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ABSTRACT

Means of localizing molecules are essential in contemporary 

biological research attempting to unlock the mysteries of how cells

• function, interact, and go wrong. Enzyme cytochemistry and

immunohistochemistry are two methods which utilize different 

characteristics of given molecules to localize them in tissue. The 

objective of this study was to localize two proteins, Na,K-ATPase and 

vinculin, in frog and mouse liver sections using these methods. Na,K- 

ATPase activity contributes to overall p-nitrophenylphosphatase (jp- 

NPPase) activity, and sites of p-NPPase activity were determined 

using an enzyme cytochemical method. Sites of p-NPPase activity 

were thus extrapolated to indicate regions of probable Na,K-ATPase 

activity. Vinculin was localized immunohistochemically using an 

antibody prepared specifically against the vinculin molecule. Liver 

sections mounted on glass slides were subjected to appropriate 

reaction conditions to carry out either the enzyme cytochemical 

method for p-NPPase, or the immunohistochemical method for 

vinculin. Results of the vinculin localization were inconclusive, but 

results of the p-NPPase localization enabled probable identification of 

Na,K-ATPase at lateral hepatocyte membranes, along the lining of the 

sinusoids, and associated with the bile canalicular membranes.
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INTRODUCTION

Due to the wide array of proteins associated with the structure 

and function of living cells, a range of methods is required to localize 

these proteins within their natural cellular environments. These 

methods vary in specificity, mode of localization, sensitivity, and 

target. Two methods used to localize proteins within a cell are 

immunohistochemistry and enzyme cytochemistry.

Immunohistochemistry is a process which utilizes the highly 

specific nature of the antibody-antigen interaction. Antibodies 

prepared against a certain antigen will bind specifically to that 

antigen under appropriate conditions. By utilizing some method to 

visualize this antibody-antigen complex, it is possible to localize 

antigen (protein) in its natural environment. Vinculin, a 130 kD 

cytoskeletal protein (Wilkins and Lin, 1986), helps link the 

cytoskeleton to the cell membrane. Immunohistochemical 

techniques were used to localize this protein in the livers of a mouse 

and a frog.

Enzyme cytochemistry utilizes the fact that enzyme activity 

persists in a cell, even when the tissue has been removed from its 

natural environment. When samples of tissue containing a given 

enzyme are exposed to a medium containing substrate for that 

enzyme, the enzyme product will accumulate in those regions where 

the enzyme is concentrated. Na,K-ATPase is an enzyme which 

utilizes energy released by the hydrolysis of ATP to move Na+ and K+ 
ions across the cell membrane against their respective gradients. 

Enzyme cytochemistry was used to localize this protein in frog and 

mouse liver tissue.
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LITERATURE REVIEW

Immunohistochemical Techniques
Immunohistochemistry has been a valuable tool in protein 

localization studies for nearly 50 years. The first successful use of 

immunohistochemical methods involved fluorescent markers to 

study cellular protein distributions (Coons, 1941, cited in Ausubel et 

al., 1989). Initially, these studies employed direct labelling 

techniques. That is, the primary antibody was conjugated directly to 

the fluorescent marker. This cumbersome method led eventually to 

the use of indirect labelling, which was more sensitive because signal 

amplification occurs when multiple secondary antibodies bind to a 

single primary antibody (Ausubel et al., 1989). In addition, indirect 

labelling methods are easier to carry out because a single secondary 

antibody conjugate may be used to label a variety of different 

primary antibodies (from the same source species). These secondary 

antibody markers are available commercially with high specificity, 

purity, and signal strength.

Several different variations are possible within the framework 

of immunohistochemical localization methods. One of the more 

sensitive of these involves immunoperoxidase labelling. The 

molecule to be localized is allowed to bind to the specific primary 

antibody, that is, an antibody prepared by immunizing an antibody- 

producing host with the desired antigen. The result is an antibody 

specific for a particular antigen. A non-immune primary antibody 
solution serves as a control. This solution consists of an array of 

antibodies produced by the same species in which the experimental 

antibody was produced, but does not include the experimental
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antibody itself. The use of an array of non-immune control 

antibodies establishes a base level of binding for this class of 

antibody. The experimental antibody is included only in the 

experimental reaction medium, and experimental differences can be 

compared between the experimental and control reactions. There 

are two sets of non-immune antibodies included in the reaction 

conditions. The first is the non-immune control set of mouse IgG 

antibodies, and the second is the non-immune goat antibodies in 
normal goat serum included in the reaction media. The purpose of 

adding the non-immune control antibodies and the normal goat 

serum is to eliminate nonspecific binding of antibody to tissue.

After rinsing, a biotinylated secondary antibody is added. This 

antibody is specific for the primary antibody already bound to the 

molecule to be localized. It is conjugated to a biotin molecule which 
extends from it as a marker for the next step of the reaction. When 

an avidin-biotin complex is added, the specificity of the well-known 

avidin-biotin interaction causes molecules of this reagent to bind to 

the biotin extending from the secondary antibody. The other portion 

of this reagent is horseradish peroxidase. When a peroxidase 

substrate solution (containing diaminobenzidene [(DAB)] and H2O2) is 

added, a colored precipitate develops at the site where the primary 

antibody is bound. The avidin molecule essentially serves as a 

bridge between two biotinylated molecules: the secondary antibody 

bound to the primary antibody, and the peroxidase molecule. Figure 
1 on page 32 illustrates the relationship of these reagents in the 

avidin-biotin complex .
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Although this method is quite sensitive and effective for 

labelling a protein in tissue, it has several disadvantages. For one, 

the reaction product could diffuse away from its initial location. The 

four-step procedure is also quite lengthy (8-9 hours). The specificity 

of the reaction could be confused by reactive endogenous peroxidase 

in the tissue, although control conditions may be designed to 
eliminate this problem. Finally, the DAB used in the final (reaction) 

step is a carcinogen and must be handled with extreme caution 

(Ausubel et al., 1989). The proper dilutions of antibodies and 

reagents, while suggested in written protocols, must be 

experimentally determined by trial and error as it is applied to a 

given tissue or set of reaction conditions.

The primary antibody utilized is monoclonal in nature, that is, 

it is prepared in its source species against a single isolated antigen. 

Use of such a monoclonal antibody guarantees that it will recognize a 

single epitope on the antigen, whereas a polyclonal serum may 

contain antibodies capable of recognizing multiple epitopes on a 

given antigen. This indicates that the monoclonal antibody gives a 

more specific result, but one that may be weaker than that using a 

polyclonal serum (Ausubel et al., 1989). Due to the variety of 

problems associated with background and nonspecific labelling 

inherent to immunohistochemical analysis of tissue, controls must be 

carefully employed. The control antibodies employed are not specific 

for the protein to be localized or for the secondary antibody used. 
This fact helps to maintain high resolution and color contrast of 

labelled sections.
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The use of nonfluorescent visual markers allows the labeled 

sections to have an indefinite shelf life, and allows the use of simple 

and readily-available bright-field light microscopy for examination.

Enzyme Cytochemical Techniques

Protein molecules which possess enzymatic activity present 
another option for localizing these molecules in tissue. When 

presented with their specific substrate in solution, these molecules 

will convert that substrate to an altered enzyme product. This 

conversion may result in a colored precipitate, and if so, theX
precipitate can be visualized directly. Also, this precipitate can often 

be made visible through some fairly simple manipulation which 

causes a colored precipitate to develop.

Enzyme cytochemical localization of Na,K-ATPase serves as an 

example of this type of localization. It has been established that this 

enzyme provides the primary catalytic mechanism for the coupling 

of energy released from adenosine triphosphate (ATP) hydrolysis to 

the exchange of Na+ ions for K+ ions across plasmalemmal surfaces 

against their respective concentration gradients (Stryer, 1988). This 

is essential for the maintenance of internal homeostasis in eukaryotic 

cells (Ernst and Hootman, 1981). In 1957, Wachstein and Meisel 

described a technique to localize ATPase cytochemically, in which

• ATP was used as substrate and lead as a precipitating ion for the

inorganic phosphate released in this reaction. The lead ions were 
added to the reaction medium in the form of lead nitrate. This 

technique gave results compatible with the expected distribution of 

ATPase based upon physiological and biochemical data (Ernst and
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Philpott, 1970, cited in Ernst and Hootman, 1981; Majack et al., 1979, 

cited in Ernst and Hootman, 1981). However, further biochemical 

studies identified different forms of ATPase based upon different 

kinetic properties (Ernst et al., 1967, cited in Ernst and Hootman, 

1981), sensitivity to fixatives (Ernst and Philpott, 1970, cited in Ernst 

and Hootman, 1981) and differential reaction product deposition in 

tissue in cytochemical studies (Novikoff et al., 1961, cited in Ernst 

and Hootman, 1981). The different forms of ATPases identified in 

these studies made necessary more specific methods to allow them to 

be identified and differentiated.

Attempts to modify the Wachstein-Meisel model in order to 

specifically localize Na,K-ATPase were based upon an alteration of 

lead (again added as lead nitrate) and ATP concentrations in the 

incubation medium and an addition of activating cations to resolve 

the monovalent cation-activated component (Ernst and Hootman, 

1981). These attempts were largely unsuccessful, partially due to 

the potent inhibitory effect of lead on the enzyme’s activity 

(Jacobsen and Jorgensen, 1969, cited in Ernst and Hootman, 1981).

Recognition and analysis of the problems inherent in the 

Wachstein-Meisel technique led eventually to the creation of a new 

method to localize Na,K-ATPase. This approach is based upon a In

dependent dephosphorylation step of the complete Na,K-ATPase 

reaction sequence (Ernst, 1972, cited in Ernst and Hootman, 1981). 

Although the connection of this phosphatase step with the entire 
Na,K-ATPase reaction has been well established, the nature of the 

actual reaction mechanism is not completely understood (Robinson 

and Flashner, 1979, cited in Ernst and Hootman, 1981). This
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phosphatase reaction represents the second step of the Na,K-ATPase 

system, a K+-dependent dephosphorylation reaction of the Na,K- 

ATPase complex. For this method, p-nitrophenylphosphate (p-NPP) 

was chosen as substrate because the hydrolysis of its phosphate 

ester bond by p-nitrophenylphosphatase (p-NPPase) yields inorganic 

phosphate, which is easily precipitated by heavy metal capture ions 

(Ernst and Hootman, 1981). Tissue, specimens for this technique are 

fixed in 2% or 3% formaldehyde, prepared from paraformaldehyde. 

Previous biochemical studies had indicated that this Na,K-ATPase 

was not highly inhibited by this aldehyde (Ernst and Philpott, 1970, 

cited in Ernst and Hootman, 1981). This p-NPPase activity can thus 

be used as a marker to indicate simultaneous Na,K-ATPase activity.

The results of many ATPase localization studies based upon p- 

NPPase activity have been highly consistent in localizing Na,K- 

ATPase to basolateral plasma membrane surfaces, on the cytoplasmic 

side. According to localizations performed in human liver by 

Chamlian and colleagues (1988), p-NPPase activity is evident also in 

the vicinity of the bile canalicular membranes and in the wall of the 

sinusoids. They utilized methods of both Mayahara (1980) and Ernst 

(1975), but received the best results with light microscopy using the 

Mayahara method. Reaction product associated with basolateral 

membranes were best seen with electron microscopy. These findings 

are discordant with previous enzyme cytochemical studies of Na,K- 

ATPase in that they indicate p-NPPase activity in the area of the bile 
canaliculaar membranes.

This method is not without its drawbacks. The alkaline pH 

required for efficient precipitation of inorganic phosphate is sub-
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optimal for enzymatic activity (Ernst, 1972, cited in Ernst and 

Hootman, 1981). Additionally, at an alkaline pH 8 or greater, p-NPP 

is readily hydrolysed by non-specific alkaline phosphatase (Ernst, 

1972, cited in Ernst and Hootman, 1981). Alkaline phosphatase can, 

however, be effectively inhibited by a number of compounds which 

have minimal effect on p-NPPase, including cysteine (Ernst, 1975, 

cited in Ernst and Hootman, 1981), tetramisole, and its analogues 

(Borgers, 1973, cited in Ernst and Hootman, 1981). While cysteine is 

required in higher concentrations than tetramisole or its analogues, it 

may actually serve to stimulate ATPase activity (Specht and 

Robinson, 1973, cited in Ernst and Hootman, 1981). Studies of p- 

NPPase in the liver have indicated a moderate enhancement of 

reaction product deposition in the presence of cysteine (Latham and 

Kashagarian, 1979, cited in Ernst and Hootman, 1981). This may be 

due to a direct activation of the enzyme as a result of heavy metal 

chelation by cysteine or it may be caused by increased substrate 

availability following alkaline phosphatase inhibition.

Guth and Albers (1974) (cited in Ernst and Hootman, 1981) 

pioneered a development which allowed for better quantification of 

this method’s results. They added dimethylsulfoxide (DMSO) to the 

incubation medium. This effectively brought the pH optimum of p- 

NPPase to 9.0. Under these conditions, phosphate hydrolysed during 

the reaction remains in reactive cells without having to add heavy 

metal capture ions which typically inhibit ATPase activity. The 
sensitivity of this new method may be quite low and morphological 

preservation is poor. In 1981, Mayahara and Ogawa presented a 

modification of the Guth and Albers technique in which lead citrate
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was used as the capture reagent and DMSO was added to increase p- 

NPPase activity. This modification provides a valid alternative for 

the localization of Na,K-ATPase, with the advantage of considerable 

methodological simplicity.

Liver Structure
The liver lies just inferior to the diaphragm and just superior to 

the kidneys, the adrenal gland, the transverse colon, the duodenum, 

and the stomach. The liver is composed of two major lobes in the 

mouse and of three in the frog, the tissues of which are divided into 

smaller units called lobules. In the center of these are branches of 

the hepatic vein. In some species, these lobules are clearly 

demarcated by a well-defined layer of connective tissue (Fawcett, 

1986). In most species, however, there is no boundary between the 

lobules. Nevertheless, the radial pattern of the cellular plates and 

sinusoids is such that one can recognize these units of structure and 

envision imaginary boundaries between them. These lobules are 

typically hexagonal and have a portal area at each corner, which 

consists of a branch of the portal vein, one of the hepatic artery, and 

a bile ductule (commonly known as a portal triad), all enclosed in a 

common connective tissue sheath. The liver is unique in that it 

receives its principle blood supply from the portal vein, which 

extends from the intestinal tract and spleen and accounts for 75% of 

hepatic blood supply. This vein serially branches into smaller and 
smaller units until the blood finally enters the sinusoids, where the 

primary exchange of metabolites with liver parenchyma takes place. 

These sinusoids form a three-dimensional network throughout the
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liver parenchyma, and their blood is gradually collected into 

branches of the hepatic vein and emptied into the inferior vena cava. 

While the blood flows from the portal space to the center of the 

lobule, a simultaneous flow of bile occurs from the lobule center to 

the periphery. The bile, a hepatic secretory product essential in 

intestinal digestion, is secreted by the liver parenchymal cells and 

flows into bile canaliculi between these cells. These bile canaliculi 

empty into increasingly larger bile ductules which coalesce at the 

portal spaces into actual bile ducts.

The liver cells themselves, like the larger liver lobules, are 

polyhedral and often have six or more surfaces. These surfaces are 

of three sorts: those exposed to the sinusoids, those exposed to the 

lumen of the bile canaliculi, and those in contact with adjacent liver 

cells. Their nuclei are large, round, and are typically found one per 

cell, although 70% of these are in the tetraploid condition (Popper 

and Schaffner, 1957). The cells of the liver are all very similar in 

appearance, despite a wide range of metabolic and structural 

activities. These liver cells are a specialized type of epithelial tissue. 

In histological sections, the cytoplasm of hepatocytes presents an 

extremely variable appearance which reflects the functional state of 

the cell. The principle source of variation is in the levels of stored 

glycogen and fat in the liver tissue.

The liver also contains a type of specialized cell called a Kupffer 

cell which actively phagocytizes particulate matter in the 
bloodstream. These are typically associated with the endothelium of 

the blood sinusoids and are often found with engulfed erythrocytes 

in various stages of disintegration. They have a highly variable
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shape, but often appear in stellate form, with the majority of their 

surface exposed to the blood flow in the sinusoids.

Typically, a single bile canaliculus is found between each pair 

of liver cells. Because of a tendency to branch and anastomose, these 

canaliculi form a three-dimensional net within the hepatic 

parenchyma. In amphibians, these canaliculi give off blind branches 

which are not found in mammalian livers (Fawcett, 1986). The 

membrane lining the bile canaliculus is typically a site of ATPase 

activity, and histochemical techniques for staining this enzyme 

provide a useful method for selectively staining this system of 

minute intracellular canals (Fawcett, 1986). Actually, the wall of a 

bile canaliculus is not a distinct entity of its own. Rather, the lumen 

of the bile canaliculus is an expansion of the intracellular space, and 
the wall is simply a local specialization of the surface of the adjoining 

hepatic cells. Over most of their length, the membranes of the two 

cells are relatively straight and separated by a cleft about 15 nm 

wide. At the site of the bile canaliculus, they diverge to form a 

canalicular intercellular space 0.5 to 1.0 pm in diameter (Fawcett, 

1986). This region of the cell membrane bears short microvilli which 

project into the lumen. Along the margins of the canaliculus the 

membranes of the opposing cells come into close contact and form an 

occluding junction comparable with the zonula occludens of other 

epithelia. Adjacent to these bands of tight junction are areas of 

adhering junctions (zonula adherens), which in turn are adjacent to 
areas of communicating junctions. The level of distribution of these 

communicating junctions may vary. The bands of tight junction 

evidently seal the canaliculus and prevent its contents from escaping
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into the intercellular cleft on either side. Interestingly, the protein 

vinculin is one of two proteins exclusively associated with cell-cell 

junctions of this sort (Volberg et al., 1986).

The liver is a highly vascular organ receiving about 500 ml of 

blood per minute. In flowing through the sinusoids, this blood is 

exposed to 1.2 X 107 phagocytic Kupffer cells per gram of liver tissue. 

These remove cellular debris and foreign particulate matter and give 

the liver its blood-filtering function. In conditions of vascular 

distress, pressure in the veins draining the liver may increase while 

the tension in the sinusoids decreases. Subsequently, the sinusoids 

can become distended with 400 ml more blood than they usually 

contain. This gives the liver a function in blood storage, or 

conservation, during distress. The liver also serves as a vital organ 

for processing nutrients absorbed from the intestines and 

transforming them into materials need by the other specialized 

tissue of the body. The liver is responsible for maintenance of blood 

glucose levels and accomplishes this through the formation or 

breakdown of glycogen (a glucose polymer). Other compounds are 

converted into glucose or glycogen by the liver for use in 

metabolism. The liver also plays a major role in the metabolism and 

transport of lipids in the blood. These lipids, derived from nutrients 

taken into the liver, are converted by the liver into serum 

lipoproteins, the form in which lipids are transported in the blood.

As described by Popper and Schaffner (1957), the liver also 
serves as the site for the synthesis of plasma proteins of the blood 

(e.g., albumin) and for several of the clotting factors, including 

fibrinogen, prothrombin, and Factor III. Hepatocytes also have
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specific membrane receptors for some 20 proteins and glycoproteins 

whose concentration in the blood is monitored by the liver. These 

may be taken up through receptor-mediated endocytosis, 

transported through a cytoplasmic vesicular transport system, and 

secreted into the bile canaliculi. The liver is also responsible for 

metabolism of a variety of lipid-soluble drugs, including 

barbiturates. Use of such drugs leads to an increase of the levels of 

enzyme needed to metabolize them and results eventually in the 

phenomenon of drug tolerance. An additional function of the liver is 

in bile synthesis. Bile is a secretion from the liver necessary in 

intestinal digestion, but also serves as an excretory substance from 

the liver carrying potential wastes to the intestines for eventual 

elimination from the body.

According to Holmes (1962), the liver in the frog is similar in 

most respects to the mammalian liver described above, including 

that of the mouse and human. Interestingly, the liver of the frog 

contains a considerable amount of pigment. Two forms of this 

pigment occur. One is black or dark brown and the other is golden- 

colored. Some of these pigment granules occur in the ordinary cells 

of the liver parenchyma, but most of this substance is found in 

pigment cells scattered throughout the whole organ. Is is unclear 

whether these pigment cells lie within the blood vessels and result 

from the transformation of leucocytes, or whether they lie outside 

the blood vessels in the lymph sinuses. There is no evidence that 
these pigment cells have derived from the ordinary secreting cells of 

the liver. It is not improbable that, a large part of the pigment cells 

may result from an accumulation by cells which have wandered into
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the liver form other sources. The liver of the frog also undergoes 

important changes in relation to food and temperature. There is a 

regular seasonal change which affects the liver’s size, general 

appearance, amount of pigment, and the contents of its secreting 

cells. In the summer, the organ is large and low in pigment. In the 

winter, the liver becomes smaller and darker as the number of 

pigment cells increases .

Na.K-ATPase
The flow of ions between a cell and its environment is precisely 

regulated and is a major factor in the maintenance of intracellular pH 

and homeostasis. A nonrandom distribution of Na+ and K+ ions is 

maintained across the plasma membrane by the Na,K-ATPase, the 

operation of which utilizes energy released from the hydrolysis of 

ATP. The energy stored in ATP is utilized to create an ionic gradient 

across the cell membrane through active transport. This gradient is 

then instrumental in rendering nerve and muscle cells electrically 

excitable.

As described by Stryer (1988), Skou discovered an ATPase 

enzyme which hydrolyzes ATP only if Na+ and K+ cations are present 

in addition to Mg++, which is required by all ATPases. This enzyme 

has henceforth been known as Na,K-ATPase. Skou proposed that the 

Na,K-ATPase is an integral part of the Na+ and K+ pumping 

mechanism in the cell and that the splitting of ATP provides the 
energy needed for the active transport of these cations. This 

proposal is supported by several lines of evidence. This enzyme is 

present wherever Na+ and K+ are actively transported, in
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concentrations directly proportional to the level of transport occuring 

there. Second, both the Na,K-ATPase and the pump are tightly 

associated with the plasma membrane. Third, variations in the 

concentration of Na+ and K+ have parallel effects on the ATPase 

activity and on the rate of transport of these ions. Finally, both the 

Na,K-ATPase and the pump are specifically inhibited by the same 

class of inhibitor, namely cardiotonic steroids.

Additional experiments described by Stryer (1988) have 

illustrated the following characteristics of the Na,K-ATPase complex. 

The Na+ must be present on the inside, and K+ on the outside, of the 

cell in order to activate the ATPase and to be transported to the 

other side. Also, ATP can only serve as a substrate and energy 

source for the enzyme when it is present inside the cell. The 

cardiotonic steroids are capable of specific inhibition only when 

located outside the cell. The facts indicate that the Na,K-ATPase has 

a definite and consistent polarity and orientation with respect to the 

cell membrane.

The energy stored in ATP, according to Stryer (1988), is able to 

drive the Na,K-ATPase by transiently phosphorylating it in the 

presence of Mg++ ions. This phosphorylation occurs on the side chain 

of a specific aspartate residue and is immediately hydrolyzed if K+ 

ions are present. In the process of these phosphorylations and 

dephosphorylations, the pump undergoes two different conformation 

changes. In this process, three Na+ and two K+ ions are transported 
per ATP hydrolyzed, which results in the overall generation of a net 

electric current across the plasma membrane (electrogenic). 

Experimentation has proven that the transport of ions and the
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hydrolysis of ATP are tightly coupled in this pump mechanism. ATP 

is not hydrolyzed unless Na+ and K+ are transported. Interestingly, 

the Na,K pump can act in reverse in order to synthesize ATP by 

exposing it to steep ionic gradients.
Stryer described the structure and mechanism of the Na,K- 

ATPase molecule. The pump molecule itself consists of two subunits, 
termed a and p, arranged in an a2?2 tetramer. Primary sequencing 

of both subunits have indicated hydrophobic regions in each which 

are capable of crossing the phospholipid bilayer interior. Much of 
the a chain lies on the cytosolic side of the membrane, while much of 

its P counterpart lies on the extracellular side of the membrane. The 

P subunit does not appear to be essential for ATPase or transport 

activity. A proposed mechanism for the action of this pump molecule 

has stated that Na+ ions bind to a cavity on the cytosolic face of this 
transmembrane protein to a sequence called T3(Na) in the a chain of 

the molecule. This segment is exposed only in the presence of Na+ 

and is converted in its absence, and thus is believed to be essential in 

ion transport (Herrara and Ruiz-Opazo, 1990). This binding then 

triggers phosphorylation by ATP, which switches the conformation 

such that the Na+ ion is now exposed to the outside and the cavity 

now has an affinity for K+ ions. The binding of K+ ions then triggers 

dephosphorylation of the protein, which causes a reversion to the 

original state and the K+ ions are thus transported to the interior of 

the membrane where they are released. Cardiotonic steroids, such as 
ouabain, inhibit the activity of this molecule by blocking the 

dephosphorylation step (Stryer, 1988).
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The ion gradients established by the Na,K-ATPase through ATP 

hydrolysis can subsequently be used to drive other transport 

processes. For example, many sugars and amino acids, including 

glucose, are transported into cells through a type of cotransport 

(symport) mechanism, which relies upon the energy stored in the ion 

gradient.
In generalized epithelia, Na,K-ATPase molecules have been 

localized almost exclusively at the basolateral plasma membranes 

facing the intracellular spaces (Hammerton et al., 1991). They are 

concentrated where extensive membrane folding and packing occurs 

(Ernst and Hootman, 1981). This basolateral distribution has been 

found also in other tissue types, including glandular and renal tissue. 

This uneven distribution of Na,K-ATPase is achieved through 

preferential retention of active enzyme in the basolateral membrane 
domain and selective inactivation and loss from the apical domain, 

rather than by specific vectorial targeting of newly synthesized 

protein from the Golgi complex to the basolateral region (Hammerton 

et al., 1991). One way this Na,K-ATPase localization at the 

basolateral membrane region is actually identified is through the 

activity of p-NPPase, an important sub-reaction of the entire Na,K- 

ATPase reaction sequence.

Vinculin

Vinculin is a 130 kD protein and serves a cytoskeletal role in 
animal cells (Wilkins and Lin, 1986). Studies have suggested that 

vinculin is one of three proteins (the other two are talin and alpha- 

actinin) which constitute a chain of attachment from the plasma
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membrane to actin filaments within the cytoplasm. In vitro, vinculin 

is able to bind both of these other proteins (Mangeat and Burridge, 

1984). Studies indicate that vinculin is concentrated greatest in a 

zone between 10 and 20 nm from the membrane on the cytosolic 

side. The vinculin molecule is capable of binding to the internal actin 

filaments, but it is not clear whether such post-translational 

modifications as phosphorylation or acylation are involved in the 

interaction of vinculin with the membrane. Some 65-85% of 

vinculin appears to be cytosolic (most at about 15 nm from the 

membrane), while 15-35 % appears to be associated with the 

membranes (Niggli et al., 1990).

Sequence data obtained from cDNA encoding for the complete 

sequence of vinculin (from chicken fibroblast) indicate that vinculin 

does not contain probable hydrophobic transmembrane regions 

present in most membrane proteins (Niggli et al., 1990). However, 

two hydrophobic regions are present in the amino-terminal domain 

of the protein. When expressed, these regions are likely capable of 
partially inserting into the lipid bilayer (Niggli et al., 1990). Vinculin 

has also been shown to interact with acidic phospholipids in vitro 

and may insert into the hydrophobic core of liposome bilayers (Niggli 

et al., 1990).

Interaction with contractile actin filaments in the cytoplasm of 

an epithelial cell is not the only expression of vinculin in vivo. 

Vinculin is also the only protein which has proven to be associated 
with the junctional plaques (where actin filaments insert into the 

plasma membrane) of actin-associated adherens junctions, including 

cell-cell contacts (i.e., zonula adherens, fascia adherens) and cell-
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matrix adhesions (i.e., focal contacts, dense plaques) (Volberg et al., 

1986). Adherens junctions (those associated with actin are belt-like 

in nature) are complex cellular structures composed of multiple 

molecular domains. The outermost portions contain specific contact 

receptors while the inner regions are involved in the attachment to 

bundles of actin-rich microfilaments. This type of adhering junction 

is one type of intercellular junction which serves to hold cells 

together. The other two types of junctions are tight junctions (which 

form a permeability barrier between cells) and communicating 

junctions (which allow the passage of small molecules) (Drenckhahn 

and Franz, 1986). Vinculin has been found to be associated with all 

three types of junctions between cells, including the tight junctions 

which exist around the periphery of liver bile canaliculi (Drenckhahn 

and Franz, 1986). The epithelia of a number of organs (including the 

liver) and exocrine glands are linked to each other by different types 

of these junctions (Drenckhahn and Franz, 1986). Vinculin has also 

been implicated in the connection of the circumferential regions of 

attachment between skeletal muscle myofibrils and the surrounding 

sarcolemma (Mangeat and Burridge, 1986).
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MATERIALS AND METHODS

Fixation and Embedding
Vinculin and p-NPPase localizations were carried out in liver 

obtained from one mouse (Mus musculus) and from one frog (Rana 

pipiens). The frog was immobilized by double-pithing. After the 

liver was dissected out and pared into smaller sections (about 3 mm 

x 10 mm), these sections were fixed in 2% formaldehyde solution 

(prepared from paraformaldehyde) in phosphate buffered saline 

(PBS) (130 mM NaCl, 10 mM phosphate buffer, pH 7.2) (Ausubel et 

al., 1989). Tissue blocks were incubated in this fixative solution for 2 

hours at room temperature. Following fixation, tissue blocks were 

washed three times in PBS (15 minutes each) and were then 

transferred into PBS + 0.5M sucrose for a minimum of 2 hours.
These tissue blocks were frozen in OCT embedding medium 

(Miles) by placing them in a plastic embedding mold filled with OCT 

compound and then transferring them into a shallow pool of ethanol 

in the freeze-wells of the cryobar (maintained at ’40° C) in a 

microtome/cryostat (Tissue Tek 4551). These frozen tissue blocks 

were placed in a standard upright freezer (-20° C) for storage.

Sectioning was performed using the microtome/cryostat. The 

interior (cutting) temperature was maintained at -20° C, which is in 

the optimal cutting temperature range for liver tissue as quoted in 

the microtome handbook. Sections were made at a thickness of 6 pm 

and were placed onto glass slides pretreated with 0.5% gelatin + 0.5% 
CrK(SO4)2 • 12 H2O to maximize adhesion (Ausubel et al., 1990). 

These sections, mounted on glass slides, were kept in a freezer until
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the localization procedures were carried out, which in all cases was 

no more than two days.

Immunohistochemical Method
Monoclonal anti-vinculin antibodies, derived from a hybridoma 

produced by the fusion of mouse myeloma cells and splenocytes 

from an immunized mouse, were obtained from Sigma Chemical 

Company. These monoclonal antibodies were of the mouse I g G1 

subclass. Slides were removed from the freezer and brought to room 

temperature in a moist incubation chamber. They were then covered 

with PBS. After 5 minutes, the PBS was aspirated off, and a solution 

containing PBS/0.1% Triton-X 100/ 2 mg/ml Normal Goat Serum 

(PBS/TX/NGS) was applied. PBS/TX/NGS was layered over the 

sections for 10 minutes. NGS helps to block nonspecific binding, 

while TX is a detergent which permeabilizes the plasma membrane 

and allows the antibodies to enter the cell (Schliwa and Potter, 

1986).

Slides were then assigned to an experimental or control group, 

and the mounted sections were incubated in the proper antibody 

dilution for 3 hours. The experimental antibody was a 1:25 dilution 

of the primary anti-vinculin antibody diluted in PBS/TX/NGS. The 

control antibody was a 1:100 dilution of non-immune mouse IgG 

(Sigma) diluted in PBS/TX/NGS. During this 3 hour incubation, a 

1:1000 dilution of secondary antibody (goat anti-mouse IgG, 

biotinylated, Sigma) was prepared in PBS/TX/NGS.

Following the 3 hour primary incubation, sections were washed 

three times (5 min each) in PBS/TX/NGS and were then covered with
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the secondary anti-mouse IgG dilution. These were allowed to 

incubate for 2 hours. During this time period, the ABC (avidin-biotin 

complex) reagent was prepared using a VECTASTAIN ABC Kit (Vector 

Laboratories) and was allowed to sit at room temperature for 1 hour.

Following the secondary incubation, sections were again 

washed three times (5 minutes/wash) in PBS/TX/NGS. The ABC 

reagent was subsequently layered over the sections and allowed to 

incubate for 1.5 hours. This was followed by three 5-minute washes 

in IX PBS and then by addition of a peroxidase substrate solution 

(0.1% DAB/0.02% H2O2/O.IM Tris-HCl, pH 7.2) This peroxidase 

solution was left on the sections for 2-7 minutes and was removed 

by a single 5-minute wash in tap water.

Enzyme Cytochemistry

The incubation mixture consisted of the following: 2.5 ml of 1.0 

M Glycine-KOH buffer at pH 9.0 (final concentrations: 250 mM 

Glycine, 25 mM KOH); 4.0 ml of 1.0% lead citrate dissolved in 50 mM 

KOH (final concentrations: 4.0 mM lead citrate, 20 mM KOH); 2.5 ml 

of dimethyl sulfoxide (DMSO) (final concentration: 25% v/v); and 1.0 

ml of 0.1 M p-NPP (Mg salt, Sigma) (final concentration: 10 mM p- 

NPP, 10 mM Mg) (Mayahara et al., 1980). In addition, a substrate- 

free control medium was used and consisted of the same constituents 

as above with the exception of the p-NPP. Instead, 1.0 ml of p-NPP 

was replaced with 1.0 ml of water.
Sections (6.0 gm thick, mounted on gelatin-coated slides) were 

removed from the freezer and placed into a moist incubation 

chamber at room temperature. The slides were designated as
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experimental or control and the mounted sections were covered with 

the proper medium for 15 minutes. Sections were rinsed in distilled 

water for 1 minute and were submerged in 1% yellow ammonium 

sulfide for 2 minutes. This step converts the colorless lead 

phosphate precipitate to a brown lead sulfide precipitate. They were 

then again rinsed in distilled water as a final step.

Visualization
Following the completion of the respective localization 

procedure, sections (now stained) were covered with a drop of 

glycerol and a #1 (thin) square cover slip. Sections were viewed at 

200X, 400X, and 1000X, and photomicrographs of characteristic areas 

were made at 200X and 1000X using a Nikon Optiphot microscope 

with a Nikon AFX-II camera system.
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RESULTS

For different reasons, the localizations of vinculin and p-NPPase 

in mouse liver were unsuccessful. Vinculin localization was 

unsuccessful largely because of a high degree of background color in 

the sections. The p-NPPase localization was unsuccessful possibly 

due to a problem with the incubation medium used in the procedure. 

The results of localizations performed in the mouse will not be 

treated further.

p-NPPase Localization in Frog Liver Tissue
The control sections showed little or no reaction product . Even 

at high magnification, the only color visible in the control sections 

was due to the pigment granules (See Fig. 3A, page 36). Most of 

these granules were found in the intensely stained pigment cells, but 

individual granules were visibly dispersed throughout the liver 

tissue. Figures 2A and 2B on page 34 show the differential 

distribution of precipitate in p-NPPase control and experimental 

sections at low magnification.

The experimental sections indicated considerable p-NPPase 

activity in the liver. At low magnification, much staining was visible 

in addition to the pigment cells and granules. At low power, it was 

possible to visualize the liver lobule structure, as well as to see liver 

sinusoids and bile canaliculi (See Fig. 2B, page 34). At higher 

magnification, p-NPPase activity could often times be seen around 
the periphery of the cells, in the regions of the walls of the hepatic 

sinusoids, and in the bile canaliculi. Occasionally, activity could also 

be seen between two adjacent hepatocytes, along lateral cell surfaces.
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Figures 3B and 3C an page 36 illustrate experimental differences of 

p-NPPase reaction product deposition at high magnification.

Vinculin Localization in Frog Liver Tissue

The differences between the experimental and control sections 

were not as striking with staining for vinculin as opposed to staining 

for p-NPPase. However, the low power view of a vinculin control 

slide gave a clear view of liver anatomy in the frog. The liver 

lobules, pigment cells (and granules), and sinusoids were all more 

clearly visible than in the p-NPPase control slides because of an 
increase in background color (See Fig. 4A, page 38). At higher 

magnification, groups of hepatocytes and their nuclei (which 

appeared clear and round) could be seen, and had no areas of 

outstanding stain concentration. The background color was uniform 

throughout. Large well-stained erythrocytes were visible in the 

regions near the sinusoids. Staining of these erythrocytes served as 

a positive control for the peroxidase reaction (See Fig. 5A, page 40).

The difference between the control and experimental sections

was slight at either power. At low power, the interior of the

hepatocytes appeared darker in certain regions, but it was neither

obvious nor consistent (See Fig. 4B, page 38). At high power, areas of

slightly darker staining could be seen radiating out from the center 

in the areas between the individual cells. Again, darkly-stained 

erythrocytes were clearly visible in areas near the sinusoids (Figs. 

5B and 5C, page 40). %
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DISCUSSION

p-NPPase Localization
The lack of staining found in the control sections was as 

expected. The absence of p-NPP in the control medium provided no 

substrate for p-NPPase. Consequently, no product was developed as 

a result of this reaction. The lack of staining was so significant that it 

is somewhat difficult to determine even basic liver anatomy due to a 

lack of background color.
Dark, differential staining was obtained in the experimental 

sections for the localization of p-NPPase. While this may be due 

specifically to the phophatase activity of Na,K-ATPase, it is possible 

that other enzymes played a role in the breakdown of the artificial 

p-NPP substrate included in the reaction medium. The concentration 

of staining found intermittently between the hepatocytes indicated 

regions surrounding the bile canaliculi between cells, where Na,K- 

ATPase activity was expected to be localized (Chamlian et al., 1988). 

The minimal amount of staining in these regions may be due to the 

small size of the area under consideration. The size of the bile 

canaliculi is small enough to make them difficult to see at the 

magnification available with light microscopy, but they are indeed 

visible. Better resolution of the staining could be provided by 

electron microscopy. Additionally, the lack of ideal specificity in this 

localization could be a result of the fact that I localized all enzymes 

capable of functioning under the conditions of this experiment; that 
is, at pH 9.0 in the presence of 25% DMSO, 10 mM Mg++, and 25 mM 

K+. The addition of 25% DMSO raises pH optimum of p-NPPase to pH 

9.0. These other enzymes could include alkaline phosphatase or
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other ATPase enzymes. The control utilized was 

nitrophenylphosphate-free (substrate-free) . Other controls which 

could have been utilized and may have improved the specificity of 

this technique could have included a ouabain control or a K+-free 

control. Ouabain serves as an inhibitor of the p-NPPase activity 

associated with Na,K-ATPase and should completely block the 

function of this enzyme. A potassium-free control should also block 

the activity of p-NPPase which relies upon K+ ions for activity. A 

control which would inhibit alkaline phosphatase activity, such as 

inclusion of cysteine or tetramisole, may also have been helpful.

The intensity of staining at the periphery of the liver cells and 

in the center of small groups of these cells may be accounted for by a 

number of factors. Some of this intense staining is due to the 

deposition of reaction product at the basolateral membrane region as 

described by Chamlian and colleagues (1988). It is possible that the 

staining is intense at these regions due partially to an accumulation 

of reaction product at these areas where there is more room for it to 

accumulate. The periphery of the hepatocytes is often exposed to a 

sinusoidal space or the space of Disse, an expanded open area 

between the endothelial lining of the sinusoid and the actual 

hepatocytes of the liver lobule, where reaction product could 

accumulate. Because the phosphate group released in this 

dephosphorylation step is released in the interior of the cell, 

however, no extracellular reaction product depostion was initially 
expected. Additionally, some activity is associated with the 

endothelial cells making up the lining of the sinusoids, as was 

described by Chamlian and colleagues (1988). Staining there could
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be a result of p-NPPase activity in the Kupffer cells which are found 

in conjunction with the liver sinusoids. Staining in these two regions 

could also be due to a reduction in the external pressure exerted on 

the bile canaliculi, by the surrounding liver cells, due to the 

proximity of these canaliculi to the open areas. This could lead to a 

more expanded nature of the bile canaliculi and easier visualization 

of reaction product deposited there. Part of the staining in these two 

regions is, in all probability, due to the endogenous Na,K-ATPase 

activity of the tissue itself involved in the transport of ions across 

the cell membrane. .

Vinculin Localization

The level of background color evident in the vinculin control 

slides was greater than was desired. Erythrocytes stained intensely 

in the peroxidase reaction because of their endogenous peroxidase 

content. I chose not to inhibit this endogenous peroxidase activity in 

order to allow erythrocyte staining to serve as a positive control. 

Also darkly stained were the pigment granules and cells, but this 

was due to their own pigment content and not to a deposition of 

peroxidase reaction product. The cytoplasm of the hepatocytes 

appeared slightly stained, while the cell nuclei were not stained at 

all. Totally clear areas corresponded most often to sinusoids (or the 

space of Disse) or to artifacts in the tissue as a result of cutting the 

6gm-thick sections.
In the experimental sections, the same background color was 

evident, making identification of landmark structures in the tissue 

quite easy. High-power magnification is required in order to see the
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subtle differences in staining intensity between the control and 

experimental slides. In these slides, the best areas of staining are 

found between the cells in regions close to the bile canaliculi. This 

staining between cells, while not marked, nevertheless suggests the 

presence of vinculin. This staining pattern is consistent with the 

presence of vinculin in the adhering junctions (especially zonula 

adherens) and in communicating junctions between cells. The former 

type of junction exists to some degree between virtually all cell-cell 

contacts in animals and would be expected to be concentrated inside 

the cell at areas associated with these cell-cell contacts. Vinculin is 

also an integral part of the tight junctions which surround the bile 

canaliculi between the cells. Tight junctions are associated with the 

boundaries of the bile canaliculus between cells, and these are in 

turn flanked by adhering junctions responsible for holding the two 

cells together by attachments between their membranes. Adjacent 

to the adhering junctions are regions of communicating junctions. 

Depending upon the level of distribution of these communicating 

junctions adjacent to the bile canaliculi, vinculin distribution could be 

correspondingly greater or smaller. While the bile canaliculi appear 

small at magnifications achieved under high power, they are clearly 

visible and the vinculin associated with their cell-cell junctions 

would be expected to be found in there. The fact that there was 

little difference between the appearance of the experimental sections 

versus the control sections could be due to a number of factors. It is 
possible that the incubation periods were not long enough or that the 

antibody concentrations were too low, but neither of these is 

probable as the incubation periods and antibody concentrations used
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were equal to or higher than those published in availaable 

literature. Rather, it is more likely that the failure of the method to 

succeed was due to the fact that the antibody was prepared against 

vinculin extracted from a chicken rather than a frog. While this 

monoclonal antibody recognizes the same antigenic determinant in 

all mammalian vinculin (indicating a conservation of this 

determinant), it is quite possible that the amphibians (including the 

frog) are evolutionarily too distant and lack the same antigenic 

determinant.
The reasons that the immunohistochemical localization of 

vinculin and the enzyme cytochemical localization of Na,K-ATPase 

(through p-NPPase activity) failed to work in mouse liver tissue are 

not clear. The mouse and frog tissues were treated exactly the same 

and were subjected to the same reaction conditions, but failed to 

display similar results.

These two methods of localizing proteins in biological tissues 

provide a powerful tool in the repertoire of a researcher attempting 

to understand protein distribution in any tissue which has not yet 

been studied. Enzyme cytochemical localization of Na,K-ATPase, or 

any other protein which displays enzymatic activity, utilizes one 

important aspect of protein structure and function in order to localize 

proteins and understand their distribution. Immunohistochemical 

localization of vinculin, or any molecule against which a monoclonal 

antibody can be prepared, utilizes the incredible specificity of these 
antibodies in order to pinpoint any desired protein out of a literal sea 

of other proteins. When properly performed, and barring the 

introduction of any unforeseen errors (which is not always possible),

30



these two methods can shed light on the distribution of proteins in 

tissue, which in turn helps to. illustrate their function and 

importance. In effect, these localization methods allow a researcher 

to predictably, reproducably, and accurately find the proverbial 

needle in a haystack.
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Fig 1. Immunohistochemical labelling. The signal which localizes 
vinculin is amplified through use of the ABC reagent. The precipitate 
formed by the peroxidase substrate reaction is actually visualized. 
The first incubation (primary antibody) is indicated by the number 
one (1). The second incubation, that of the biotinylated secondary

• antibody, is indicated by the number two (2). The final incubation
(at number three [3]) indicates the ABC-peroxidase complex.
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Fig. 2 Localization of p-NPPase: control (-NPP, A) and experimental 

(+NPP,B) fields at low magnification. Pigment granules (arrowhead) 

are visible in both control and experimental fields. In the 

experimental field, reaction product is concentrated within the bile 

canaliculi (short arrow) and along the lining of the sinusoid (long 

arrow).
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Fig. 3 Localization of p-NPPase: control (-NPP, A) and experimental 

(+NPP, B) fields at high magnification. In the control field, no 

reaction product is visible. In the experimental fields, reaction 

product is concentrated along the lining of the sinusoids (arrowhead), 

within the bile canaliculus (short arrow), and along lateral 

membranes of the hepatocytes (long arrow).
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Fig. 4 Localization of vinculin: control (A) and experimental (B) 

fields at low magnification. Erythrocytes contain reaction product in 

both experimental and control fields (short arrow). Hepatocytes in 

the experimental field generally show slightly more reaction product 

than hepatocytes in the control field.
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Fig. 5 Localization of vinculin: control (A) and experimental (B) 

fields at high magnification. Erythrocytes (short arrow) contain 

reaction product in both the experimental and control fields. While 

hepatocytes in the experimental field generally show more reaction 

product than those in the control field, this distribution is not such 

that vinculin distribution at the bile canaliculi is evident.
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