and allowed to stand for three hours at 4°C with

hourly changes of fixative. At the end of this period, the

tissues were washed three times in cold (4°C) buffer (0.17 M

cacodylate buffered 0.9% saline with 7% sucrose) at ten

69
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minutes per step. They were then frozen onto cryostat

chucks with Ames 0.C.T. Compound (Ames Company, Elkhart,

Indiana, 46514). Frozen tissues were then sectioned at

8-10 pm and picked up on Millipore filters (25 pm thick,

0.45 pm pore size). These sections were then floated on

the surface of an incubation medium (1.75 x lO-BM C050”,

2 l.. -3 ..

5.3 x 10 M H280”, 4.7 x 10 M KH2P04, 1.57 x 10 .M NaHCOB).

As a control, adjacent sections were floated simultaneously

5
on an identical incubation medium containing 10- M sodium

acetazolamide. Tissues were not allowed to dip below the

surface of the incubation medium which would prevent the

staining reaction. The concentration of NaHCO3 is ten times

the concentration of that published by Rosen (1970), but

the same as that published originally by Hansson (1967), a

point which caused much difficulty at the onset of the

experiment. The incubation time was ten minutes. This

was followed by flotation of the sections sequentially for:

two minutes in a wash solution (6.7 x lO-QM KH2P04’ 0.17 M

cacodylic acid, 7% sucrose); three minutes in a blackening

solution (0.6% (NH4)ZS); and twice at two minutes per step

in a 0.9% saline solution.

Wet tissues were then placed on a microscope slide and

observed under a light microscope to check for proper stain-

ing and occasionally for photography. Tissues were then

either permanently mounted on glass slides or embedded for

ultra-thin sectioning for electron microscopy.
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For light microscopy, sections were dehydrated in a

70°C oven for several hours and then mounted on a glass

slide with Permount. The Millipore filter usually remained

attached to the section throughout the procedure so that it

was dehydrated and mounted along with the tissue. Both

cleared upon mounting in Permount.

For electron microscopy, tissues were dehydrated in a

graded ethanol series (30%, 50%, 70%, 95%, and 100%) at 15

ndnutes per step and in fresh 100% ethanol overnight. When-

ever possible, the Millipore filters were removed during

the dehydration process because they seemed to dissolve

and interfere with the complete polymerization of the Spurr's

emmedding medium with which the tissues were impregnated

and molded. Sections were then taken on a Porter-Blum Ultra—

ndcrotome MT—2. Some of the experimental sections were

observed unstained in order to detect the 008 precipitate.

Other experimental sections and the acetazolamide inhibited

Sections were counterstained with lead citrate and uranyl

acetate according to the method of Reynolds (1963).

Also, pseudobranch tissues were fixed in heparinized

'Karnovsky's fixative and postfixed in 2% osmium tetroxide,

dehydrated, and embedded in Spurr's embedding medium as

above.



RESULTS

Light Microscgpic Carbonic Anhydrase

Histochemistry
 

Initial attempts at visualization of the foci of

carbonic anhydrase activity within the choroid rete mirabile

utilizing light microscopy were made. The results of these

initial investigations are shown in Figures 30-33.

It took a great deal of effort to obtain the proper

staining conditions under which it could be stated with

certainty that the stain seen was actually the result of

carbonic anhydrase activity, and that it could be inhibited

at low concentrations of acetazolamide. The technique is

difficult in that the tissues must be floated on the surface

of the incubation medium so that carbon dioxide may be lost

to the atmosphere allowing a very localized alkalinization

to occur. If any portions of the tissue had dipped below

the surface of the incubation medium, the rate of CO2 diffu-

sion away from the site of activity would become rate limit—

ing and the alkalinization and subsequent salt deposition.

would not occur. This was often found to be a major problem,

even when using a piece of Millipore filter as a raft upon

upon which the tissues were floated and subsequently trans-

ferred from dish to dish.

Realizing that the rete mirabile itself has its own

focus of carbonic anhydrase activity from the evidence of

Fairbanks, Hoffert and Fromm (1974), only those areas which

72
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stained positively were interpreted as having been treated

properly. Any unstained areas were deemed to be portions

which had sunk below the media surface. Figures 30—33

were interpreted initiallywith this in mind.

In these micrographs it is seen that certain regions

of the rete contain very intense loci of carbonic anhydrase

activity. Recall that in the short-circuit model for oxygen

concentration proposed by Fairbanks a: al. (1974), it was

hypothesized that the retial carbonic anhydrase was locali-

zed to the efferent vessel endothelia, and indeed evidence

was presented which suggested that it may have been bound

to the luminal membrane of the endothelium versus an intra-

cellular site. Neither of these hypotheses was resolvable

by the evidence provided by the micrographs at this level

of magnification. The carbonic anhydrase activity attribu-

table to endothelial vessel walls was seen to extend beyond

the choroidal rete itself into the distribution and/or

collection vessels (Figure 33). This micrograph suggested

that the vessel was entirely lined by carbonic anhydrase

activity and that the activity was not in this instance

irestricted only to the endothelial membrane lining the

vessel lumen.

Choroidal Electron Microscopic

Carbonic Anhydrase Histochemistry

An electron microscopic study was initiated in order

to further visualize the exact foci of carbonic anhydrase

activity. In preparing the tissues for embedding after
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staining, thick sections were taken and observed under the

light microscope in order to select the best stained areas.

When this was done, it was noted that there was a definite

localization of carbonic anhydrase activity toward the peri-

pheral side of the rete vessels (Figure 34), but it was

not possible to determine whether the activity was localized

to the afferent or efferent vessel. Upon re—examination of

the previous slides of the choroidal rete, it became evident

that this was a persistent pattern so that what was once be—

1ieved to have been improperly stained tissue was frequently

actually inactive retial tissue located toward the central

side of the rete mirabile.

The results of the electron microscopic examination of

the choroidal rete tissues are presented in Figures 35-39.

The appearance of the tissue was disappointing. The stain

was not discrete as large, distinct grains of electron?

dense precipitate marking beyond doubt the precise focus of

activity. Rather, it was a very fine precipitate whose locali-

zation had often to be told by finer distinctions between

different intensities of gray. Thus, only the most electron

dense regions were interpreted to be areas of positive stain.

Cassidy and Lightfoot (1974) also reported difficulty with

this aspect of the technique.

Basically, two patterns of staining were seen within

the retial endothelial cells. In Figures 37 and 38, dark

bands of stain are seen to run through the cytoplasm. These
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areas do not appear to be associated with any particular

subcellular organelles, but more like localized regions of

concentration within the cellular cytoplasmic sap. The

endoplasmic reticular network is often depicted in cell

biology as a large lacunar network of interconnected con-

centric shells which almost compartmentalize the cytoplasm.

Thus, this observation may not be as surprising as first

seemed. There was no evidence in this pattern which sug—

gested in any way, that the activity may have been localized

to the luminal membrane or to be in areas of direct com-

munication with the vessel lumen.

A second pattern of activity was displayed in Figure

39. Here, the activity seemed to be homogeneously distrib—

uted throughout the cytoplasm rather than in concentrated

regions. More importantly, however, the activity seems to

be located specifically in the endothelial cell of one vessel

and not in the endothelia of two adjacent vessels. This is

the only evidence seen which might suggest that the carbonic

anhydrase activity might be located specifically in one

vessel type and not in another. Due to the nature of the

preparation it is impossible to determine whether the active

cell borders on afferent or efferent vessels. Because,

efferent vessels are often seen to abut one another, whereas

afferent vessels rarely do (Figure 12), it might be probable

that the two adjacent inactive endothelia belong to efferent

vessels and the active one is of an afferent vessel. This
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may not be concluded with certainty, however.

No electron microscopic observations were made on the

apparent carbonic anhydrase activity in the peripheral

distribution and collection vessels.

Electron Microscopic Pseudobranch Morphology
 

The pseudobranch was next observed in order to detect

a correlation between the ultrastructural localization of

the carbonic anhydrase activity and any ultrastructural

features which may have been indicative of secretory acti—

vity. The pseudobranch contains a very characteristic cell

type known as the acidophilic cell or pseudobranch-type cell

(Figures 40-42). This is characterized as having a system

of densely packed parallel mitochondria localized at the

midway point between the apex of the cell and the basal bor-

der of the cell which lies adjacent to the capillary endo-

thelium (Figure 40). Associated with these mitochondria is

an extensive network of agranular or smooth endoplasmic

reticulum which appear to originate in the vicinity of the

mitochondria (Figure 41) and empty into the interstitial

space at the basal border of the cell (Figure 42). The

basal border of the pseudobranch—type cell is marked also by

the presence of a distinct basement membrane. The endothe-

lial cells associated with the pseudobranchial capillary

network appears to closely resemble the pillar cells present

within the secondary lamellae of the gill. They are colum-

nar in shape sending flanges out at either end which extend
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halfway around the capillary lumen (Figure 40). This endo-

thelial wall has been reported to be fenestrated in Perca

fluviatilis (Laurent and Rouzeau, 1972), but no fenestra—

tions were observed in Salmo gairdneri.
  

A point of interest is the fact that there appeared to

be two distinct forms of pseudobranch-type cells. Both

were identical morphologically, but one counter-stained much

more densely, almost to the point of obscuring its ultra-

structure. A similar observation was briefly mentioned by

Newstead (1964) in the chloride cells of the tide pool

sculpin, Oligocottus maculosus. In that the chloride cell
 

has its own very distinctive morphology (Harb and Copeland,

1969), the possibility that the more electron dense form

may have been a chloride cell has been rejected. The func-

tional significance of these two forms of pseudobranch—type

cell in Salmo gairdneri remains to be elucidated.
 

One final observation which was made, was the occur-

rence in the pseudobranch-type cell of a very dense packing

of tubules such that in cross—section they appeared to form

a microrete. Unfortunately, this was observed once and not

photographed. Abel (1973) has reported that he found a

similar arrangement of tubules in the chloride cell of

Salmo gairdneri. No explanation of its role was offered,

and none may currently be advanced in the present investi-

gation.
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Pseudobranch Carbonic Anhydrase

Histochemistry

 

 

With the light microscope, the carbonic anhydrase

stain appeared to be dense and ubiquitous throughout the

pseudobranchial tissue. This is consistent with the fact

that the pseudobranch has a very high carbonic anhydrase

activity (Hoffert, 1966), but inconsistent with the findings

of Laurent, Dunel and Barets (1969) who, using a similar

technique, found the stain within the pseudobranch-type

cell to be localized to the tubular system in the basal

border of the cell at a light microscopic level.

The electron microscopic investigation of carbonic

anhydrase activity in the pseudobranch, like that in the

choroidal rete tissue, proved to be disappointing. The

results are shown in Figures 43, 44 & 45. Again, the nuclei

were seen to "artifactually" stain heavily in this prepara-

tion. In comparison to the control acetazolamide inhibited

tissues, a ubiquitous background cytoplasmic stain was seen

and the mitochondrial matrix seemed denser as well (Figure

45). Very close inspection of Figure 43 reveals, however,

that there is a very distinct black grainy precipitate

concentrated around the nuclear envelope of the pseudobranch

cell and it is detectable in widely dispersed locations

throughout the cell. There is a distinct possibility that

this may be the carbonic anhydrase precipitate and that the

difference in density of the background of Figure 45 may

be due to variations in tissue thickness. A second possi-
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bility is that the cell seen is a dense form of the pseudo—

branch cell versus a light form. If this is the case, then

the actual amount of this grainy precipitate present in the

cell of Figure 43 nowhere approaches the amount which must

have been present at the time of light microscopic examina-

tion. This would indicate that an extraction of the preci-

pitate may have occurred somewhere in the dehydration and/or

embedding process. It had been observed upon trimming of

the polymerized blocks for subsequent ultramicrotomy, that

the tissues had seemed less densely stained than before

embedding, but this was merely a subjective observation and

not considered'serious at that time. A further refinement

of the technique is deemed desirable at this point. Decisive

conclusions regarding the localization of carbonic anhydrase

activity within the pseudobranch should await resolution of

this problem.



DISCUSSION

Interpretation of Carbonic Anhydrase

Histochemistry

 

 

The information contained within this section is based

entirely upon the reliability of the histochemical method

utilized for the demonstration of carbonic anhydrase acti-

vity. Difficulties were encountered in the interpretation

of the electron micrographs. Consequently, it would be

appropriate to justify the basis for the interpretations

presented and to reiterate the degree of reliability which

may be placed upon each of these interpretations.

Perhaps the most valuable information comes from the

study of the choroidal rete mirabile under the light micro-

scope. Here it was seen that the carbonic anhydrase inten—

sifies in activity down the length of the rete toward the

periphery. Utmost confidence should be placed in the valid-

ity of this conclusion due to the consistency of these

observations over all sections viewed, and to the abolition

of the pattern upon treatment with acetazolamide. That

lcarbonic anhydrase activity was seen to be associated with

vessels beyond the rete is also a certainty.

Once the technique was refined, no problems were en-

countered with light microscopic carbonic anhydrase his-

tology. Because identical procedures were used in staining

the tissues embedded for electron microscopy, no problems
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were anticipated in the subsequent electron microscopic

investigation. Several authors had used this technique in

electron microscopy with apparent success in a variety of

tissues, including the rabbit retina (Bhattacherjee, 1971),

frog and turtle lungs (Fain and Rosen, 1973), turtle and

toad urinary bladder (Rosen, 1972a), and toad, turtle, pigeon,

rat, rabbit, dog, and monkey renal tissues (Rosen, 1972b).

Most of this work had been done by Seymour Rosen and col-

leagues at Harvard Medical School and he has recently pub-

lished a chapter in an electron microscope histochemistry

text (Rosen, 1974). Without exception the reaction product

visualized in the electron micrographs published in these

works has been a very fine precipitate. No micrographs

of acetazolamide inhibited tissues, however, have ever

accompanied these figures. Rather "control" sections used

were tissues which had been fixed in osmium tetroxide and

glutaraldehyde and subsequently counter-stained with lead

citrate and uranyl acetate in much the same manner utilized

in the Part I of this current study. In the most dramatic

of the micrographs, a very high magnification of the carbonic

anhydrase stained tissue appears as if it could be a negative

of the normally prepared tissues (Musser and Rosen, 1973).

It is normal histochemical procedure to observe the locali-

zation of reaction product in comparison with an identically

treated tissue in which only the enzyme of interest has been

inhibited. With the carbonic anhydrase stain, this is
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particularly important due to the occurrence of significant

amounts of reaction product deposited as a result of the

uncatalyzed reaction. In addition, the appearance of tissues

is very different when osmium tetroxide fixation is omitted.

Among other things, lipids will be extracted and membranes

will be absent. Hayat (1970) presents an extensive descrip-

tion of the differences to be expected.

The problems encountered in interpretation of the

electron micrographs of the current investigation should now

be familiar. Cassidy and Lightfoot (1974) have noted that

they, too, have had difficulty in the visualization of the

cobalt sulfide-reaction product in their tissue preparations

and found it necessary to modify their techniques such that

the cobalt salt is converted by one additional step into

lead sulfide (CoS + Pb(N03)2--PbS) which appears to be a

nmch more electron dense precipitate. The electron micro-

.graphs published by these authors seem to be much more con-

'Vincing and their technique should be seriously considered

iin any future histochemical studies.

In the current study, the differences between carbonic

aIlhydrase stained tissues and acetazolamide inhibited tissues

rnEiy be interpreted in two ways. First, the difference was

<31?ten_dependent upon a subjective, qualitative estimate of

d~€Egrees of grayness (Figure 45). Secondly, the possibility

‘tiklat the grainy regions in Figure 43 could be the true re-

Ea‘<3=tion product has also been pointed out. Conclusions based
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upon the electron microscopic investigations must, therefore,

be interpreted with these reservations in mind.

Choroidal Carbonic Anhydrase

It was decided that only the most electron—dense

regions in the electron micrographs presented herein could

be interpreted as valid signs of carbonic anhydrase activi-

ty. The two observations which appeared to be the most con—

clusive are based upon Figures 37, 38 & 39. The banding

patterns of very electron—dense stain seen in areas of the

rete endothelial cytoplasm were not seen in acetazolamide

treated tissues (Figure 36). As stated previously, they do

not appear to be associated with any specific subcellular

organelles and their significance is not known at this time.

Figure 39 provides more difinite contrast within a single

micrograph and may perhaps be interpreted with more confi-

dence. Here, evidence is seen for a difference in activi-

ties between vessels.

In summary, the evidence which has been accumulated is:

1) there is a definite polarization of carbonic anhydrase

activity along the length of the rete, the higher concentra-

tions occurring toward the peripheral side, 2) the activity

may include sites in larger vessels located distal to the

rete itself, and 3) there is some evidence for the existence

of a difference in activity between the two classes of retial

vessel. It cannot yet be stated with certainty that the

regional localization of carbonic anhydrase activity is also
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accompanied by a structural differentiation in the endo—

thelial cells. In Part I of this study, no ultrastructural

differences were seen along the length of the retial vessels.

Wittenberg and Wittenberg (1974) noticed a distinct difference

between the ends of the rete on a gross structural level, but

not at an ultrastructural level, Any model for the operation

of the oxygen concentrating mechanism must now be able to

account for these findings in addition to the existing evi-

dence.

Functional Implications
 

Fairbanks, Hoffert and Fromm (1974) have most conclusive-

ly demonstrated the dependence of the oxygen multiplication

mechanism upon a source of carbonic anhydrase found within

the choroidal rete vasculature itself. That this activity

does exist is demonstrated in the current study. According

to the short-circuit theory presented by Fairbanks a: a1.

(1974) the carbonic anhydrase was postulated to have been

localized in the efferent rete endothelia. In this position

the enzyme system could operate to sequester carbon dioxide

and convert the carbon dioxide to bicarbonate before the gas

has a chance to diffuse down its concentration gradient and

cause a premature release of oxygen by the Bohr and Root

shifts in the afferent rete capillaries. The finding that

the carbonic anhydrase is localized to the peripheral end

of the rete is certainly consistent with this notion. The

highest concentration of carbonic anhydrase activity is in
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the location where the highest carbon dioxide concentrations

are encountered in the returning blood. The assumption now

is that the quantities of carbonic anhydrase at this end are

adequate to handle all excess carbon dioxide which would

cause a short-circuiting of the multiplier before reaching

the central end of the rete. A restriction of the activity

to only the efferent vessel endothelia would seem to be

unnecessary. As long as the carbonic anhydrase were inter-

jected somewhere along the diffusion path of the carbon

dioxide it would be capable of operating in the proper man-

ner.

The current study has presented evidence that carbonic

anhydrase may indeed be restricted to only one vessel type

(Figure 39). Even though it is impossible to state to which

category of vessel the apparent activity is restricted on

the basis of ultrastructural features, the likelihood of

the active vessel being an afferent vessel is fairly good.

As already stated, because the efferent vessels are often

seen to abut one another, whereas afferent vessels rarely do,

it is probable that the two adjacent inactive endothelia

belong to efferent vessels and the active one is of an af-

ferent vessel. Thus, based upon evidence presented above,

a high degree of carbonic anhydrase activity is suggested

to be localized in the peripheral end of the afferent rete

vessel endothelia.
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Note that the carbonic anhydrase activity also exists

in the endothelia of the peripheral vessels. If the activity

were found to be restricted to only one vessel type (i.e.,

distribution vs. collection vessel), then the distribution

vessel would likely be the one containing carbonic anhydrase

activity. In this case it would merely represent an exten-

sion of endothelial cellular specialization for carbonic

anhydrase production from the afferent retial vessels. At

this time, however, this postulate must remain speculative.

Due to the rapidity of inhibition of the oxygen multi-

plication mechanism by the non-diffusable carbonic anhydrase

inhibitor, CL-ll,366, Fairbanks a; al. (1974) speculated

that the carbonic anhydrase activity may have been restrict-

ed to membrane receptor sites or some sort of lacunae in

the endothelial cell which was in direct contact with the

vessel lumen. This was not seen to be the case in the pre-

sent study. The activity in all cases seemed to be locali-

zed in the cytoplasm. In accounting for the rapidity with

which CL—ll,366 worked, and for the fact that its accumula—

tion only in the rete paralleled the time course of inhibi-

tion, possibly pinocytotic activity of these endothelia

may account for this observation. No such pathway for

uptake would exist in either the erythrocytes or the retinal

cells whose carbonic anhydrase may also be involved.

The pseudobranchial ultrastructure in Salmo gairdneri
 

was seen to fit the description for other species. Fenestrae
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present in the capillary endothelium adjacent to the basal

border of the pseudobranch-type cell have been seen in Perca

fluviatilis (Laurent and Rouzeau, 1972), but were not seen
 

in S. gairdneri. Were the pseudobranch active in the secre-
 

tion of carbonic anhydrase or any other large molecular

species, one would suspect the presence of endothelial fenes-

trae as a passageway into the vessel lumen. In addition,

a cell type specialized for carbonic anhydrase synthesis

would be expected to contain ultrastructural features more

characteristic of protein synthesis (eg. rough endoplasmic

reticulum, free ribosomes, and mitochondria). Smooth endo-

plasmic reticulum in association with mitochondria as found

in the pseudobranch are seen in other tissues and have been

implicated in steroid synthesis and glycogen and lipid meta-

bolism (Rhodin, 1974). In a light microscopic study,

Laurent. Dunel and Barets (1969) demonstrated polarization

of carbonic anhydrase activity to the basal pole of the

pseudobranch—type cell which is characterized by a dense

tubular network. Although carbonic anhydrase within this

cell was not conclusively localized in the current study at

the resolution attainable by electron microscopy, it may be

stated with confidence that no stain was seen within the

tubules of this region. Thus, it is unlikely that carbonic

anhydrase might be produced in the vicinity of the mito-

chondria and passed through the tubules to the capillary
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lumen, to be carried to the swimbladder and choroidal

retia as has been implied previously.



SUMMARY AND CONCLUSIONS

Problems do exist with the histochemical technique

for carbonic anhydrase localization at the electron micro-

scopic level. The results have been interpreted with these

reservations in mind. Recommendations that future attempts

be made utilizing the techniques recently proposed by

Cassidy and Lightfoot (1974) have been discussed.

Based upon the findings presented it has been found

that carbonic anhydrase activity within the choroidal rete

mirabile is localized to the peripheral half of the rete and

may extend out into the peripheral distribution and collec-

tion vessels. Suggestions have been made that this activity

is further restricted to the afferent rete endothelium.

These sites of activity have also been shown to be consis-

tent with the short-circuit model for oxygen multiplication.

This mechanism requires that retial carbonic anhydrase be

made available at the proper location in order to intercept

diffusing carbon dioxide and thus prevent the premature

release of oxygen in the afferent blood.

The normal ultrastructure of the pseudobranch—type cell

was studied and found to be structurally similar to those

investigated elsewhere. A light and dense form were identi-

fied and the presence of a microretial arrangement of smooth

endoplasmic reticulum was noted. The significance of these

structures is not known. Due to the nature of the results

89



90

of the histochemical study no conclusions may be drawn re-

garding the possibility that pseudobranchial secretion of

carbonic anhydrase may occur for subsequent usage in the

choroidal counter-current oxygen multiplier.



COMBINED SUMMARY AND CONCLUSIONS

Before the onset of any detailed carbonic anhydrase

localization studies, it became necessary to become thor—

oughly familiar with the vascular pattern and normal ultra—

structural features of the vessels within the choroidal

layer of Salmo gairdneri. Both light and electron micro-
 

scopic investigations were pursued.

The major findings and conclusions are dividable into

three main categories: technique information, morphological

information, and carbonic anhydrase histochemical information.

The latter of these categories is then useful in clarifying

the current understanding of the mechanism behind the opera-

tion of the counter—current oxygen multiplier.

Techniques Findinga
 

Methods of tissue preparation may drastically affect

the appearance of delicate endothelial tissue in the choroid

rete mirabile under the electron microscope. Perfusion

fixation of this tissue was particularly dangerous in that

delicate efferent endothelial walls may easily be damaged.

Hence, an optimal immersion technique was sought. Teleost

blood clots very rapidly, therefore, special precautions

need to be taken to prevent clot formation which is seen

to drastically affect the appearance of the vascular tissues

in particular. The final optimal technique involved ip vivo

91
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heparinization of the ocular tissues prior to enucleation

and fixation in Karnovsky's fixative.

Technical problems also arose related to the visuali-

zation of the carbonic anhydrase stain reaction product,

cobalt sulfide, under the electron microscope. The precipi-

tate appeared very fine and difficult to visualize. This

problem was delineated and all interpretations were made

with this reservation in mind. It was noted that other

investigators had apparently found the same difficulty and

a newer technique utilizing lead sulfide as the electron

dense precipitate is recommended for further studies.

Morpholpgical Findings

The general outlay of the choroidal vasculature has

been carefully examined and found to be similar to patterns

reported elsewhere (Barnett, 1951; Wittenberg and Wittenberg,

1974; Copeland, 1974a). The arterial manifold wall is seen

to be a thick structure with a single layer of endothelia

facing the lumen of the arterial manifold and venous sinu-

soid, and sandwiching a thick collagenous layer through

which run fibroblasts, smooth muscle cells, and myelinated

and non-myelinated neurons. The possible importance of the

arterial manifold as an effector organ for the regulation

of rete counter-current multiplier operation is discussed.

The rete mirabile ultrastructure reported here is slightly

different from the structures reported elsewhere for both

the swimbladder and the choroid retia. The vessel packing
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pattern is cubic, with an equal number of afferent and ef-

ferent vessels. The endothelia lining both afferent and

efferent vessels appear essentially identical in structure.

Nonetheless, afferent vessels are differentiable on the basis

of their size (4.5 um vs. 9.5 um) and by the fact that only

afferent vessels are seen associated with pericytes and

basement membranes. Peripheral distribution and collection

vessels pass through a loose, laminar stroma containing numer-

ous melanocytes. No features were seen to distinguish col-

lection from distribution vessels. The choriocapillaris

and associated Bruch's membrane and pigment epithelium were

seen to be identical to those of Esox lucius (Braekevelt,
 

1974). The choriocapillaris is relatively nonfenestrated

compared to the choriocapillaris of humans. Bruch's mem—

brane has fewer structural features than that in the human

and the pigment epithelium lacks a convoluted basal border

typical of the human pigment epithelium.

The ultrastructural features of the pseudobranch-type

cells were identical to those reported elsewhere. The most

characteristic features are numerous densely packed mito-

chondria associated with an extensive network of smooth

endoplasmic reticulum. In addition, it was noted that two

morphologically identical forms of the cell were seen dif—

fering in their affinity for normal stains.
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Carbonic Anhydrase Histochemistry
 

Light microscopic observations revealed that within

the choroidal vasculature carbonic anhydrase activity is

found to increase in intensity toward the peripheral side

of the rete vessels. It was also seen to be located in the

walls of some larger vessels peripheral to the rete.

Electron microscopic observations were interpreted

with great caution. It appeared, however, that carbonic

anhydrase activity in the rete endothelia was within the

general cytoplasm either in bands or spread evenly through-

out the cytoplasm. No evidence was seen for a luminal mem-

brane-bound focus of carbonic anhydrase activity. Evidence

was cited for the localization of carbonic anhydrase to one

type of retial vessel and not another, and that the active

vessel was probably afferent.

It is suggested that retial carbonic anhydrase activity

is restricted to the peripheral side of the afferent rete

endothelium and extends out into the endothelia of the dis-

tribution vessels. It is argued that location is sufficient

to prevent the short—circuiting of the counter—current

multiplier.



RECOMMENDATIONS

As in any study, more questions remain unanswered than

answered. A few of these questions which are seen to be of

immediate significance are listed below.

Morphological studies on the choroidal vasculature re-

main incomplete. The structure of the venous sinusoid re-

mains to be elucidated.

Laurent and colleagues at the Laboratoire de Neuro-

physiologie Generale du College de France, have done the most

extensive work on the pseudobranch and their studies have

lent the most credible evidence thus far offered as regards

pseudobranchial function. Their work had included light

microscopic studies of innervation, in which neural tracts

have been traced from their central origins to their termina—

tions in the pseudobranch (Laurent and Dunel, 1966); histo-

chemical studies of carbonic anhydrase activity (Laurent,

Dunel and Barets, 1969); and perfusion studies in conjunc—

tion with microelectrode recordings of afferent neural im—

pulses which has revealed much information on receptor func—

tion (Laurent and Rouzeau, 1972). The current study has

shown the presence of neural elements within the choroidal

arterial manifold wall and the suggestion has been made

that there may exist a regulatory role for this structure

in the operation of the oxygen multiplier mechanism. A

series of studies very similar to those mentioned above
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would yield invaluable evidence to support or contradict

this hypothesis. If such a mechanism were discovered, it

would be interesting to compare its responses with the auto—

regulatory responses seen in the ocular vasculature of higher

forms. There would be reason to believe that this mechanism

might also be an integral part of other retial systems, such

as that in the swimbladder rete, and possibly, the thermo—

regulatory retia in the carotid arterial pathway to the

brain of some desert antelopes, or in the retia of the

flippers of the whale.

Within the choroidal rete mirabile a localization of

carbonic anhydrase activity along the length of the rete has

been demonstrated. Although no evidence was seen regarding

a parallel structural differentiation in the current study,

the results are not conclusive, and a more detailed exam-

ination of this possibility would definitely be instructive.

The structures of the choriocapillaris, Bruch's mem—

brane, and pigment epithelium in Salmo gairdneri have been

noted to be markedly different from those seen in the human

eye. It has been suggested that in the higher vertebrates,

the choroidal vasculature is the major site of nutrient ex—

change while the retinal circulation is largely the site of

gas exchange (Braekevelt, 1974). Because there is no retinal

circulation in teleosts all exchange processes must occur at

the choriocapillaris. It would naturally follow that the

teleost morphology would display structures which are



 

1
.
.

 



97

associated with an augmented exchanger role, such as numer-

ous pores or fenestrae. The opposite is seen, however. The

degree of fenestration is vastly reduced in the two teleosts

now studied. It would seem that classical electron micro—7

scopic tracer studies are called for here, perhaps starting

with such tools as horseradish peroxidase (Karnovsky, 1967).

The carbonic anhydrase histochemical technique ob-

viously needs improvement. The procedures utilized by

Cassidy and Lightfoot (1974) have been recommended as the

next viable alternative. When this procedure is perfected

for use in electron microscopy, the findings which were seen

in this study should be reconfirmed and extended. It would

be of value to determine the extent of the activity pre-

sent in the peripheral vessels of the choroid. Also, with

an important functional significance described for this

enzyme in the choroidal rete, it would seem likely that a

similar function might exist certainly in the swimbladder

rete and perhaps in other counter-current systems. This

possibility should be investigated. The subcellular local-

ization of carbonic anhydrase activity in the pseudo-

branch—type cells would also be of value. If morphological

evidence existed for the secretion of carbonic anhydrase

by the pseudobranch, one would then logically search for

a specific isoenzyme of carbonic anhydrase produced by the

pseudobranch and to trace its possible role in the choroidal

and swimbladder counter—current multipliers.
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Finally, as a comparative study, phylogenetic and de—

velopmental variations on the general scheme drawn from the

evidence from the above studies might be researched.
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FIGURE l.-—Microfil casts of the afferent vessels of the

choroidal vasculature.

The photomicrographs depicted here have been taken

from Fairbanks (1970). Microfil, a low viscosity

silicone—based injection compound was injected

into the afferent vessels of the choroidal vascula-

ture, and the surrounding tissues were dehydrated

in alcohol, and cleared in methyl salicylate.

A. From the back of the eye after removal of the

sclera, the choroidal rete mirabile is seen to

be a horseshoe—shaped mass of parallel vessels

overlying the optic nerve. The optic nerve is

not shown here, but its position is at the

center of the circle outlined by the margins

of the choroidal rete. The horseshoe normally

opens ventrally. The large vessel in the

inner margin of the horseshoe is the arterial

manifold. Normally, this is entirely enclosed

by the venous sinusoid which has not been

filled in this preparation. (5X)

The arterial manifold bifurcates on the central

side into the parallel retial vessels which

then are seen to anastomose into large distri-

bution vessels on the peripheral side. The

large globular structures are artifacts re-

sulting from rupturing of the blood vessels.

(25X)
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FIGURE 3.-—Choroid rete mirabile (hematoxylin and eosin, 145X).

A.

111

Note the arterial manifold (AM) lying within

the venous sinusoid (VS) at the central side

of the rete mirabile, the parallel rete ves—

sels, and their convergence into large col—

lection and distribution (CV and DV) vessels

at the peripheral end of the rete.

The area enclosed within the heavy line re-

presents the region from which the above

micrograph was taken.

AM—-—-Arterial manifold

CV——--Collection vessel

DV--—-Distribution vessel

VS--—-Venous sinusoid
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FIGURE 4.-—Paralle1 rete vessels (Masson's trichrome, 1,48OX).

A. In longitudinal section, the afferent and ef—

ferent rete vessels are seen to lie parallel

to and interspersed among each other. In

this section, there is no apparent difference

between the afferent and efferent rete vessels.

Note that these vessels are of capillary

dimensions allowing the passage of the nucle—

ated red cells (RBC) in single file only.

The area enclosed within the heavy lines

represents the region from which the above

micrograph was taken.

RBC—--—Erythrocyte



dmmDon

 

 3.:



115

FIGURE 5.——Central side of the rete mirabile (hematoxylin

and eosin, 145X).

A. This micrograph serves to illustrate the

discrete arterial manifold (AM) and the less

discrete venous sinusoid (VS).

The area enclosed within the heavy line repre-

sents the region from which the above micro—

graph was taken.

AM———-Arterial manifold

VS———-Venous sinusoid
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FIGURE 7.——Central side of the rete mirabile (Masson's tri—

chrome, 295K).

A. Masson's trichrome stains specifically for

connective tissue. The arterial manifold

(AM) is seen to possess a much thicker wall,

rich in collagenous connective tissue, than

that of the venous sinusoid (VS).

The area enclosed within the heavy line

represents the region from which the above

micrograph was taken.

AM-—-—Arterial manifold

VS-——-Venous sinusoid
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FIGURE 8.--Centra1 side of the rete mirabile (Masson's tri-

chrome, 145X).

A. This micrograph shows a tangential section

through the central side of the rete and

serves to illustrate the manner in which

the arterial manifold (AM) bifurcates to

feed the afferent rete vessels.

Generalized diagram illustrating the region

from which the above micrograph was taken.

The plane shown is the likely plane of

sectioning.

AM——--Arteria1 manifold

VS--——Venous sinusoid
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FIGURE 9.——Peripheral side of the rete mirabile (hema—

toxylin and eosin, 145X).

A. The afferent rete vessels converge upon large

distribution vessels (DV) which carry the

blood peripherally to the choriocapillaris

(not shown here) which supplies all portions

of the retina. The blood then is collected

from the choriocapillaris in large collect-

ing vessels (CV) which feed the efferent

rete vessels. Note that there is no appar-

ent difference between distribution and

collection vessels at this level and, thus,

the labelling was made arbitrarily for the

sake of illustration. There is a rather

large number of melanocytes (MEL) associ-

ated with the vessels of the central region

(Figures 5—8).

The area enclosed within the heavy line

represents the region from which the above

micrograph was taken.

CV —————Collection vessel

DV —————Distribution vessel

MEL———-Melanocyte
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FIGURE lO.--Vessels of the peripheral region (hematoxylin

and eosin, 145X).

A. Distribution and collection vessels form an

extensive vascular network in the choroid

layer. The choriocapillaris (CC) abuts the

retina at the site of Bruch's membrane (BM)

which is not resolvable at this magnification.

Underlying Bruch's membrane is the pigment

epithelium and adjacent retinal layers.

General diagram illustrating the region

from which the above micrograph was taken

(area enclosed by the heavy lines).

BM-----Site of Bruch's membrane

CC -----Choriocapillaris

CV -----Collection vessel

DV —————Distribution vessel

GCL-—-—Gang1ion cell layer

INL--—-Inner nuclear layer

IPL———-Inner plexiform layer

NFL—--—Nerve fiber layer

OLM---—0uter limiting membrane

ONL————Outer nuclear layer

OPL---—Outer plexiform layer

PE-----Pigment epithelium

RCL-—-—Rod and cone layer
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FIGURE 14.—-Standard immersion-fixed rete: Area with myeloid

configurations in the lumen.

A. Abnormal appearance of rete. Note the densely

granular background matrix in the lumen and

the multilaminar myeloid configuration (MC)

within the vessel lumen. (16,560X).

Higher magnification of a similar myeloid-

type configuration within the lumen of a rete

vessel. The configuration seen here appears

to suggest some ongoing extrusion activity.

(41,405X).

L------Lumen _

MC —————Myeloid configuration

PV -----Phagocytic vacuole

RBC~——-Erythrocyte

WBC—---Leucocyte
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FIGURE 26.-—Fenestrated choriocapillaris endothelium.

A feature which characterizes the chorio-

capillaris endothelia of mammals is that

diaphragmed fenestrae are very abundant in that

portion of the endothelial wall abutting Bruch's

membrane. In Salmo gairdneri, it is seen that

the endothelia are extremely attenuated in this

region and occasional fenestrae are seen but

their abundance nowhere approaches that seen in

the mammalian choriocapillaris (A—-4l,405X;

B——265,ooox).

 

Arrows——Diaphragmed fenestrae

BM------ Bruch's membrane

CC ——————Choriocapillaris
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FIGURE 27.--Bruch's membrane (41,405X).

Bruch's membrane is seen here to be composed of

a network of very fine fibrils embedded in a

uniform electron lucent matrix. It is bordered

on one side by the choriocapillaris endothelial

cell membrane and on the other by the pigment

epithelium basement membrane. This arrangement

is relatively structureless compared to the

mammalian morphology (A——41,405X; B--4l,405X).

B——————Basement membrane

CC —————Choriocapillaris

E------Endothelium

M——————Mitochondrion

PE—————Pigment epithelium
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FIGURE 28.--Myeloid bodies within the pigment epithelium

(16,560X).

As a point of interest, the cellular inclusions

of pigment epithelium are unusual in appearance

in relation to other tissues. The cell has four

prominent inclusions: melanin granules (MG),

abundant mitochondria(M), nucleus (N), and

myeloid bodies (MB). Note that the pigment

granules are rod-shaped as opposed to the

prominent spherical shape seen in the melano—

cytes of the choroid layer. The myeloid bodies

have been described in the literature, but until

recently, their origin and function have been

in debate. It has now been conclusively

established (Anderson and Fisher, 1975) that

they arise from phagocytosed sections of shed

rod and cone outer segments. There is a

definite structural similarity between these

myeloid bodies and the photoreceptor outer

segments (Figure 29). (A—-16,560X; B--16,56OX).

M——————Mitochondrion

MB-----Myeloid body

MG-----Melanin granules

N——————Nucleus
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FIGURE 30.—-Choroidal rete mirabile carbonic anhydrase stain.

Here, the choroid rete is seen in cross-

section to display an intense staining reaction

(A) which is totally eliminated by 10‘5M

acetazolamide inhibition (B). No reaction was

ever seen in any of the inhibited tissues,

whereas any unstained areas of tissue in the

uninhibited treatments were believed to have

dipped beneath the surface of the incubation

medium which was known to eliminate the stain.

Thus, it had been believed that the entire

choroid rete possessed a high degree of carbonic

anhydrase activity. From these light micro-

graphs, however, no localization of the stain

to either afferent or efferent vessel type

could be made. (A-—l45X; B-—295X).
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FIGURE 3l.—-Choroid rete mirabile carbonic anhydrase stain

(295x) .

At higher magnification, the choroid rete is

again seen to be intensely active (A). Sodium

acetazolamide completely inhibits the staining

reaction (B). No conclusions may be reached

with regard to the localization of activity

to any one particular site at this degree of

resolution. (A—-295X; B——295X).
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FIGURE 32.—-Peripheral region of the choroidal rete stained

for carbonic anhydrase (145X).

The peripheral end of the rete is notable by

the presence of black melanin pigments within

the stroma surrounding the collection and

distribution vessels. This feature is seen in

the acetazolamide inhibited preparation (B).

No activity is seen here, even in the erythro—

cytes which fill the lumen of one of the vessels

(arrow). Inhibition is complete. In the

uninhibited tissue (A), carbonic anhydrase

stain is seen to be intense in the retial

vessels and may extend into some of the

distribution and collection vessels (arrows).

Note that in the inhibited tissues, the pigment

is never seen to surround the vessels entirely.

(A-—l45X; B——l45X).
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FIGURE 33.--Carbonic anhydrase activity within peripheral

collection and distribution vessels (295K).

As was seen in the previous micrograph (Figure

32), carbonic anhydrase activity is seen to

extend at least partly into the peripheral

vessels. Micrograph A displays uninhibited

tissue, and the tissue in B is acetazolamide

treated. The region displayed in both

micrographs is in very close proximity to the

rete. The section of tissue in A is relatively

thick, and the vessel in the center is seen

to be lined with activity. This vessel measures

approximately 70 um in diameter and is definitely

beyond retial vessel dimensions. (A--295X;

B——295X).
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FIGURE 36.—-Carbonic anhydrase activity within the choroidal

rete endothelial cells (66,25OX).

A. Here, the uninhibited carbonic anhydrase

reaction has produced dense staining

throughout most of the endothelial cell

cytoplasm. It is believed that three sep-

arate endothelial cells are seen here sep—

arated by a distinct interstitial space

(double-headed arrows). Numerous tubules,

probably representing endoplasmic reticulum

(ER) are seen running through the cytoplasm.

It appears in places that these tubules

have precipitate within them, such that a

single tubule appears as two white lines

separated by a dense black line. (66,25OX).

The tissue has been incubated in medium

containing 10‘5M sodium acetazolamide

in order to inhibit the deposition of

carbonic anhydrase-catalyzed reaction

product. The reaction proceedes at a

significant uncatalyzed rate, however,

and yields a less dense, ubiquitous

background precipitate. The small

needle-like crystalline structures seen

in this micrograph are dirt of unknown

origin. (66,25OX).

Arrows—~Interstitial space

ER ——————Endoplasmic reticulum



FIGURE 36

 

178



F
I
G
U
R
E

3
7
.
-
—
C
h
o
r
o
i
d

r
e
t
e

e
n
d
o
t
h
e
l
i
a
l

c
e
l
l

c
a
r
b
o
n
i
c

a
n
h
y
d
r
a
s
e

a
c
t
i
v
i
t
y

a
s

c
o
m
p
a
r
e
d

w
i
t
h

e
r
y
t
h
r
o
c
y
t
e

c
a
r
b
o
n
i
c

a
n
h
y
d
r
a
s
e

a
c
t
i
v
i
t
y

(
1
0
2
,
5
0
0
X
)
.

A
t

a
h
i
g
h

m
a
g
n
i
f
i
c
a
t
i
o
n
,

a
r
e
d

b
l
o
o
d

c
e
l
l

(
R
B
C
)

w
i
t
h

i
t
s

n
u
c
l
e
u
s

(
R
B
C
N
)

i
s

s
e
e
n

l
y
i
n
g

a
d
j
a
c
e
n
t

t
o

a
n

e
n
d
o
t
h
e
l
i
a
l

c
e
l
l

o
f

t
h
e

c
h
o
r
o
i
d

r
e
t
e
.

H
e
r
e

t
h
e

a
c
t
i
v
i
t
y

o
f

t
h
e

e
r
y
t
h
r
o
c
y
t
e

c
a
r
b
o
n
i
c

a
n
h
y
d
r
a
s
e

i
s

s
e
e
n

t
o

b
e

e
x
t
r
e
m
e
l
y

i
n
t
e
n
s
e

a
s

w
o
u
l
d

b
e

e
x
p
e
c
t
e
d
.

T
h
e

a
c
t
i
v
i
t
y

w
i
t
h
i
n

t
h
e

e
n
d
o
t
h
e
l
i
a
l

c
y
t
o
p
l
a
s
m

s
e
e
m
s

t
o

b
e

l
o
c
a
l
i
z
e
d

i
n

b
a
n
d
s

n
o
t

a
s
s
o
c
i
a
t
e
d

w
i
t
h
i
n

a
n
y

r
e
c
o
g
-

n
i
z
a
b
l
e

s
u
b
c
e
l
l
u
l
a
r

s
t
r
u
c
t
u
r
e
,

b
u
t

w
i
t
h
i
n

t
h
e

c
e
l
l

c
y
t
o
p
l
a
s
m

i
t
s
e
l
f
.

A
n

e
n
d
o
t
h
e
l
i
a
l

c
e
l
l

n
u
c
l
e
u
s

(
E
N
)

i
s

a
l
s
o

s
e
e
n
.

E
N
—
—
—
—
—
—
E
n
d
o
t
h
e
l
i
a
l

c
e
l
l

n
u
c
l
e
u
s

R
B
C
-
-
-
-
-
E
r
y
t
h
r
o
c
y
t
e

R
B
C
N
—
-
—
—
E
r
y
t
h
r
o
c
y
t
e

n
u
c
l
e
u
s

179

 



180

 

F
I
G
U
R
E

3
7



F
I
G
U
R
E

3
8
.
—
-
B
a
n
d
i
n
g

p
a
t
t
e
r
n

o
f

c
a
r
b
o
n
i
c

a
n
h
y
d
r
a
s
e

a
c
t
i
v
i
t
y

w
i
t
h
i
n

t
h
e

c
h
o
r
o
i
d

r
e
t
e

e
n
d
o
t
h
e
l
i
a
l

c
e
l
l

(
1
0
2
,
5
O
O
X
)
.

A
s

w
a
s

n
o
t
e
d

i
n

t
h
e

e
n
c
l
o
s
e
d

a
r
e
a

o
f

F
i
g
u
r
e

3
5

a
n
d

i
n

F
i
g
u
r
e

3
7
.

t
h
e
r
e

a
r
e

r
e
g
i
o
n
s

o
f

d
e
n
s
e

s
t
a
i
n
i
n
g

w
i
t
h
i
n

t
h
e

e
n
d
o
t
h
e
l
i
a
l

c
y
t
o
p
l
a
s
m

w
h
i
c
h

a
r
e

n
o
t

a
p
p
a
r
e
n
t
l
y

a
s
s
o
c
i
a
t
e
d

w
i
t
h

a
n
y

p
a
r
t
i
c
u
l
a
r

s
u
b
c
e
l
l
u
l
a
r

c
o
m
p
o
n
e
n
t
,

y
e
t

a
r
e

n
o
t

h
o
m
o
g
e
n
e
o
u
s
l
y

d
i
s
t
r
i
b
u
t
e
d

t
h
r
o
u
g
h
o
u
t

t
h
e

c
y
t
o
p
l
a
s
m
.

181

 
  



.
.
o
.

.
\
.
.

..
..
h
e
?

.
n
.

q
.
.

o
w
.
.
-

..
.

.

‘  
w
H
O
d
m
m

m
m

_ "all
"9!.



F
I
G
U
R
E

3
9
.
—
—
A

d
i
f
f
e
r
e
n
t
i
a
l

c
a
r
b
o
n
i
c

a
n
h
y
d
r
a
s
e

a
c
t
i
v
i
t
y

i
n

a
f
f
e
r
e
n
t

v
e
r
s
u
s

e
f
f
e
r
e
n
t

r
e
t
i
a
l

v
e
s
s
e
l
s

(
1
0
2
,
5
O
O
X
)
.

P
r
e
v
i
o
u
s

m
i
c
r
o
g
r
a
p
h
s

h
a
d

n
o
t

r
e
v
e
a
l
e
d

a
n
y

d
i
s
t
i
n
c
t
i
o
n

b
e
t
w
e
e
n

a
f
f
e
r
e
n
t

a
n
d

e
f
f
e
r
e
n
t

v
e
s
s
e
l

c
a
r
b
o
n
i
c

a
n
h
y
d
r
a
s
e

a
c
t
i
v
i
t
y
,

a
n
d

i
n
d
e
e
d
,

i
t

w
a
s

n
o
t

e
v
i
d
e
n
t

f
r
o
m

t
h
e

f
e
a
t
u
r
e
s

o
f

t
h
e

c
e
l
l
s

w
h
i
c
h

c
l
a
s
s

o
f

v
e
s
s
e
l
s

w
a
s

b
e
i
n
g

o
b
s
e
r
v
e
d
.

T
h
i
s

m
i
c
r
o
g
r
a
p
h

d
e
p
i
c
t
s

t
h
e

j
u
n
c
t
i
o
n

p
o
i
n
t

o
f

t
h
e

w
a
l
l
s

o
f

t
h
r
e
e

v
e
s
s
e
l
s

s
e
p
a
r
a
t
e
d

b
y

a
t
h
i
c
k
,

Y
—
s
h
a
p
e
d
,

h
o
m
o
g
e
n
e
o
u
s

i
n
t
e
r
s
t
i
t
i
a
l

s
p
a
c
e
.

T
h
e

d
i
f
f
e
r
e
n
c
e

i
n

d
e
g
r
e
e

o
f

a
c
t
i
v
i
t
y

i
s

a
p
p
a
r
e
n
t
.

T
h
i
s

w
o
u
l
d

t
e
n
d

t
o

i
n
d
i
c
a
t
e

t
h
a
t

t
h
e

f
u
n
c
t
i
o
n
a
l

r
o
l
e
s

o
f

a
f
f
e
r
e
n
t

v
e
r
s
u
s

e
f
f
e
r
e
n
t

e
n
d
o
t
h
e
l
i
a

m
a
y

b
e

d
i
f
f
e
r
e
n
t
.

T
h
e

p
r
e
s
e
n
c
e

o
f

a
b
a
s
e
m
e
n
t

m
e
m
b
r
a
n
e

i
s

t
h
e

s
i
n
g
l
e

m
o
s
t

c
h
a
r
a
c
t
e
r
i
s
t
i
c

f
e
a
t
u
r
e

o
f

a
f
f
e
r
e
n
t

v
e
s
s
e
l
s
,

a
s
i
d
e

f
r
o
m

l
u
m
e
n
a
l

d
i
a
m
e
t
e
r
s

w
h
i
c
h

w
e
r
e

n
o
t

d
e
t
e
r
m
i
n
a
b
l
e

d
u
e

t
o

t
h
e

c
o
n
d
i
t
i
o
n

o
f

t
h
e

t
i
s
s
u
e
.

U
n
f
o
r
t
u
n
a
t
e
l
y
,

n
o

b
a
s
e
m
e
n
t

m
e
m
b
r
a
n
e

i
s

s
e
e
n

t
o

f
o
l
l
o
w

t
h
e

c
e
l
l

m
e
m
b
r
a
n
e
s

i
n

t
h
e

i
n
t
e
r
s
t
i
t
i
a
l

s
p
a
c
e

i
n

a
n
y

o
f

t
h
e

v
e
s
s
e
l
s

h
e
r
e
.

T
h
u
s
,

n
o

c
o
n
c
l
u
s
i
o
n

m
a
y

h
e
r
e

b
e

r
e
a
c
h
e
d

r
e
g
a
r
d
i
n
g

t
h
e

s
p
e
c
i
f
i
c

c
l
a
s
s

o
f
v
e
s
s
e
l

c
o
n
t
a
i
n
i
n
g

t
h
e

h
e
a
v
y

a
c
t
i
v
i
t
y

o
n

t
h
i
s

b
a
s
i
s
.

A
s

d
i
s
c
u
s
s
e
d

i
n

t
h
e

t
e
x
t
,

h
o
w
e
v
e
r
,

t
h
e
r
e

i
s

r
e
a
s
o
n

t
o

b
e
l
i
e
v
e

t
h
a
t

t
h
e

m
o
r
e

d
e
n
s
e
l
y

s
t
a
i
n
e
d

e
n
d
o
t
h
e
l
i
u
m

i
s

t
h
a
t

o
f

a
n

a
f
f
e
r
e
n
t

v
e
s
s
e
l
.

I
S
-
-
-
-
-
-
I
n
t
e
r
s
t
i
t
i
u
m

L
-
-
-
-
-
-
-
L
u
m
e
n

M
-
-
-
-
-
-
-
M
i
t
o
c
h
o
n
d
r
i
o
n

N
-
-
-
-
-
-
-
N
u
c
l
e
u
s

 

183

 



184

 

  
F
I
G
U
R
E

3
9



F
I
G
U
R
E
4
0
.
—
-
T
h
e

"
p
s
e
u
d
o
b
r
a
n
c
h
—
t
y
p
e
"

o
r

a
c
i
d
o
p
h
i
l
i
c

c
e
l
l

(
9
,
9
9
5
X
)
.

T
h
e

p
s
e
u
d
o
b
r
a
n
c
h
i
a
l

v
e
s
s
e
l
s

a
r
e

a
s
s
o
c
i
a
t
e
d

w
i
t
h

a
l
a
r
g
e

n
u
m
b
e
r

o
f

v
e
r
y

d
i
s
t
i
n
c
t

a
c
i
d
o
p
h
i
l
i
c

o
r

p
s
e
u
d
o
b
r
a
n
c
h
—
t
y
p
e

c
e
l
l
s
.

T
h
e
s
e

a
r
e

c
h
a
r
a
c
t
e
r
i
z
e
d

b
y

h
a
v
i
n
g

a
t
i
g
h
t
l
y

p
a
c
k
e
d

a
r
r
a
y

o
f

m
i
t
o
c
h
o
n
d
r
i
a

i
n
a
s
s
o
c
i
a
t
i
o
n

w
i
t
h

a
n

e
x
t
e
n
s
i
v
e

n
e
t
w
o
r
k

o
f

s
m
o
o
t
h

e
n
d
o
p
l
a
s
m
i
c

r
e
t
i
c
u
l
u
m

o
r
i
g
i
n
a
t
i
n
g

i
n

t
h
e

v
i
c
i
n
i
t
y

o
f

t
h
e

m
i
t
o
c
h
o
n
d
r
i
a

a
n
d

e
m
p
t
y
i
n
g

o
n

t
h
e

b
a
s
e
m
e
n
t

m
e
m
b
r
a
n
e

a
d
j
a
c
e
n
t

t
o

t
h
e

c
a
p
i
l
l
a
r
y

e
n
d
o
t
h
e
l
i
u
m
.

N
o
t
e

t
h
a
t

t
h
e

b
a
s
e
m
e
n
t

m
e
m
b
r
a
n
e

a
p
p
a
r
e
n
t
l
y

d
o
e
s

n
o
t

s
u
r
r
o
u
n
d

t
h
e

p
s
e
u
d
o
b
r
a
n
c
h

c
e
l
l
.

I
t

i
s

n
o
t

s
e
e
n

a
d
j
a
c
e
n
t

t
o

t
h
e

a
p
i
c
a
l

m
a
r
g
i
n
.

T
h
e

p
s
e
u
d
o
b
r
a
n
c
h

i
s

k
n
o
w
n

t
o

p
o
s
s
e
s

a
v
e
r
y

l
a
r
g
e

a
m
o
u
n
t

o
f

c
a
r
b
o
n
i
c

a
n
h
y
d
r
a
s
e

o
f
u
n
k
n
o
w
n

s
i
g
n
i
f
i
c
a
n
c
e
.

A
l
t
h
o
u
g
h

t
h
e

p
s
e
u
d
o
b
r
a
n
c
h
-

t
y
p
e

c
e
l
l

a
p
p
e
a
r
s

s
i
m
i
l
a
r

t
o

a
c
h
l
o
r
i
d
e

c
e
l
l
,

t
h
e
y

a
r
e

n
o
w

b
e
l
i
e
v
e
d

t
o

b
e

d
i
s
t
i
n
c
t
l
y

d
i
f
f
e
r
e
n
t

c
e
l
l

t
y
p
e
s
.

T
h
e

e
n
d
o
t
h
e
l
i
a
l

c
e
l
l
s

f
o
r
m
i
n
g

t
h
e

c
a
p
i
l
l
a
r
y

v
e
s
s
e
l

w
a
l
l
s

v
e
r
y

m
u
c
h

r
e
s
e
m
b
l
e

t
h
e

p
i
l
l
a
r

c
e
l
l
s

s
e
e
n

i
n

t
h
e

s
e
c
o
n
d
a
r
y

l
a
m
e
l
l
a
e

o
f

t
h
e

g
i
l
l

f
i
l
a
m
e
n
t
s
.

N
o
t
e

t
h
a
t

t
h
e

a
t
t
e
n
u
a
t
e
d

p
o
r
t
i
o
n
s

o
f

t
h
e

e
n
d
o
t
h
e
l
i
a

a
r
e

n
o
n
—
f
e
n
e
s
t
r
a
t
e
d
.

A
s

a
f
i
n
a
l

p
o
i
n
t

o
f

i
n
t
e
r
e
s
t
,

o
n
e

o
f

t
h
e

p
s
e
u
d
o
b
r
a
n
c
h
-
t
y
p
e

c
e
l
l
s

d
i
s
p
l
a
y
s

a
n

a
p
p
a
r
e
n
t
l
y

e
x
t
r
e
m
e

a
r
e
a

o
f

i
n
t
r
a
c
e
l
l
u
l
a
r

v
a
c
u
o
l
e

f
o
r
m
a
t
i
o
n

(
N
V
)
.

A
s
i
m
i
l
a
r

c
o
n
d
i
t
i
o
n

h
a
s

b
e
e
n

n
o
t
e
d

i
n

p
a
t
h
o
l
o
g
i
c
a
l
l
y

h
y
p
e
r
t
r
o
p
h
i
e
d

p
s
e
u
d
o
b
r
a
n
c
h
s

i
n

t
h
e

l
a
k
e

t
r
o
u
t
,

S
a
l
v
e
l
i
n
u
s

n
a
m
a
y
c
u
s
h

(
H
o
f
f
e
r
t
,

F
a
i
r
b
a
n
k
s
,

a
n
d

F
r
o
m
m
,

1
9
7
1
)
.

A
—
—
—
—
—
—
—
A
p
i
c
a
l

m
a
r
g
i
n

L
-
-
-
-
-
-
-
C
a
p
i
l
l
a
r
y

l
u
m
e
n

M
—
—
—
—
—
—
—
M
i
t
o
c
h
o
n
d
r
i
a
l

n
e
t
w
o
r
k

N
—
—
—
—
—
—
—
N
u
c
l
e
u
s

N
V
-
-
-
-
-
-
N
e
c
r
o
t
i
c

v
a
c
u
o
l
e

P
-
-
-
-
-
-
-
P
i
l
l
a
r

c
e
l
l
-
l
i
k
e

e
n
d
o
t
h
e
l
i
u
m

T
-
-
-
-
-
-
-
S
m
o
o
t
h

e
n
d
o
p
l
a
s
m
i
c

r
e
t
i
c
u
l
u
m

n
e
t
w
o
r
k

 

185



 

l'

i"
N

‘3

.xvc W: WW, 'I

I v.

. J. ,

' a

' ;

' .

o

.

m
.
H
m
d
w
m

z
.
o

186



F
I
G
U
R
E

4
l
.
—
—
T
h
e

m
i
t
o
c
h
o
n
d
r
i
a
l
—
s
m
o
o
t
h

e
n
d
o
p
l
a
s
m
i
c

r
e
t
i
c
u
l
u
m

n
e
t
w
o
r
k

o
f

t
h
e

p
s
e
u
d
o
b
r
a
n
c
h
—
t
y
p
e

c
e
l
l

(
2
5
,
6
2
5
X
)
.

T
h
e

m
i
t
o
c
h
o
n
d
r
i
a

o
f

t
h
e

p
s
e
u
d
o
b
r
a
n
c
h
—
t
y
p
e

c
e
l
l

a
r
e

s
e
e
n

t
o

b
e

d
e
n
s
e
l
y

p
a
c
k
e
d

i
n

a
r
o
u
g
h
l
y

p
a
r
a
l
l
e
l

m
a
n
n
e
r

p
e
r
p
e
n
d
i
c
u
l
a
r

t
o

t
h
e

b
a
s
a
l

b
o
r
d
e
r
.

B
e
t
w
e
e
n

t
h
e

m
i
t
o
c
h
o
n
d
r
i
a
,

s
m
o
o
t
h

e
n
d
o
p
l
a
s
m
i
c

r
e
t
i
c
u
l
u
m

a
r
e

s
e
e
n

t
o

o
r
i
g
i
n
a
t
e

a
n
d

l
e
a
d

d
o
w
n

i
n
t
o

a
c
o
m
p
l
e
x

t
u
b
u
l
a
r

n
e
t
w
o
r
k
.

 

187

 



H
:
m
m
D
U
H
m

 



F
I
G
U
R
E

4
2
.
—
-
B
a
s
a
l

b
o
r
d
e
r

o
f

t
h
e

p
s
e
u
d
o
b
r
a
n
c
h
—
t
y
p
e

c
e
l
l

(
8
2
,
0
0
0
X
)
.

A
t

t
h
e

b
a
s
a
l

b
o
r
d
e
r

o
f

t
h
e

p
s
e
u
d
o
b
r
a
n
c
h
—
t
y
p
e

c
e
l
l
,

t
h
e

t
u
b
u
l
a
r

n
e
t
w
o
r
k

i
s

s
e
e
n

t
o

e
m
p
t
y

d
i
r
e
c
t
l
y

i
n
t
o

t
h
e

i
n
t
e
r
s
t
i
t
i
a
l

s
p
a
c
e
.

T
h
i
s

b
o
r
d
e
r

o
f

t
h
e

p
s
e
u
d
o
b
r
a
n
c
h
-
t
y
p
e

c
e
l
l

i
s

b
o
u
n
d
e
d

b
y

a
d
i
s
t
i
n
c
t

b
a
s
e
m
e
n
t

m
e
m
b
r
a
n
e
.

T
h
e

a
d
j
a
c
e
n
t

e
n
d
o
t
h
e
l
i
a
l

c
e
l
l

l
a
c
k
s

a
n
y

b
a
s
e
m
e
n
t

m
e
m
b
r
a
n
e
s
.

B
M
—
—
—
—
—
—
B
a
s
e
m
e
n
t

m
e
m
b
r
a
n
e

E
-
-
-
-
-
-
-
E
n
d
o
t
h
e
l
i
u
m

I
S
-
-
-
-
-
-
I
n
t
e
r
s
t
i
t
i
a
l

s
p
a
c
e

L
-
-
-
-
-
-
-
C
a
p
i
l
l
a
r
y

l
u
m
e
n

M
—
—
—
—
—
—
—
M
i
t
o
c
h
o
n
d
r
i
o
n

T
-
-
-
-
-
-
-
T
u
b
u
l
a
r

n
e
t
w
o
r
k

 

189



m

:r

m

m

::>

U

H

[14

 



F
I
G
U
R
E

4
3
.
—
-
P
s
e
u
d
o
b
r
a
n
c
h
-
t
y
p
e

c
e
l
l

c
a
r
b
o
n
i
c

a
n
h
y
d
r
a
s
e

h
i
s
t
o
c
h
e
m
i
s
t
r
y

(
3
2
,
0
3
O
X
)
.

T
h
e

n
a
t
u
r
e

o
f

t
h
e

c
a
r
b
o
n
i
c

a
n
h
y
d
r
a
s
e

r
e
a
c
t
i
o
n

p
r
o
d
u
c
t

i
s

n
o
t

c
e
r
t
a
i
n

i
n

t
h
i
s

m
i
c
r
o
g
r
a
p
h
.

I
t
m
a
y

b
e

a
v
e
r
y

f
i
n
e
—
g
r
a
i
n
e
d

s
t
a
i
n

a
s

s
e
e
n

i
n

t
h
e

c
h
o
r
o
i
d
a
l

s
e
c
t
i
o
n
s
,

o
r

i
t

m
a
y

c
o
n
s
i
s
t

o
f

a
m
o
r
e

d
e
n
s
e

g
r
a
i
n
y

p
r
e
c
i
p
i
t
a
t
e

s
e
e
n

t
o

b
e

d
i
s
p
e
r
s
e
d

w
i
d
e
l
y

t
h
r
o
u
g
h
o
u
t

t
h
e

c
y
t
o
p
l
a
s
m
,

b
u
t

e
s
p
e
c
i
a
l
l
y

c
l
u
s
t
e
r
e
d

c
l
o
s
e
l
y

t
o

t
h
e

n
u
c
l
e
u
s

(
a
r
r
o
w
s
)
.

T
h
e

n
u
c
l
e
u
s

h
a
s

b
e
e
n

r
e
-

p
o
r
t
e
d

t
o

a
r
t
i
f
a
c
t
u
a
l
l
y

s
t
a
i
n

i
n

t
h
i
s

h
i
s
t
o
c
h
e
m
i
c
a
l

p
r
o
c
e
d
u
r
e
.

W
h
a
t
-

e
v
e
r

t
h
e

r
e
a
c
t
i
o
n

p
r
o
d
u
c
t
,

i
t

i
s

a
p
p
a
r
e
n
t

t
h
a
t

n
o

c
o
n
c
l
u
s
i
o
n
s

m
a
y

b
e

d
r
a
w
n

r
e
g
a
r
d
i
n
g

a
n
y

c
a
r
b
o
n
i
c

a
n
h
y
d
r
a
s
e

s
e
c
r
e
t
o
r
y

a
c
t
i
v
i
t
y

b
y

t
h
i
s

c
e
l
l
.

191



m
a
m
m
p
m
e

 



F
I
G
U
R
E

4
4
.
—
-
C
a
r
b
o
n
i
c

a
n
h
y
d
r
a
s
e

s
t
a
i
n
e
d

p
s
e
u
d
o
b
r
a
n
c
h
—
t
y
p
e

I
n

a
c
a
r
b
o
n
i
c

a
n
h
y
d
r
a
s
e

s
t
a
i
n
e
d

s
e
c
t
i
o
n
,

n
e
t
w
o
r
k

d
o
e
s

n
o
t

s
h
o
w

c
a
r
b
o
n
i
c

a
n
h
y
d
r
a
s
e

e
r

(
1
0
2
,
5
O
O
X
)
.

t
h
e

t
u
b
u
l
a
r

193

 



:r

:-

m

a:

:3

U

H

FL:

 



195

FIGURE 45.—-"Titres flamboyants final": Carbonic anhydrase

stained pseudobranch-type cell mitochondrial-

endoplasmic reticulum network (66,25OX).

Micrograph A was from a carbonic anhydrase stairued

tissue, whereas micrograph B represents an acet-

azolamide-inhibited tissue. Both tissues

seen are identical except for the darkness of

the background. Also, in the uninhibited

section, there are small granular particles

which have been suspected of being the true

carbonic anhydrase reaction product. The

globular black densities in the inhibited

micrographaimadirt which had condensed on the

section.

  



FIGURE 45 



MICHIGAN STATE UNIVERSITY LIBRARIES

I I
3 12933130712412

 


