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ABSTRACT 

The Chloride Cell of Cyprinodon variegatus: 
Cytochemical Studies on a Cell Specialized 

for Electrolyte Transport 

by 

Karl John Karnaky, Jr. 

Cells specialized for high levels of electrolyte transport 

characteristically possess amplified plasmalemmas which effectively 

increase the exposure of the cell's surface to extracellular spaces. 

Of particular interest is the possibility that the surface coat of 

such amplified surfaces may possess polyanions which could bind cations 

of the extracellular space and thereby play a role in electrolyte 

transport at the membrane. Previous light microscope cytochemical 

studies have provided evidence for the existence of polyanionic 

surface coats for several such specialized cells. In the present- 

study ultrastructural cytochemistry was undertaken to more clearly 

define the nature of the surface coat of a cell type specialized for 

high levels of electrolyte transport. 

Morphological and cytochemical studies were completed on the 

chloride cell of Cyprinodon variegatus branchial epithelium. Gills 

from salt water-adapted specimens were processed with three different 

techniques useful for the ultrastructural localization of polyanions: 

ruthenium red; colloidal thorium dioxide at low pH; and colloidal iron 

at low pH. 

Morphological studies revealed that the fine structure of the 

chloride cell of this species is identical to that of other teleost 



species adapted to salt water. Of particular interest is the form of 

the surface amplification in this cell type, i.e., the cell surface takes 

the form of an extensive tubular system which fills the cytoplasm. 

Ruthenium red demonstrated a thick surface coat on the plasmalemma 

forming the tubular system. Colloidal thorium dioxide micelles were 

found on the outer leaflet of the tubular system plasmalemma. Colloidal 

iron micelles stained both leaflets of the tubular system plasmalemma, 

suggesting the presence of acid groups in the membrane itself. All 

three techniques support the view that the tubular system of the 

chloride cell possesses surface-associated polyanions. Surface- 

associated polyanions were also demonstrated in other cell types of 

the branchial epithelium. 
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INTRODUCTION 

The quantity and variety of salts in the body fluids of fish differ 

from that in their fresh or sea water environments. And, since fishes 

are hoineosmotic, they must perform the function of osmotic regulation. 

Fish may be placed into one of two categories according to their 

viability in fresh and salt waters. The stenohaline fish are restricted 

to a narrow range of environmental salinities whereas a much broader 

range of salinities is tolerated by their counterparts, the euryhaline 

fish. In fresh water environments, stenohaline and euryhaline fish are 

subjected to endosmosis, which could result in overhydration and 

electrolyte dilution. By contrast, in marine environments they are 

subjected to exomosis, with concomitant dehydration and concentration 

of tissue electrolytes. It is not surprising then, that varied habitats 

and natural selection have 3.ed to adaptations in osmotic and ionic- 

regulatory mechanisms. This thesis deals with one such adaptation in 

the teleost, Cyprinodon variegatus. 

Smith (1930) observed that marine teleosts drink sea water to make 

up for body water loss due to exosmosis. He demonstrated that ions 

such as Na, K, and Cl ingested with sea water are absorbed by the 

intestinal epithelium and thus enter the blood. An earlier observation 

that these teleosts excrete a urine which is isotonic or hypotonic to 

their blood (Burian, 1910), and the discovery of only small quantities 

of NaCl and KC1 in this dilute urine, led Smith to postulate an 

extrarenal site, most likely the gills, as a site for the transport of 

these electrolytes from the blood to the sea-water environment. Keys 

(1931), employing a heart-gill perfusion apparatus, presented evidence 
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that the head region of the common eel, Anguilla vulgaris, excreted 

chloride ions to a more concentrated environment, and Bateman and Keys 

(1932), localized the site of chloride excretion in the gills. Searching 

for a histological or cytological basis for this activity, Keys and 

Willmer (1932) discovered a large, granular, eosinophilic cell in the 

branchial epithilium. Optimally situated between the blood and marine 

environments, this cell possessed a morphology similar to that of 
% 

typical secretory cells and was termed the "chloride-secreting cell". 

(For brevity this name will be shortened to "chloride cell".) When 

this cell type was found in all marine and fresh water species examined, 

Keys and Willmer proposed it to function for teleosts in general. They 

suggested that among fresh water fishes it was either non-functional or 

was functional against the concentration gradient, in which case it 

would absorb ions from the environment. 

Krogh (1938) presented evidence that the head region of the fresh 

water goldfish, Carrassius auratus, can absorb chloride from a dilute 

environment. Since his work, other investigators have demonstrated 

ion uptake by the head region of fresh water fish: chloride ion (Meyer, 

1948), NaCl (Bellamy and Jones, 1961), Na (Meyer, 1951; Sexton and Meyer, 

1955), and Sr and Ca (Schiffman, 1965). 

Chloride cells respond to changes in the salt concentration of the 

environment. Having adapted a fresh water fish, Macropodus opercularis, 

to increasing salinities, Liu (1942), examined the branchial epithelium 

and reported a hypertrophy of the chloride cells, a change which he 

thought might be functionally significant. Vickers (1961), working with 

the guppy, Lebistes reticulatus, reported that cells, similar to those 
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identified by previous workers as chloride cells, develop in response to 

hypertonic salt solutions. The number and character of these cells could 

be related to the salt load and to the degree of salt water adaptation of 

the fish. Virabhadrachari (1961) and Jozuka (1966) reported similar 

results with two other fresh water species. 

Copeland (1948) studied the morphology of the chloride'cells of a 

euryhaline fish, adapted in the laboratory to either salt water or fresh 

water, and reported evidence for an excretory function for the chloride 

cell. Characteristically, the chloride cell from salt water-adapted 

specimens possesses a "vesicle" in the apical cytoplasm. In contrast, 

this structure is absent in cells from fresh water-adapted fish. 

Copeland was further impressed by the finding that enteric gavage with 

salt water stimulated the formation of "excretory vesicles" in tap water- 

adapted specimens. It seems likely therefore, that the "excretory 

vesicles" were involved in the elimination of electrolytes. 

In a histochemical examination of the branchial epithelium for 
I 

evidence for the presence of the chloride*ion3 Copeland (1948) found 

the reaction product, presumably a AgCl precipitate, around the apical 

vesicle in sea water-adapted specimens. In fresh water-adapted speci¬ 

mens the precipitate was located at the apical end of the cell even 

though the vesicles were absent. Although the term ‘"vesicle" was used 

by Copeland, studies with the electron microscope (Philpott, 1963) 

revealed that most, if not all, apical vesicles are in fact invaginations 
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of the cell’s apical plasmalemma. This structure, then, will be referred 

to as a "crypt". 

The strongest evidence that the chloride cell functions in electro¬ 

lyte excretion in salt water-adapted teleosts was obtained by Philpott 

(1965), who extended a test for the localization of the chloride ion to 

the level of the electron microscope. When gill filaments of sea water- 

adapted euryhaline Fundulus were fixed with an osmium tetroxide-silver 

acetate solution and subsequently processed for examination at the fine 

structure level, a dense precipitate was observed around the apical 

crypt. Selected area electron diffraction was used to identify the 

precipitate as a silver halide. Although no distinction could be made 

between silver chloride and silver bromide by this technique, the 

precipitate was undoubtedly silver chloride since the gills are known 

to excrete large quantities of this ion (Bateman and Keys, 1932). 

Attesting to the specificity of the reaction was its absence from all 

other regions of the branchial epithelium except for the rim of cytoplasm 

surrounding the apical crypt. 

This body of morphological, cytochemical, and physiological evidence 

naturally led to an examination of the fine structure of the branchial 

epithelium of a number of different fresh water and marine fishes. The 

most striking morphological features of the chloride cell are: (1) an 

extensive smooth-surfaced tubular system, first interpreted as smooth 

endoplasmic reticulum (Doyle and Gorecki, 1961: Kessel and Beams, 1960, 

1962; Philpott and Copeland, 1963; Straus, 1963; and Threadgold and 
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Houston, 1964) and a rich population of mitochondria (Doyle and Gorecki, 

1961; Kessel and Beams, 1960, 1962; Philpott, 1964; Philpott and Copeland, 

1963; Straus, 1963, and Threadgold and Houston, 1961, 1964). 

These fine structure studies provide evidence for the osmoregulatory 

role of the chloride cell and provide insight into the possible mechanisms 

whereby the cell might transport electrolytes. Some of these and earlier 

investigations have suggested a close association between ion transport 

and secretion of mucus by this cell. Copeland (1948) stated that 

"...chloride might be excreted as a part of or accompanying the mucus." 

Threadgold and Houston (1961) suggested the possibility that the 

extracellular mass at the apical end of the cell "is at least in part- 

composed of inorganic electrolytes, possibly excreted in an organic 

matrix." Willmer (i960) in-a general discussion of the directional 

movement of substances across cell membranes, suggested that cells fall 

into two broad classes: 1) mucopolysaccharide-ejecting and 

2) mucopolysaccharide-storing cells; and that the production of 

mucopolysaccharide or its precursor might be a part of an ion transport 

mechanism for Na and K through the cell membrane. Vickers (1961) 

demonstrated that the mucus of the rim of the chloride cell apical 

crypt is PAS positive and thus might be a mucopolysaccharide. He 

postulated that polysaccharide formation might be connected to ion 

transport. In 1963, Philpott and Copeland reported that vesicular and 

tubular elements in the apical cytoplasm of this cell contain an 

amorphous material which becomes concentrated in the cytoplasm 
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surrounding the apical cavity. Preliminary observations indicated that 

the amorphous material of the apical cavity was derived from this 

population of membrane-bound elements. Since their content showed 

histochemical properties of acid mucopolysaccharides, he suggested that 

electrolytes might combine with the amorphous material in the basal 

areas of the cytoplasm and then be concentrated during transportation 

to the apical cavities where release to the environment occurs. Using 

Revelrs (1964) technique for the ultrastructural localization of polyanions, 

Philpott (1966a) extended these histochemical studies to the level of the 

electron microscope, and reported that the amorphous material (mucus) of 

the crypt is polyanionic, as is the material within the vesicles 

occupying the cortical region surrounding the apical crypt. These 

observations were consistent with the idea that the polyanion might 

function either as an ion trap or an ion exchange resin for cations. 

Another approach to the mechanism by which the chloride cell might 

effect ion transport stems from a more careful scrutiny of the fine 

structure of the extensive tubular system of the cell.. In early fine 

structure studies of the chloride cell investigators had interpreted 

this system to be a form of the endoplasmic reticulum. However, with 

the aid of better fixatives that produced even more constant and 

convincing images of the continuity of the tubular system and the 

plasmalemma, Philpott (1964) demonstrated that this system was in fact* 

an extensive amplification of the cell surface. When an electron 

opaque tracer, horseradish peroxidase, was injected into the gills of 
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Fundulus grandis (Philpott, 1966b), large quantities of this material 

passed into the tubular system of the chloride cell within several 

minutes. At subsequent intervals the entire tubular system was filled 

with the tracer. 

An insight into the possible importance of the amplified surface 

area of the chloride cell comes from a synthesis of data by Bennett 

(1963), who noted that many different kinds of cells possess a surface 

coat rich in polysaccharides, and termed the coat a "glycocalyx". If 

these polysaccharides possessed charged groups, Bennett argued, they 

might act as ion exchangers, and by virtue of filtration and selective 

binding influence the composition of the environment in the immediate 

vicinity of the cell's surface. For instance, a polysaccharide which 

possessed acid groups (a polyanion) could serve as a cation exchanger 

and could effectively bind large quantities of a cation such as sodium. 

In fact, it has been suggested that acid mucopolysaccharides associated 

with the glycocalyx of the amplified surface of the chloride cell are 

closely related to the transport of ions (Philpott, 1964). And with 

light microscope cytochemistry, surface-associated polyanions also have 

been reported in several salt-secreting tissues known to be engaged in 

high levels of electrolyte transport: lacrymal glands of marine turtles 

(Abel and Ellis, 1966) and the rectal gland of several elasmobranchs 

(Bonting, 1966; Bulger, 1963; and Chan and Phillips, 1967). 

The amplified surface area, the rich population of mitochondria, 

and the proximity to the blood vascular system are features characteristic 
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of not only the chloride cell but also a number of cells of tissues 

known to be engaged in high levels of electrolyte transport: lacrymal 

glands of marine turtles (Ellis and Abel, 1964; Abel and Ellis, 1966; 

nasal salt gland of marine birds (Komnick, 1963); and rectal gland of 

elasmobranchs (Bulger, 1963), and cells' of the proximal and distal 

tubules of the kidney (Fawcett, 1962). Thus from the standpoint of 

comparative cytology, these shared morphological features represent in 

themselves strong evidence for an electrolyte-transporting function for 

the chloride cell of teleost branchial epithelium. 

At the beginning of this thesis work, however, cytochemical studies 

of surface-associated polyanions of these salt-secreting tissues had 

not been extended to the level of the electron microscope. Nor was 

there any direct evidence from ultrastructural cytochemistry that the 

tubules of the chloride cell possess surface-associated polyanions. 

This thesis reports the results of a cytochemical study of the tubular 

system with three different techniques for the ultrastructural 

localization of polyanions. The readily available euryhaline sheepshead 
f 

minnow, Cyprinodon variegatus, was chosen for study. 
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MATERIALS AND METHODS 

COLLECTION AND MAINTENANCE OF CYPRINODON VARIEGATUS 

Cyprlnodon variegatus were seined either from muddy roadside ditches 

in the area around the Lynchburg Ferry and the San Jacinto Monument 

(Harris County, Texas) or from sloughs draining into the East Lagoon in 

Galveston Island (Texas). Both of these areas are located in the 

western part of the Galveston Bay Drainage Area. The fish were trans¬ 

ported to the laboratory and were maintained in 20 gallon aquaria which 

contained full strength artificial sea water ("Instant Ocean": Aquarium 

Systems. Inc., Wickliffe, Ohio; or "Neptune Salts": Westchester Aquarium 

Supply Co., Inc., White Plains, New York). Copeland (1948) found that 

two days was adequate for complete morphological adaptation of chloride 

cells of Fund ulus heteroclitus. Accordingly, fish v?ere maintained in 

full strength sea water at least two days before the start of an 

experiment. Fish were fed approximately every three to five days with 

chopped chicken liver. Without exception, a period of at least one day 

separated the last feeding and a given fixation for morphological.or 

cytochemical study. 

l 

MORPHOLOGICAL STUDIES 

Specimens weighing between 2.0 and 3.0 g were killed by brain 

pithing. Fish were positioned ventral side up and the two operculi 

were pinned back to expose the gills. Gill arches were excised in toto 

and they were immediately immersed in several drops of the fixative 

maintained at a temperature consistent with the vial fixative (see 
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below). Each arch was transected with razor blades so that individual 

pieces of the arch possessed several filaments. These were then 

transferred to vials of fresh fixative. Procedures for handling of 

tissues for light and electron microscopy are detailed below. 

Methods for Light Microscope Observations 

Osmium Tetroxide Fixation 

Filaments wei'e fixed for 90 minutes at 4°C in 1% OsO^ in phosphate 

buffer (Millonig, 1961) at pH 7.4. Following fixation, several changes 

of tap water, and rapid dropwise dehydration to 95% ethanol, the tissue 

was brought to room temperature and carried through several changes of 

absolute ethanol over one to two hours. Tissue was embedded in either 

Epon 812 (Luft, 1961) or a 4:1 butyl/methyl methacrylate mixture 

(Borsyko, 1956). 

Aldehyde Fixation 

Filaments were fixed with either 3% glutaraldehyde or 1% acrolein, 

or a combination of these aldehydes (Sabatini, Bensch, and Barrnett, 
I 

1963). All of these aldehydes were prepared in a phosphate buffer 

(Millonig, 1961). Details of processing are as follows: 

1. 90 minutes fixation at either 4°C or at room temperature. 

2. Several washes with phosphate buffer at pH 7.4 for about 1.5 hours. 

3. 90 minutes postfixation with 1% OsO^ in the same buffer. 

4. Rapid rinse with tap water. 

5. Dehydration and embedding in Epon 812 as described for osmium 

tetroxide fixation. 
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Combinatlon Aldehyde-Osmium Tetroxide Fixation 

Some filaments were fixed for 60 minutes with a mixture of 1% OSO4 

and 2.5% glutaraldehyde (Trump and Bulger, 1966) in phosphate buffer 

(Millonig, 1961). 1% CaCl2 was added to a final concentration of about 

0.5 mM The fixative solution was carefully maintained at 4°C to 

prevent reduction of the osmium tetroxide by the aldehyde. Tissue was 

rinsed in cold tap water, dehydrated in ethanol and embedded in Epon 

812 as described above. 

Sections 0.5 to 1 p thick were cut with glass knives on either a 

Porter-Blum MT-1 or MT-2 microtome. These were stained with methylene 

blue and Azure II. mixed 1:1 (Richardson, Jarrett, and Finke, 1960), and 

examined with a Leitz Ortholux microscope equipped with a bright field 

optical system. 

Methods for Electron Microscope Observations 

Of several fixative procedures used, combination glutaraldehyde- 

osmium tetroxide (hereafter referred to as combination fixative) was 
l 

found to give optimal preservation of the. apical crypt mucus as well as 

the membranes of the tubular system. Therefore, routine morphological 

observations are derived from this procedure. 

Thin sections were cut with a diamond knife on a Porter-Blum MT-2 

microtome and were collected on uncoated copper grids. All sections 

were stained for five minutes with 2% aqueous uranyl acetate adjusted 

to pH 5.0 (Watson, 1958) and were poststained for five minutes with 
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lead citrate (Reynolds, 1963). All micrographs were taken with an 

RCA-EMU-3F electron microscope operating at 50 KV. 

CYTOCHEMICAL STUDIES WITH THE ELECTRON MICROSCOPE 

Ruthenium Red (Luft, 1965a) 

Tissues were processed according to Luft's unpublished procedure 

(1965a) using purified ruthenium red: 

1. Tissues were fixed for 1 hour at 4°C or at room temperature with a 

solution containing equal volumes of (a)' 3.6% glutaraldehyde in 

distilled water, (b) 0.2 M cacodylate buffer at pH 7.4 and (c) either 

2.0 or 3.0 mg/ml ruthenium red dissolved in distilled water. 

2. Fixed tissues were then rinsed several times in 0.15 M cacodylate 

buffer over a period of about 15 minutes. 

3. Rinsed tissues were post fixed for 3 hours at the same temperature 

as in step 1 with a solution containing equal volumes of (a) 5% 

0s04 in distilled water, (b) 0.2 M cacodylate buffer at pH 7.4, 

and (c) ruthenium red stock of the same concentration as in step 1. 

Hale-type Reactions 

Colloidal Iron (Wetzel, Wetzel, and Spicer, 1966) 

Gills were fixed at 4°C for 75 minutes in a combination of 1% 

OSO4 and 2.5% glutaraldehyde (Trump and Bulger, 1963) in a phosphate 

buffer (Millonig, 1961) at pH 7.4. To facilitate penetration of the 

colloidal iron between cells, the CaCl2, normally added to prevent 



13 

dissociation of cells during the fixation procedure, was left out of 

the fixative. Fixed tissue was rinsed in 7.5% sucrose, frozen onto 

chucks with dry ice, and sectioned at approximately 300 p in a cryostat. 

Harvested sections were sandwiched between two pieces of lens paper 

tied over the end of a segment of 10 mm diameter glass tubing (Wetzel, 

Wetzel, and Spicer, 1965). Hale-type reactions were carried out at a 

pH of 1.9 or 2.0 by immersing the sandwiched sections in a solution 

containing stock dialyzed iron hydroxide and glacial acetic acid 

(Rinehart and Abul-Haj, 1951). After a 20 hour exposure of this 

solution, the sections were rinsed several times in distilled water 

acidified to pH 1.9 or 2.0 with glacial acetic acid, rinsed with 

distilled water and dehydrated and embedded in Epon 812 as described 

above. 

Colloidal Thorium Dioxide (Rambourg and Leblond, 1967) 

Some of the 300 p frozen sections harvested as described above 

were sandwiched between lens paper and immersed for 20 hours at room 

temperature in a 3.3% solution (g/ml) of thorium dioxide at pH 1.9. 
♦ 

Subsequently, tissue was washed with acetic acid in water (pH 1.8), 

washed with distilled water, and dehydrated and embedded in Epon 812 

as described above. 

Controls were run for both the colloidal iron and thorium dioxide 

techniques by immersing frozen sections for 20 hours in a 0.9% NaCl 

solution adjusted to pH 1.8 with glacial acetic acid. These sections 

were subsequently processed exactly as the experimental tissues. 
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KEY TO ABBREVIATIONS USED IN FIGURES 

AV afferent vessel 

AC apical crypt 

C chloride cell 

En environment 

E epithelial cell 

EV efferent vessel 

G Golgi complex 

M mitochondrion 

MD mucous droplet 

N nucleus 

RER rough endoplasmic reticulum 

RL respiratory leaflet 



Figure 1 

Cross section of one whole gill filament and a portion of another (upper 

right). A large arrow points to the cartilaginous shaft. A large 

efferent blood vessel, filled with red blood cells, is located at one 

end and the smaller afferent blood vessel at the opposite end. 

Respiratory leaflets project at oblique angles from the body of the 

filament near the end possessing the efferent blood vessel. Chloride 

cells are long columnar epithelial cells with Light and faintly 

granular cytoplasm. Several are indicated by small arrows. 

One micron section of gill filament fixed with combination fixative, 

embedded in Epon and stained with methylene blue and azure II. 

About 420 X 
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15 

MORPHOLOGICAL 0 BSERVATIONS 

Observations with the Light Microscope 

The overall morphology of gill filaments and the distribution of 

chloride cells in the branchial epithelium of salt \^ater~adapted 

euryhaline Cyprinodon variegatus conforms to the description given by 

Copeland (1948) for salt water-adapted euryhaline Fundulus.hetero- 

clitus. 

Cyprinodon variegatus has four gill arches on each side of the 

body. At right angles to each arch project the finger-like filaments, 

which are covered with a coat of mucus. A rigid cartilaginous shaft 

supports each filament and occupies a central position in the connec¬ 

tive tissue mass in the core of the filaments (Fig. 1). An afferent 



16 

blood vessel is embedded at one end of this mass and an efferent blood 

vessel near the opposite end. The basal lamina defines the limits of 

this grouping of 1) cartilaginous shaft, 2) blood vessels, and 3) other 

connective tissue and also supports the branchial epithelium. This 

epithelial layer consists mainly of pavement, mucous, and chloride cells. 

This tissue is a mixture of simple columnar epithelium—mainly where 

chloride cells extend from the basal lamina to the free edge of the 

epithelium—and stratified epithelium—in regions where chloride cells 

are absent. The pavement cells form the main covering for these 

stratified areas. 

Respiratory leaflets, the presumed site of oxygenation of red 

blood cells, assume the form of prominent projections which extend at 

oblique angles to the filaments (Fig. 1). Mucous cells and chloride 

cells are not found in the respiratory leaflets, which consist of an 

epithelial layer one or two cells thick, a basal lamina, and pillar 

cells. 

Even at the level of the light microscope, chloride cells possess 

unique and characteristic features (Fig. 2). The cell is usually 

columnar, the nucleus is basal, and its cytoplasm contains numerous 

mitochondria which usually appear as a dense population of granules. 

The apical end of the chloride cell is usually directly exposed to the 

aqueous environment, and is invaginated to form a crypt or pit. 

Occasionally, however, the apical cytoplasm possesses a vesicular 

structure. It was not possible to ascertain morphologically at the 

level of the electron microscope whether these represent true cytoplasmic 



Figure 2 

A portion of the branchial epithelium near the afferent blood vessel. 

The chloride cell may be flanked by other chloride cells, mucous cells 

(not shown here), and pavement epithelial cells (arrows). Chloride 

cells are prominent because of their size (up to 30 p, in length,. 10 p 

in.width), their shape (long, columnar) and their light but granular 

cytoplasm. A prominent apical crypt lies within the plane of the 

section and represents the hallmark of sea water-adapted chloride 

cells. The nucleus of the chloride cell is usually located in the 

basal cytoplasm. 

Tissue processed as in Fig. 1 

About 1820 X 
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vesicles or oblique sections through crypt-like invaginations, but 

cytochemical evidence presented below strongly supports the latter 

interpretation. « 

In a transverse section of a filament (Fig. 1) one can see that 

chloride cells are predominantly located at, but not restricted to, the 

edge of the filament possessing the afferent blood vessel. These 

chloride cells usually have their basal end adjacent to the basal 

lamina, which in turn abuts on the afferent vessel; this location 

places these cells in an optimal position to transfer electrolytes 

between the blood and the external environment. Those chloride cells 

located near the cartilaginous shaft would appear to be removed from 

close proximity of the afferent, and efferent vessels, but when a gill 

filament is cut in longitudinal section, so that the respiratory 
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leaflets are transected, one usually observes a close proximity of the 

chloride cells at the base of the leaflet and the capillaries therein. 

Thus most, if not all, chloride cells have some part of their basal or 

lateral surfaces directly exposed to the blood vascular system. 

Fine Structure of Chloride Cells 

Mitochondria 

A distinguishing feature of the chloride cell is the rich population 

of mitochondria, which gives an overall granular appearance to the 

cytoplasm at the level of the light microscope (Fig. 2). Mitochondria 

are uniformly distributed throughout most of the cytoplasm except for a 

narrow zone subjacent to the apical crypt (Fig. 3). They are rod-shaped 

and their longitudinal profiles may appear either branched or bent. 

Their average diameter is 0.35 p and their average length is 1.6 p, 

though occasionally one will course up to 3 (i. Although many mitochondria 

display a baso-apical orientation, this pattern is by no means charac¬ 

teristic. 

Mitochondrial fine structure conforms to the generally observed 

patt'ern, consisting of an outer limiting membrane surrounding an inner 

membrane which in turn frequently invaginates to form cristae. These 

two membranes are separated by an area of low density which courses into 

the channel of the cristae. One can surmise from a study of circular 

and longitudinal profiles of mitochondria that the cristae often take the 

form of sheets with numerous creases or sharp ridges a3.ong their surfaces. 

When such sheets are cut in cross section and the angular configurations 

are in register, a zig-zag profile is observed (Fig. 4). Less frequently, 



Figure 3 

In this relatively low magnification micrograph almost the full length 

of a chloride cell is depicted. Small portions of the cytoplasm of 

two pavement epithelial cells are visible (arrows). The cytoplasmic 

granules seen at the level of the light microscope are resolved as 

mitochondria. A Golgi complex is located in the apical cytoplasm. 

The apical surface of the cell invaginates to form the typical apical 

crypt. Note the crypt's complement of amorphous material (mucus). A 

portion of the nucleus can be recognized at the bottom of this image. 

Fixed with combination fixative, embedded in Epon, and stained with 

uranyl and lead salts. 

About 12,000 X 



would suggest that these cristae are prismatic shaped. Cristae with 

angular configurations—both zig-zag and triangular—have been seen in 



Figure 4 

This area of the cytoplasm adjacent to the nucleus possesses several 

rod-shaped mitochondria that have been caught in oblique or cross 

section. Several of these mitochondria (double arrows) possess 

cristae with the zig-zag configuration. Triangular profiles are 

evident in one of the mitochondria (single arrow) caught in cross 

section. The area of homogeneous density in the upper right hand 

corner is nuclear ground substance. 

Fixed with combination fixative, embedded in Epon, and 

stained with uranyl and lead salts. 

About 45,000 X 

Figure 5 (INSET) 

The inset shows a region of the cytoplasm at a slightly higher 

magnification than that of Fig. 4. The section is thin enough and 

its plane is just right to catch several tubules so that the 

trilaminar' structure of the membrane is apparent (arrow). 

Fixed with combination fixative, embedded in Epon, and stained 

with uranyl and lead salts. 

About 52,500 X 
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a number of animal cells (Revel, Fawcett, and Philpott, 1963) but their 

significance is yet to be elucidated. 

. As is characteristic of mitochondria of most cell types (Fawcett, 

1966), mitochondria of chloride cells sometimes possess granules, 250-600 

A in diameter, scattered randomly in the matrix between the cristae. 

The Tubular System 

A major portion of the cytoplasmic ground substance is filled with 

an extensive, anastomosing tubular system (Fig. 4, 5, 6, 7), the elements 

of which form a three dimensional reticular network. 



Figure 6 

Portions of the cytoplasm of one chloride cell and two pavement 

epithelial cells are shown in this micrograph. Arrows point to 

continuities of the extensive tubular system and the chloride cell 

plasmalemma. 

Fixed with combination fixative, embedded in Epon, and stained with 

uranyl and lead salts. 

About 19,760 X 

Figure 7 (INSET) 

This inset is an enlargement of the region in the vicinity of the 

top arrow. The chloride cell plasmalemma can be traced for some 

distance inward as it assumes a tubular configuration. The primary 

tubule branches to form two tubules between adjacent mitochondria. 

Fixed with combination fixative, embedded in Epon, and stained with 

uranyl and lead salts. 
i 

About 34,960 X 
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•The configurations of this system are remarkably similar throughout 

the cytoplasm and the network is excluded only from the Golgi region and 

a narrow zone subjacent to the apical crypt. Occasionally micrographs 

reveal sites where the tubules are morphologically continuous with the 

plasmalemma (Fig. 6, 7), as has been observed previously (Kessel and 

Beams, 1960; Philpott, 1964, 1965; Straus, 1963; and Threadgold and 

Houston, 1964). Such continuities were observed at basal and lateral 

surfaces but never at the apical surface. This amplification is thought 

to be significant because it represents not only an increased exposure 

of the cell surface to electrolyte-containing interstitial fluids, but 
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also serves to extend the surface into the immediate vicinity of 

mitochondria and glycogen, elements which are essential components in 

energy mobilization. 

Observations on the contents of the tubules must be limited to 

absolute cross sections since the wall of a tubule may erroneously 

appear as luminal content in sections which are slightly oblique. In 

cross sections the lumens of the tubules appear much less electron 

opaque than the ground substance in which they are embedded (Fig. 5). 

This is an important morphological feature since it facilitates 

interpretation of the exact staining pattern of electron opaque micelles 

with relation to the cell surface. In some sections a small amount of 

grainy material, occasionally in filamentous form, is present in the 

lumens of the tubules (Fig. 5). However, this filamentous material is 

never organized in the surface of the membrane in a thick coat as is 

the glycocalyx on the free surface of pavement epithelial cells (Fig. 12). 

If the membrane of the tubules possesses a highly organized glycocalyx, 

it was not rendered electron opaque by the technique employed in these 

morphological studies. Since the quantity of the luminal material did 

not differ from one region of the cell to the next, there was no suggestion 

that it was being concentrated in the direction of the apical end of the 

cell. 

Occasionally the tubular membrane is resolved into a trilaminar 

structure approximately 90-100 A wide. 
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Dense granules, apparently beta glycogen (Drochmans, 1962), 

averaging 420 A are found in the cytoplasm in which the tubular system 

is embedded. 

The Golgi Complex 

The presence of the Golgi complex in chloride cells has taken on 

greater significance since publication of evidence that this organelle 

plays an important role in the synthesis and/or packaging of polysaccharide 

secretory products in intestinal goblet cells (Neutra and leblond, 1966a, 

b; Peterson and Leblond, 1964). 

The supranuclear Golgi ordinarily consists of from one to three 

parallel and relatively flattened cisternae (approximately 300 A wide 

each). These cisternae are sometimes dilated at their ends. Adjacent 

and parallel to these flattened cisternae are usually two or three 

"swollen" cisternae (approximately 900 A'wide). Fig. 8 shows a Golgi 

zone which possesses two separate sets of these membrane arrangements. 

The long axis of the grouped cisternae show a baso-apical orientation 

but this is not a constant feature since they sometimes appear oblique 

or perpendicular to the long axis of the cell. The profiles of the wider 

cisternae often take the form of isolated circular contours. The 

polarization exhibited by the cisternae is also reflected by differences 

in the electron opacity of the cisternal contents. Material within 

flattened cisternae usually shows a greater electron opacity than that 

of the dilated sacs. 

Abundantly disposed in the Golgi region are vesicles and droplets 

of various shapes, the majority of which are on the side of the "flattened" 



Figure 8 

A region of the cytoplasm possessing two separate arrays of the Golgi 

complex. Each array is polarized owing to 1) differences in the 

width of the cisternae, 2) differences in the electron opacity of the 

cisternal contents, and 3) number of inclusion bodies in the adjacent 

cytoplasm. Arrow points to a membrane-bound droplet surrounded by a 

dense cytoplasmic zone. A small profile of rough endoplasmic 

reticulum is visible in the lower right hand corner. 

Fixed with combination fixative, embedded in Epon, and stained with 

uranyl and lead salts. 

About 39,000 X 
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cisternae (Fig. 8). While these bodies are typically circular in 

profile, with an average diameter of 500 A, some may appear as elongate 

profiles about 400 A wide and 1200 A long. Some of the circular forms 

have a dense zone in the cytoplasmic ground substance around their 

membrane. 

Mitochondria, ribosomes, glycogen, and multivesicular bodies are 

also found in the Golgi region. 

While usually one array of the Golgi cisternae is seen in the apical 

area, sometimes two (as in Fig. 8) or three are observed. 
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The Rough Endoplasmic Reticulum 

Randomly distributed throughout the cytoplasm, particularly in 

regions adjacent and apical to the nucleus, are elements of the rough 

endoplasmic reticulum (Fig. 8). One side of the cisternae usually 

possesses more ribosomes than the other, and since membranes studded 

with ribosomes rarely exhibit circular profiles, it was concluded that 

the granular endoplasmic reticulum is ordinarily present in the form of 

flattened cisternae. The endoplasmic reticulum is quite sparse, and 

the cisternae usually are isolated from one another. Free ribosomes and 

polysomes are randomly dispersed throughout the cytoplasm. Continuity 

between the elements of the granular endoplasmic reticulum and the 

tubular system was not observed. 

The Apical Region 

The apical end of the cell is usually directly exposed to the 

environment, and the apical plasmalemma takes the form of an invagina¬ 

tion or crypt. This rim of cytoplasm surrounding the apical cavity 

follows a slightly irregular contour and sometimes a cytoplasmic 

projection extends into the cavity (Fig. 9). 

The crypt always possesses an amorphous flocculent material which 

assumes the form of moderately dense centers with vague filamentous 

extensions. This material does not thin out distally, i.e., there is no 

indication that it is "diluted" by the solution bathing the gills. 

In some images the apical end of the chloride cell possesses a 

structure which appears to be a vesicle (Fig. 10). The flocculent 

material within the vesicle appears identical to that of the crypts. 



Figure 9 

The apical end of the chloride cell is often characterized by an 

invagination or crypt. Its margin is slightly irregular in outline. 

The crypt is usually filled with an amorphous or flocculent material 

(mucus). Subjacent to the crypt plasmalemma is a cortical zone 

characterized by the presence of numerous membrane-bound droplets. 

Note the general absence of tubules, mitochondria, and rough-surfaced 

endoplasmic reticulum in the narrow cortical zone. 

Fixed with combination fixative, embedded in Epon, and stained with 

uranyl and lead salts. 

About 22,800 X 
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The cytoplasm adjacent to the crypt plasmalemma is characterized by 

the absence of mitochondria, tubular elements, and rough-surfaced 

endoplasmic reticulum. On the other hand, presumed secretory droplets 

are abundant in this region. 

As was the case for inclusion bodies in the Golgi region, droplets 

show circular or elongate contours. The circular forms have an average 

diameter of 780 A, whereas the elongate profiles show an average width 

of 500 A and an average length of 2000 A. Microtubules, when present, 

usually extend to the apical cytoplasm from supranuclear regions of 



Figure 10 

An apical "vesicle". The cortical zone around the vesicle and the 

vesicle contents are identical to those of Fig. 9. 

Fixed with combination fixative, embedded in Epon, and stained with 

uranyl and lead salts. 

About 22,800 X 
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the cytoplasm and they often lie in close proximity to the Golgi 

region. 

Nucleus 

The somewhat ovoid nucleus has a diameter ranging from 3.8 p to 

5.3 p (Fig. 3). The nuclear envelope is occasionally interrupted with 

nuclear pores of an average diameter of approximately 790 A and its 

outer membrane is frequently studded with ribosomes. In some nuclei, a 

single nucleolus, approximately 1.5 p in diameter, is visible. It usually 

consists of a nucleoid of finely granular particles surrounded by a zone 

of granules about the size of ribosomes. 



Figure 11 

A region at the apical end of a mucous cell. The appearance of the 

mucus is much like that within the crypt of chloride cells, except 

here it is more concentrated and the filaments and dense centers are 

more pronounced. The distal droplets appear to be donating their 

mucous content to the environment. 

Fixed with combination fixative, embedded in Epon, and stained with 

uranyl and lead salts. 

About 30,000 X 
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Other Epithelial Cells 

Two other cell types of the branchial epithelium, mucous and pavement 

epithelial, deserve special attention because of their reactions in the 

cytochemical tests described below. 

Mucous cells are well represented in the branchial epithelium, 

particularly at the distal tip of the filament. The apical end of this 

cell type is usually exposed to the environment. These cells are goblet 

shaped and are filled with spheroidal membrane-limited droplets, 1-2 p 

in diameter. This membrane is partially lacking in those droplets which 

are presumably being extruded apically (Fig. 11). The flocculent mucous 



Figure 12 

The glycocalyx or surface coat is a prominent feature of the free 

surface of the pavement epithelial cell shown here. It possesses at 

least two regions or layers. The layer immediately external to the 

surface of the membrane appears as a rather homogeneous 250 A thick 

"carpet". The second layer, the major part of the coat, is made of 

filaments with swollen distal tips. The apical membrane is a trilaminar 

structure similar to that of the plasirialemma of the tubules. 

Fixed with combination fixative, embedded in Epon, and stained with 

uranyl and lead salts. 

About 45,000 X 
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material appears morphologically similar to that present in the chloride 

cell apical cavities. 

The flat pavement epithelial cells cover the branchial epithelium 

except where an apical exposure of mucous cells or chloride cells 

interrupts them. The distal surfaces of these cells are directly 

exposed to the external environment and possess a pi'ominent surface coat 

or glycocalyx (Fig. 12). Though the structure of this coat may vary, a 

common morphology is that shown in Fig. 12. Here the coat consists of 

at least two different zones, i.e.: 1) a closely packed meshwork of fine 

filaments that extend approximately 250 A from the membrane and 2) an 

area of thicker, less closely packed filaments, which extends approxi¬ 

mately 1200 A. 

CYTOCHEMICAL STUDIES 

General Comment 

Because of the rather specialized nature of the cytochemical proce¬ 

dures used for these investigations, their proposed mechanism of staining, 
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their specificity, and methods of use are discussed individually before 

the presentation of results obtained with their application. 

Ruthenium Red 

Ruthenium red is a pure crystalline complex consisting of ruthenium, 

ammonia, and oxygen. Its molecular weight is 858 and it possesses a 

positive valence of 6. Ruthenium red has long been used at the level of 

the light microscope by botanists to stain pectins (Jensen, 1962), which 

contain large quantities of uronic acid. Its chemistry, mechanism of 

staining and a new method for its use at Hie .level of the electron 

microscope have recently been studied by Luft (1965a, b; 1966a, b). 

Some of his findings are outlined below. 

In vitro tests of ruthenium red's specificity were conducted on a 

variety of test substances. Ruthenium red was dissolved in distilled 

water and added to dilute solutions of the test substances. The degree 

of interaction was estimated by the amount of precipitation. Materials 

which gave no reaction with ruthenium red were generally neutral 

polysaccharides, polypeptides, and proteins. Substances which possess 

a relatively low charge density, e.g., hyaluronic acid with one carboxyl 

group per disaccharide unit, gave a moderate reaction. Substances which 

gave a strong reaction were all polyacids of high charge density. When 

frog xiphoid cartilage was fixed with ruthenium red-containing aldehyde 

fixatives and was examined with the light microscope, the tissue regions 

known to possess highly acidic polysaccharides stained red. However, 

when serial sections were examined with the electron microscope, no 
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appreciable electron opacity was seen in comparable regions. The mass of 

the ruthenium red was apparently not sufficient to scatter electrons. 

Luft discovered3 however, that if ruthenium-red fixed tissue was treated 

with osmium tetroxide, a reaction occurred which resulted in observable 

electron density over the same areas that appeared red at the level of 

the light microscope. The basis for the creation of electron opacity 

was not clear at first, but in vitro studies helped to elucidate a 

possible mechanism for staining. A solution of chondroitin sulfate (a 

very highly charged polyanion) mixed with buffered osmium tetroxide does 

not darken over a period of several hours. Similarly, when buffered 

osmium tetroxide solutions are added to solutions of ruthenium red the 

resultant mixture darkens, but very slowly. However, if the three 

solutions are mixed in any sequence, the solution quickly darkens. 

This observation, plus the work of Fletcher et al (1961), which 

demonstrated that ruthenium red is easily converted reversibly to 

ruthenium brown, suggested to Luft a mechanism of staining. Luft 

proposed that ruthenium red first binds to the acidic polysaccharides 

of the tissue. The bound ruthenium red is oxidized by osmium tetroxide 

to ruthenium brown and ruthenium brown in turn oxidizes the polysaccharides 

to which it is bound. Ruthenium brown is reduced back to ruthenium red 

when it reacts with the polysaccharides. "The overall reaction is an 

oxidation of the polysaccharide with an equivalent reduction of osmium 

tetroxide to lower, insoluble oxidation products. The ruthenium red 

functions as a catalyst in that one molecule of ruthenium red may be 

able to reduce several molecules of osmium tetroxide and build up mass 
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in the region of the bound ruthenium red" (Luft, 1965a). It is presumed 

that the reactants must be in close contact for the oxidation-reduction 

to occur. 

General Observations 

In general, the preservation of fine structure was good and images 

of high quality could be obtained from this material. The. greatest 

drawback to this technique is the poor penetrating power of the ruthenium 

red. Ruthenium red never entered the cytoplasm of a cell unless there 

was some damage to surface membranes. Thus, rare instances of intra¬ 

cellular staining could be related to a visible interruption of the 

plasmalemma. Some value was gained from the relinquished intracellular 

localization of polyanions since ruthenium red was used to reveal 

extracellular spaces possessing polyanions. 

Chloride Cells 

Since the apical crypts of chloride cells represent the free or 

exposed surface of the cell, the ruthenium red-containing fixatives come 

in direct contact with the crypt contents. Without exception the mucus 

of the crypts was heavily stained (Fig. 13). The stained mucus retains 

its flocculent form of filamentous projections and dense centers. 

Also encountered in the ruthenium red tissue were apical vesicles 

(Fig. 14). Without exception, the material within them was heavily 

stained, implying that a direct communication between the "vesicle" and 

the environment exists but is out of the plane of the section. 

It is impossible to draw conclusions as to whether the ruthenium 

red actually stained part or all of the crypt plasmalemma. In sections 



Figure 13 

An apical crypt containing ruthenium redrpositive mucus. The typical 

flocculent appearance of the mucus has been enhanced by the ruthenium 

red reaction product. 

Processed with ruthenium red, embedded in Epon. 

About 37,500 X 
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Figure 14 

An apical "vesicle". The mucus is heavily stained in a fashion similar 

to that of the crypt shown in Fig. 13. A small region of the external 

environment is visible in the upper left hand corner. 

Processed with ruthenium red, embedded in Epon. 

About 40,500 X 

Figure 15 

An area of a crypt showing a small amount of crypt mucus. While the 

cytoplasmic membranes (arrows) are visible, it is impossible to identify 

the crypt plasmalemma. 

Processed with ruthenium red, embedded in Epon. 

About 52,500 X 



35 

of ruthenium red-processed 

convincingly visible (Fig. 

tissue the crypt plasmalemma itself is not 

15). When uranyl and lead salts are added 



Figure 16 

A region similar to that in Fig. 15 except that the section here has 

been stained with uranyl and lead salts to bring out the crypt membrane 

structure. A dense line is visible subjacent to the dense crypt mucus. 

Because the densities of the Pb-stained membrane components and the 

ruthenium-red mucus are similar it is difficult to clearly identify the 

outer leaflet of the membrane. 

Processed with ruthenium red, embedded in Epon, and stained with uranyl 

and lead salts. 

About 52,500 X 
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to sections of ruthenium red-processed tissue some of the membrane 

components become visible (Fig. 16). However, since these membrane 

components possess an electron opacity similar to that of the crypt 

mucus that is closely applied to the membrane, it is impossible to 

differentiate between the two. 

Ruthenium red does not often penetrate into the extracellular space 

between epithelial cells, and consequently rarely ever reached the 

lateral surfaces of the chloride cells. Nevertheless, occasionally 

ruthenium red migrates into these spaces and the tubules become heavily 

stained (Fig. 17, 18). One's first impres'sion is that the tubules are 

totally filled with ruthenium red-positive material. However, for 

reasons presented in normal morphological observations above, interpre¬ 

tation of the quantity of material within the tubular elements must be 

limited to absolute cross sections of the individual tubules. In the 

few instances in which cross sections of the tubules were obtained 

(Fig. 18) there remains a small core of relatively low electron opacity. 



Figure 17 

An area of the cytoplasm of a chloride cell and an adjacent pavement 

epithelial cell. The micrograph clearly shows a ruthenium red positive 

reaction in the extracellular matrix (double arrows). The ruthenium 

red positive area of the tubules is surrounded by a zone, presumably 

the plasmalemma, that is intermediate in density between the dense 

ruthenium-filled lumen and the lighter cytoplasm. 

Processed with ruthenium red, embedded in Epon, 

About 52,500 X 
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However, the possibility that the lumen is completely filled with 

ruthenium red-positive material in other regions of the cell cannot be 

excluded. 

Other Epithelial Cells 

Ruthenium red stained the glycocalyx of pavement epithelial cell 

apical surfaces (Fig. 19) as well as extracellular matrix material on 

the lateral surfaces of these cells (Fig. 17, 18). In both instances 

it was impossible to ascertain the specific staining pattern of membrane 

components. 

Apical-most mucous droplets of mucous cells which lacked a membrane 

were heavily stained (Fig. 20). The flocculent mucus still retains its 

pattern of dense centers and filamentous projections. In contrast, 



Figure 18 

When a region similar to that in Fig. 17 is stained with uranyl and 

lead salts, membranes clearly stand out (compare mitochondrial membrane 

densities in Fig. 17 and 18). Ruthenium red-positive material is present 

in the extracellular spaces between several epithelial cells as well as 

in the tubules. In tubules caught in cross section (arrow) it can be 

seen that ruthenium red has stained the lumen of the tubules except for 

a center core. Uranyl and lead salts bring out a dense line adjacent to 

the lumen. However, because the densities of luminal contents and this 

dense line are similar, it is difficult to relate the latter to a 

specific membrane component. 

Processed with ruthenium red, embedded in F.pon, and stained with uranyl 

and lead salts. 

About 52,500 X 
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membrane bound droplets in the basal portion of the cytoplasm were rarely 

stained. 

Hale-type Reactions 

t 

Colloidal Iron 

The Hale reaction for the histochemical and cytochemical demonstra¬ 

tion of acidic polysaccharides (Hale, 1946) entails exposure of tissue 

to an iron compound, e.g., positively charged colloidal particles of 

ferric hydroxide at low pH. It is thought that undissociated acid 

groups of the tissue bind the colloidal micelles. The electron opaque 

particles so deposited are visible under the electron beam but a 



Figure 19 

Section of a pavement epithelial cell showing the surface coat or 

glycocalyx. Section has not been stained with uranyl and lead salts. 

The glycocalyx is so heavily stained the typical filamentous projections 

are not discernible. The problems of interpretation of the staining 

pattern of this apical membrane are similar to those encountered with 

the crypt and tubule plasmalemma. 

Processed with ruthenium red, embedded in Epon. 

About 40,500 X ■ . 
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* 

conversion to Prussian blue is necessary if the iron is to be examined 

at the level of the light microscope. 

In light microscope studies it has been found that ascites tumor 

cells are surrounded by a Hale-positive coat (Gasic and Baydak, 1961) 

which appears histochemically to be a sialomucin (Gasic and Gasic, 

1962a, b). Gasic and Berwick (1963), in one of the first electron 

microscope applications of the Hale reaction, demonstrated that the 

surface coat of these tumor cells was Hale positive and furthermore 

that this surface staining was abolished by Vibrio cholerae neuraminidase. 

Yardley and Brown (1965) showed that the marginal condensation of tissue 

culture fibroblasts, as well as the extracellular material around these 

cells, is colloidal iron positive. Treatment of cultures of this cell 



Figure 20 

The apical end of a mucous cell containing several exposed mucous 

droplets. The ruthenium red accentuates the typical pattern of mucus 

fine structure. 

Processed with ruthenium red, embedded in Epon. 

About 30,000 X 
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with hyaluronidase greatly reduced or eliminated deposition of colloidal 

iron at these sites. And Matukas, Panner, and Orbison (1967) have 

demonstrated that the granules of tibial cartilage matrix that are 

hyaluronidase .labile also stain positively with colloidal iron. 

The comprehensive study of Wetzel, Wetzel, and Spicer (1966) 

compared several different modifications of the Hale reaction, and 

demonstrated staining of mucins known (Spicer, 1965) to be rich in 

sialic acid and sulfate groups. Their observation that the staining 

reaction is pH dependent is compatible with the idea that dissociated 

acid groups bind the positively charged micelles. These workers 



concluded that the degree of specificity for acid containing materials 

was not established and they chose the term mucosubstance for the mucus 

stained by these techniques as they applied them. 

I made one major modification in the procedure of Rinehart and 

Abul-Haj (1951) as applied by Wetzel, Wetzel, and Spicer (1966). No 

study was done to ascertain whether this "major" modification signifi¬ 

cantly affected the specificity of the staining, though in principle 

the specificity might have been meaningfully increased. According to 

the procedure of Wetzel, Wetzel, and Spicer (1966) the unbound and 

therefore excess colloidal iron is washed from the tissue with distilled 

water. Since the pH of the distilled water in our laboratory is usually 

close to 7, we theoretically would have been allowing at least some of 

the unbound iron still "captured" in the tortuous lumens of the tubules, 

to stain at pH 7.0 or at least at a pH greater than 1.9-2.0 that we 

attempted to maintain for 20 hours. Concerned about this possibility, 

I washed the tissue several times at the pH of the stain before 

proceeding to distilled water rinses. 

' General Observations 

Despite the severity of the treatment, the tissue was well 

preserved and evidence of ice crystal damage was very slight. The 

major change in the morphology of the tissue was the dissociation of 

some of the cells. 

Chloride Cells 

The mucus of all apical crypts was heavily stained (Fig. 21), but 

the deposition of iron was so heavy that the typical flocculent 



Figure 21 

A section through an apical crypt from tissue stained with colloidal 

iron at low pH. Note that the small amount of mucus preserved around 

the edge of the crypt plasmalemma is heavily stained. The flocculent 

pattern of the mucus is obscured. The colloidal iron particles appear 

to be limited by a contour not unlike that of the plasmalemma as seen 

in normal morphology, but because the membrane itself is not visible, 

it is impossible to ascertain exactly the manner in which membrane 

components were stained. 

Processed with colloidal iron, embedded in Epon. 

About 37,500 X 



appearance of the mucus was obliterated. The amount of crypt mucous 

material remaining after the application of Hale's reaction appeared to 

be less than in Luft's ruthenium red procedure. 

It was virtually impossible to ascertain the staining pattern of 

the crypt plasmalemma. The iron particles, granules approximately 

30-60 A in diameter, appear to be packed against the cell surface. 



Figure 22 

Portion of an apical crypt from a uranyl and lead salt-stained section. 

The crypt mucus is limited along a sharply defined border, presumably 

part of the crypt plasmalemma. 

Processed with colloidal iron, embedded in Epon, and stained with 

uranyl and lead salts. 

About 40,500 X 
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After staining sections of this material with uranyl and lead salts, the 

electron scattering properties of the crypt plasmalemma are similar to 

that of the iron particles deposited in the mucus and the two cannot be 

differentiated (Fig. 22). That the density of the crypt mucus is 

attributable to iron micelles and is not a result of protein precipitation 

can 'be seen by reference to a micrograph of the NaCl control tissue 

(Fig. 23). Here the mucus appears even less electron opaque than the 

cytoplasm. 

The staining pattern of the membranes of the tubular system is of 

particular interest. As opposed to the ruthenium red staining pattern, 

the lumens of the tubules are not partially or totally filled with an 

intensely electron opaque material, but are instead defined by an 

accumulation of dense iron pai'ticles (Fig. 24). While most of the 



Figure 23 

A portion of an apical crypt from tissue immersed in NaCl at low pH. 

Processed with NaCl instead of colloidal iron or colloidal thorium 

dioxide, embedded in Epon. 

About 30,000 X. . 



membranes lining the lumens are caught in oblique section, in some 

cases they have been caught in cross section. In these latter cases, 

a trilaminar structure, approximately 90 A wide, is resolved. However, 

it was initially impossible to say whether the particles have stained 

part of the membrane and a thin coat, or whether both leaflets of the 

typical trilaminar structure have been stained. This problem was 

tentatively resolved when thin sections were stained with lead and 

uranyl salts, and the typical trilaminar, dense light-dense pattern, 

approximately 90 A wide, was observed (Fig. 25). Apparently part or all 



Figure 24 

An area of the cytoplasm of a chloride cell stained with colloidal iron. 

The relatively electron transparent lumens of the tubular system are 

defined by the iron micelles. In some regions (arrows) the lumens are 

limited by a trilaminar structure. 

Processed with colloidal iron, embedded in Epon. 

About 61,500 X 
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of the leaflets have iron micelles associated with them and the light 

line, presumably the middle lamellae of the typical trilaminar structure, 

is devoid of staining. 

Areas of the chloride cell plasmalemma not invested in tubules were 

also stained with the colloidal iron. However, the detailed study 

necessary to ascertain whether this area stained similarly to the tubule 

plasmalemma was not completed. 

No dense micelles were found on the chloride cell plasmalemma or in 

the lumens of the tubules in tissue processed with NaCl (control) (Fig. 26). 



Figure 25 

When sections of an area such as that in Fig. 25 are stained with 

uranyl and lead salts, cytoplasmic membranes and ground substance are 

more apparent than they are in Fig. 2k • A trilaminar structure limiting 

the tubule lumens is clearly visible. 

Processed with colloidal iron, embedded in Epon, and stained with uranyl 

and lead salts. 

About 61,500 X 
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Other Epithelial Cells 

The staining pattern of mucous droplets was not uniform. In some 

mucous cells the droplets would show no sign of iron micelles, while in 

others a few isolated droplets stained. In Fig. 27 we see droplets at 

the apical end of an "open" mucous cell. The droplets that appear to 

be most heavily stained are also the most exposed to the external 

environment, where the majority of the particles probably came in. The 

flocculent pattern of the mucus is barely visible. 

Staining of the apical glycocalyx of pavement epithelial cells was 

heavy (Fig. 28), but the amount of preserved material appeared to be 

less in the tissue stained this way than with ruthenium red. It is 

possible that some of the coat may have been lost during tissue processing. 

Again it is impossible to determine the manner in which the apical 

plasmalemma stained. 



Figure 26 

An area of the cytoplasm of a chloride cell from NaCl control tissue. 

Because of the characteristic and relatively constant diameter of the 

tubules, tubular lumens can be differentiated from the more narrow 

"tubular profiles" created by mitochondrial cristae. 

Processed with NaCl at low pH instead of with colloidal iron or thorium 

dioxide, embedded in Epon. 

:About 61,500 X 
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Colloidal Thorium Dioxide 

, Revel (1964) obtained intracellular localization of acidic poly¬ 

saccharides at the level of the electron microscope with positively 

charged colloidal particles of thorium dioxide applied to thin sections 

of fixed and embedded tissue. 

In a technique similar to the Hale reaction, the colloidal particles 

of thorium dioxide are added to the acetic acid solution and the pH 

adjusted to approximately 2.0. Presumably the positively charged micelles 

of thorium dioxide react with acid groups that remain dissociated at this 



Figure 27 

A few mucous droplets at the apical end of a mucous cell. Note the 

difference in staining in the several droplets. The ones most exposed 

to the external environment and which were presumably most exposed to 

the staining solution are the most heavily stained. 

Processed with colloidal iron, embedded in Epon. 

About 30,000 X 

Figure 28 

Apical glycocalyx of a pavement epithelial cell. Section not stained 

with uranyl and lead salts. The glycocalyx is heavily stained. The 

colloidal iron is limited to the cell surface but the membrane itself 

is not visible. 

Processed with colloidal iron, embedded in Epon. 

About 29,700 X 
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low pH, and apparent specificity is markedly reduced when thorium dioxide 

is employed at a higher pH (Revel, 1964). To ascertain the specificity 

of his technique, Revel applied it to thin sections of cartilage, a 

material known to be rich in an acidic polysaccharide, chondroitin 
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sulfate, and found the thorium dioxide deposited heavily in the matrix 

around the cartilage parenchymal cells. Revel (1964) digested the 

sections with a specific enzyme, hyaluronidase, and methylated the 

tissue. Methylation should esterify carboxyls (Fraenkel-Conrat and 

Olcott, 1945) and should remove sulfate groups (Kantor and Schubert, 

1957). Both digestion and methylation abolished staining.- 

However, Revel’s technique has proven rather difficult to use and 

few investigators have come to employ it routinely. Rambourg and Leblond 

(1967) experienced this difficulty and avoided it by exposing blocks of 

tissue to the thorium. Apparently they saw no reason to check the 

specificity for acidic residues of this modified technique but there 

is, however, little reason to think that the positively charged micelles 

of thorium dioxide would interact differently with acid groups when such 

acid groups are located in a block of fixed but unembedded tissue. 

Rambourg and leblond (1967) reported that the large thorium dioxide 

particles penetrated the tissue very poorly, i.e., the thorium did not 

stain intracellularly. However this did not hamper their study since 

they were only interested in cell surface coats. The distinct advantage 

of thorium dioxide is that its electron opacity is greater than that of 

colloidal iron. 

Chloride Cells 

Tissue used for this experiment was that fixed, frozen, and sectioned 

for one of the colloidal iron experiments described above. Control tissue 

for thorium dioxide is the same as that for colloidal iron and no further 

mention will be made of it. • 



Figure 29 

A section through an apical crypt from tissue exposed to colloidal 

thorium dioxide at low pH. The mucus has been preserved with irregular 

efficiency along the crypt plasmalemma. The deposition of iron is so 

intense that the dense center and filament morphology of the mucus is 

not apparent. The staining of the mucus follows a rather sharp border 

of the cell surface. But, as with the colloidal iron material, it is 

not possible to ascertain exactly how the thorium stained the crypt 

plasmalemma. 

Processed with colloidal thorium dioxide, embedded in Epon. 

About 36,000 X 



52 

All apical crypts contained mucus that had stained with colloidal 

thorium dioxide (Fig. 29). The mucus is homogeneously stained with the 

thorium micelles. Attempts at interpretation of the staining pattern 

of the crypt plasmalemma met with the same difficulties encountered in 

the colloidal iron material. However, one does have the advantage that 

the thorium dioxide particles are still more electron opaque than the 

uranyl and lead salt-stained tissue. Thus in sections stained with 

these latter two salts (Fig. 30), it can be seen that the micelles of 

thorium dioxide are limited by the crypt plasmalemma. 

Because many of the chloride cells were separated by spaces of 

several microns, the elements of the tubular systems of these cells 



Figure 30 

Small area of the crypt plasmalemma from a section stained with uranyl 

and lead salts. Thorium dioxide particles are so electron opaque they 

stand out against the adjacent cytoplasm. The crypt plasmalemma is 

barely visible and it appears that the thorium micelles are packed 

close to the membrane. 

Processed with colloidal thorium dioxide, embedded in Epon. 

About 66,000 X 



53 

were directly exposed to the thorium dioxide micelles. Elements of the 

tubules were not stained nearly as heavily with colloidal thorium dioxide 

as they were with colloidal iron. Instead of outlining the lumens of 

the tubules in a striking manner, thorium micelles lined the borders of 

the tubules at localized areas (Fig. 31). From 3 study of micrographs 

containing longitudinal sections of tubules, one also gains the impression 

that many thorium micelles are located in the lumen. However, most of 

the dense micelles in tubules caught in cross section were closely applied 

to ihe membrane itself (Fig. 31). This pattern was especially evident 

in images from thin sections stained with uranyl and lead salts to bring 

out membrane components (Fig. 32). 

Dense micelles were also found closely applied to the non-tubular 

plasmalemma, again in localized areas. 

Other Epithelial Cells 

The pavement epithelial cell apical glycocalyx stained very heavily 

with colloidal thorium dioxide (Fig. 33). In uranyl and lead 



Figure 31 

Area of chloride cell cytoplasm of a section not stained with uranyl 

and lead salts. The dense thorium dioxide particles are easily visible. 

Note the rather even distribution of these particles. The particles 

have not lined up against the membrane in the same manner as was seen in 

the colloidal iron-treated tissues. 

Processed with colloidal thorium dioxide, embedded in Epon. 

About 40,500 X 



salt-stained sections of these areas the thorium micelles lie on the 

outer surface of the membrane itself (Fig. 34). 

In mucous cells, the mucus of exposed droplets was lightly stained 

with thorium dioxide, particularly in more proximal areas of the droplets 

(Fig. 35). One can surmise from a study of sections unstained and 

stained with uranyl and lead salts (Fig. 36) that the mucus in unstained 

sections is represented by areas of low electron opacity against a 

background of slightly higher density. Thorium micelles usually appear 

on or next to these low electron opaque areas. This staining pattern 

can be seen to the best advantage in areas where staining is light. 



Figure 32 

Area of chloride cell cytoplasm from uranyl and lead salt stained 

section. Most of the micelles are closely associated with the membrane 

which is now distinctly visible (arrows). 

Processed with colloidal thorium dioxide, embedded in Epon, and stained 

with uranyl and lead salts. 

About 40,500 X 

Figure 33 

Apical glycocalyx of a pavement epithelial cell. Staining appears as 

a rather homogeneous layer of micelles. The plasmalemma is not visible 

along the apical course of the cell (arrows). 

Processed with colloidal thorium dioxide, embedded in Epon. 

About 40,500 X 
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The exposed lateral and basal surfaces of dissociated pavement cells 

was stained with thorium dioxide in a localized manner similar to the 
l 

plasmalemma of chloride cells. 



Figure 34 

A similar region as in Fig. 33 above except stained with uranyl and 

lead salts. The particles appear to be closely associated with the 

membrane. 

Processed with colloidal thorium dioxide, embedded in Epon and stained 

with uranyl and lead salts. 

About 41,800 X 

Figure 35 

Apical end of a mucous cell showing several mucous droplets. Thorium 

dioxide has apparently stained the exposed edges the heaviest. The area 

of each mucous droplet consists of a reticulum of narrow, light elements 

in a denser background. 

Processed with colloidal thorium dioxide, embedded in Epon. 

About 30,000 X 
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Figure 36 

Several distal mucous droplets from a section stained with uranyl and 

lead salts. The reticular network, lighter than its background in Fig. 

35, is stained more densely than its background in this preparation. 

Processed with colloidal thorium dioxide, embedded in Epon and stained 

with uranyl and lead salts. 

About 30,000 X 
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DISCUSSION 

THE CHLORIDE CELL OF CYPRINODON VARIEGATUS 

It is significant that chloride cells have been reported in every 

teleost whose branchial epithelium has been examined with the electron 

microscope. To this list, Cyprinodon variegatus can now be added. 

The fine structure of chloride cells of £. variegatus is similar to 

that of the chloride cells of other teleosts (Doyle and Gorecki, I96I; 

Kessel and Beams, i960, 1962; Philpott and Copeland, 1963; Straus, 

1963,' and Threadgold and Houston, 196k). 

From the standpoint of the possible mechanism by which the chloride 

cell transports electrolytes, several of its morphological features 

deserve special attention. 

The Secretory Product 

The major discernible secretory product of the salt water-adapted 

chloride cell is a mucoid substance. In some electron micrographs, 

however, a mucus, identical morphologically with the mucus of the more 

prevalent apical crypt, is enclosed within an apical "vesicle". This 

vesicle has been suspected to be a section through an apical crypt in 

suich a plane that the opening to the external environment is out of the 

plane of the section (Philpott and Copeland, 1963)* In light of results 

presented in this thesis, there can be little doubt that this is the 

case. All three techniques as used here for the fine structural 

localization of polyanions stained essentially only extracellular 

material. And the mucus of all apical "vesicles" was stained with each 

of these techniques. 
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There can also be little question that this crypt material is 

polyanionic. In studies with thorium dioxide on thin sections (Philpott, 

1965) and with ruthenium red (Philpott, 1967) it has been demonstrated 

that the crypt mucus of Fundulus grandis is polyanionic. In the 

present investigation, three different techniques have demonstrated 

that the crypt mucus of the chloride cell of another teleost, Cyprinodon 

variegatus, is polyanionic. 

Attempts were made to further define the chemical properties of 

the polyanionic secretory product. Acid groups common to most mucous 

secretions include carboxyl and sulfate groups. Methylation and 

saponification procedures to differentiate between these two moieties 

were attempted. However, with the time periods used, tissue damage 

was rather extensive and conclusions could not be drawn about the 

staining patterns. These experiments are certainly worth repeating 

using shorter intervals for the chemical reactions to take place. One 

other technique was used to obtain ’evidence for the presence of 

sulfate groups. Incorporation of labelled sulfate injected into the 

ventral aorta of Fundulus grandis (experiments done in collaboration 

with Dr. Philpott) was followed with autoradiography. Label was located 

over chloride and mucous cells in greater quantities than other branchial 

epithelial cells, but did not conclusively demonstrate incorporation in 

the crypt mucus. The experiments were promising, however, and are 

worth repeating. 

Glycoproteins, which represent oligosaccharides covalently linked 

to proteins, predominate in carbohydrate-containing epithelial secretions 
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(Neutra and Leblond, 1966a). If this generalization holds true for the 

chloride cell secretory product, the crypt mucus is an acidic glyco¬ 

protein. Since a number of epithelial mucins are rich in proline 

(Blix, 1963; Gottschalk, 1963), autoradiographic studies were carried 

out on the gills of specimens of Cyprinodon variegatus that had been 

injected intraperitoneally with H^-proline. Labelling over chloride 

cells and mucous cells was definitely heavier than over other branchial 

epithelial cells but did not provide convincing evidence, for incorpora¬ 

tion into the crypt mucus. Further incorporation experiments, 

especially where longer intervals transpire before killing specimens, 

could possibly be utilized to determine the rate of cellular synthesis 

of the secretory product. 

In an attempt to demonstrate carbohydrate moieties of the presumed 

acidic glycoprotein, the periodic acid-Schiff reaction (McManus, 1946) 

was employed. Results were repeatedly negative for the crypt mucus 

itself. However, in chloride cells of C. variegatus the rim of the 

crypt was PAS positive. This observation agrees with the results of 

Vickers's study (1961). However, some epithelial acid glycoproteins 

are periodate unreactive (Spicer, Leppi, and Steward, 1965), and it is 

possible that the secretory product of the chloride cell falls into 

this class. 

The function of this apical mucus is not, at present, clear. It 

has long been thought to play a role in the excretion of electrolyte 

(Copeland, 1948; Philpott and Copeland, 1963; T'hreadgold and Houston, 1964 

Vickers, 1961) and Philpott (1966a) has suggested that the polyanion may 

serve as an ion trap or as an ion exchange resin during the process of 
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electrolyte secretion. However, because of lack of direct evidence at 

this time little more can be said about the manner in which this poly¬ 

anion functions in electrolyte transport. 

The Golgi Complex and the Origin of the Secretory 

Product 

Another morphological feature that may be important in the electro¬ 

lyte transport function of this cell is the Golgi complex. 

Several recent autoradiographic studies with H^rglucose have 

presented strong evidence that the Golgi region is the site of synthesis• 

of carbohydrate of the glycoprotein secretory product of rat colon 

goblet cells (Peterson and Leblond, 1964; Neutra and Leblond, 1966a, b). 

Neutra and Leblond (1966a) and Freeman (1966) have suggested that 

protein of the secretory glycoprotein is added to the carbohydrate at 

the level of the Golgi. Furthermore, there is good evidence that the 

Golgi region of rat colon goblet cells is the site of sulfation of the 

mucus product (Lane, Caro, Otero-Viladero, and Godman, 1964). If the 

chloride cell mucus owes its highly acidic character to sulfate groups, 

a possibility not excluded by the autoradiographic studies done with 

labelled sulfate, then further studies may show incorporation in the 

Golgi complex before release to the apical crypt and studies with 

H^-glucose might demonstrate synthesis of carbohydrate moiety in the 

chloride cell Golgi complex. 

But until this has been done we cannot exclude any one of the 

following possibilities for the origin of the crypt material, (l) The 
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carbohydrate moiety may be synthesized at the level of the Golgi and 

added here to a protein synthesized by the rough endoplasmic reticulum. 

The final glycoprotein would be packaged in secretory droplets which are 

found in the Golgi zone and in the apical cortical region. (2) The 

mucus may be synthesized at the level of the tubules. It would be 

packaged here (perhaps complexed to electrolytes from the tubular lumen) 

in the form of vesicles that pinch off from the tubules. These would 

then migrate to the Golgi and be concentrated for transport to and 

release into the apical crypt. (3) The mucus may be synthesized at 

the level of the tubules and packaged here (perhaps complexed to 

electrolytes from the tubular lumen) into vesicles that would make their 

way to the crypt and subsequently release their contents into it. 

THE TUBULAR SYSTEM AND THE CONCEPT OF THE GLYCOCALYX ' 

The Tubular System 

In the first fine structure study of the chloride cell, Kessel and 

Beams (i960) described the tubular system as a specialized form of the 
I 

endoplasmic reticulum. Indeed, this interpretation set the precedence 

for a number of later studies that similarly construed this extensive 

to be a form of the endoplasmic reticulum, even when' evidence of 

continuity of the plasmalemma and the tubular system was reported 

(Doyle and Gorecki, 1961; Straus, 1963; and Threadgold and Houston, 

1964). However, using better fixatives that demonstrated this continuity 

even more convincingly, Philpott suggested that the tubular system be 
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viewed as an amplification of the cell surface (1964), and stressed that 

such an extended cell surface provides a sound basis for including the 

chloride cell with other cell types known to transport electrolytes. 

It should be emphasized that besides the distinct morphological features 

of the amplified surface area, the chloride cell possesses a rich popu¬ 

lation of mitochondria and a close proximity to the blood vascular 

system, and thus shares characteristic features of a number of cell 

types known to be engaged in high levels of electrolyte transport: 

lacrymal glands of marine turtles (Ellis and Abel, 1964; Abel and Ellis, 

1966), nasal salt glands of marine birds (Komnick, 1963); rectal gland 

of elasmobranchs (Bulger, 1963) and cells of the proximal and distal 

convoluted tubules of the kidney (Fawcett, 1962), and nasal salt gland 

of the lizard (Philpott and Templeton, 1964). From the standpoint of 

comparative cytology such evidence is -extremely convincing. 

The cell surface of the chloride cell is brought into closer 

proximity with mitochondria and presumably with interstitial, electrolyte- 

containing fluids. It is therefore appropriate that we consider the fine 

structure of the cell surface of chloride cells. 

The Glycocalyx of the Tubular System 

Bennett (1963) introduced the term, glycocalyx, to designate the 

extracellular polysaccharide-rich surface coats known to exist on a 

wide variety of cell types at the time. He called upon such examples ' 

as the cell wall of Staphylococcus, basal lamina around muscle cells 

and blood capillaries, the antennulae microvillares of the microvilli 
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of gall bladder epithelial cells, of toad urinary bladder, and chief 

cells of the stomach, the surface coat of ameba, the zona pellucida, 

insect cuticle, and type specific red cell antigen. Of several 

possible functions of this cell coat, the possibility that seems most 

pertinent in relation to the electrolyte transporting function of the 

chloride cell is its ion exchange function. Bennett suggested that, 

if charged groups were present in the polysaccharides of this coating, 

the glycocalyx might exhibit properties of an ion exchange resin. Such 

a coat, if present, could exert a considerable influence on the ionic 

environment in the immediate vicinity of the external surface of the 

plasmalemma. However, an extension of this concept with presently 

available knowledge of the properties of ion exchange resins offers 

even more exciting possibilities. Ion exchange resins can be highly 

specific for ions in their vicinity (Reichenberg, 1963). This affinity 

is a function of the structure of both the ions and the functional groups 

of the resin. Thus it is not unreasonable to think that acid groups, 

possibly sodium specific, exist in the glycocalyx of the chloride cell 

tubular system. Morphological studies presented here are consistent 

with the belief that a surface coat is present and results of the 

cytochemical tests strongly argue that the glycocalyx has properties of 

a strong acid. 

A special note is in order here concerning the form of the surface 

coat of the tubules. Examination of tissue fixed for normal morphology 

revealed that the lumen of the tubules possesses a small quantity of 

material only slightly more electron opaque than the lumen itself. 



65 

However, it was not clear from the fine structure studies whether this 

luminal material is attached directly to the plasmalemma or whether it 

remains free in the lumen. Even so, the membranes of tubles caught in 

absolute cross section are definitely not smooth surfaced. The latter 

observation suggests the presence of at least a thin surface coat. 

Another possibility is that a coat, much better organized than we see 

it with all but the ruthenium red technique, was present but was labile 

and was therefore extracted during the fixation and embedding procedure. 

Both the colloidal iron and colloidal thorium dioxide results demonstrate 

only small amounts of material on the surface of the membrane itself. 

The most convincing evidence for the presence of a surface coat 

comes from the ruthenium red studies. It should be noted that ruthenium 

red produced what was undoubtedly the best fixation of the crypt mucus 

that I have seen with a wide variety of fixatives. Since ruthenium red 

is present in both fixatives it is possible that the presence of the 

cationic ruthenium red molecules covered up mucous acid groups that, 

through mutual repulsion, tend to keep the molecule stretched out. The 

precipitation with cationic ruthenium red would be facilitated by 

covering these acid groups up. This explanation is consistent with 

our present knowledge of the effect of cations on the structure of 

polyanions (Katchalsky, I96U). Philpott (1967) has reported the 

presence of ruthenium red positive material in the tubular system of 

Fundulus grandis. 

In summary, the membranes of the tubules possess a glycocalyx, 

albeit one that is not easily studied with our routine morphological 
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procedures. It should he emphasized that all three techniques, ruthenium 

red, colloidal iron, and colloidal thorium dioxide, demonstrated surface- 

associated polyanions on the tubular system membranes. 

Unfortunately neither the specific identification of the acid groups 

nor the type of macromolecules possessing these acid groups is known at 

this time. Attempts to differentiate between carboxyl and sulfates, as 

described above, resulted in too much tissue damage to permit inter¬ 

pretation. 

The Membrane of the Tubular System 

Special attention should be given the staining pattern of the 

colloidal iron technique. Ruthenium red reveals a relatively thick 

polyanionic glycocalyx and the colloidal thorium dioxide shows that 

polyanions exist at the surface of the membrane. On the other hand, 

colloidal iron demonstrates polyanions in the membrane itself. In. 

micrographs of colloidal iron-treated material that were not stained 

with uranyl and lead salts, the tubular system, when caught in the 

proper plane of section, shows two distinct dense lines separated by a 

line of low electron opacity. This trilaminar configuration was 

estimated to be approximately 90 A wide. When uranyl and lead salts 

were used to stain colloidal iron-treated material, a trilaminar 

structure, approximately 90 A wide, was resolved in the tubular 

membranes. Since the trilaminar structure of the membrane is normally 

about 90-100 A thick, it is tentatively assumed that colloidal iron 

binding is not limited to anionic sites on the outer leaflet alone. 
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At least two other cytochemical studies have demonstrated polyanions 

within cell membranes. Luft (1966b); using ruthenium red on mouse 

diaphragm; observed that the outer leaflet of the plasmalemma of 

capillary endothelial cells stained positively, whereas the middle 

lamellae and inner leaflet did not. And Revel and Ito (1967), using 

Revel's thorotrast technique (1964) on thin sections of embedded tissue 

containing erythrocytes, observed staining not next to the cell membrane 

(as is the case for leucocytes), but directly on it. In the case of the 

erythrocyte, Revel and Ito interpreted thorium staining to reflect the 

presence, in the membranes itself, of the sialic acid known to be 

associated with the surface of these cells (Wallach, 1967)* Thus there 

is some precedence for our finding of anionic groups within cell 

plasmalemmas. And indeed, there is evidence that in the case of the 

chloride cell plasmalemma we have gained, by the application of the 

colloidal iron technique, even more information about the distribution of 

polyanions within the outer membrane of ceils. It was beyond the scope 

of the present investigation to ascertain whether the plasmalemma of 

other cells of the gill filament stained in this manner. With regard 

to this issue, however, we can say that other plasmalemmas did have 

colloidal particles associated with them. 

The next question, unfortunately not solved by the present study, 

is the nature of the anionic group(s). The methylation and saponifica¬ 

tion techniques that might have differentiated between carboxyl and 

sulfate groups led to too much tissue damage to be considered 
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informative. Thus the possibility that one or both of these groups are 

responsible for the binding cannot be ruled out. 

Nor do the present studies eliminate the possibility that the 

presence of phospholipids, some of which have phosphate groups 

possessing extremely low pK's (Oncley, 1959)> have been cytochemically 

localized with this colloidal particle. Indeed there is evidence from 

biochemical studies of plasmalemma fractions of erythrocytes (Farquhar, 

1962; Dodge, Mitchell, and Hanahan, 1963) an^- skeletal muscle (Kono 

and Colowick, 1961) for the presence of phospholipids. 

Several membrane models encountered in the literature suggest the 

presence of fixed negative charges in the plasma membrane: plant cell 

(Briggs, Hope, and Robertson, 1961); squid giant axon (Tasaki and 

Singer, 1966); frog muscle (Ling, 1966). Until further studies are 

done, however, we will not be able to say with precision where these 

negative charges are located. It is likely that the continuation of 

polyanion cytochemistry will provide some of the answers. 
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