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ABSTRACT Distribution of [Na*,K*]ATPase on the cell surface of canine hepatocytes was
investigated quantitatively by incubating prefixed and dissociated liver cells with ferritin
antibody conjugates against canine kidney holo[Na*,K*]JATPase. We found that [Na* K*]-
ATPase exists bilaterally both on the bile canalicular and sinusoid-lateral surfaces. The particle
density on the bile canalicular surface was much higher (approximately 2.5 times) than that
on the sinusoid-lateral surface. In the latter region, the enzyme was detected almost equally
both on the sinusoidal and lateral surfaces. On all the surfaces, the distribution of the enzyme
was homogeneous and no clustering of the enzyme was detected. Total number of the enzyme
on the sinusoid-lateral surface was, however, approximately three times higher than that on
the bile canalicular region, because the sinusoid-lateral surface represents ~87% of the total
cell suface of a hepatocyte. We suggest that the [Na* K*]JATPase on the bile canalicular
surface is responsible for the bile acid-independent bile flow and the other transport processes
on the bile canalicular cell surface, while that on the sinusoid-lateral surface is responsible not
only for the active transport of Na* but also for the secondary active transport of various

substances in this region.

Sodium- and potassium-activated ATPase ([Na*,K*]JATPase;
EC 3.6.1.3}is an intrinsic and vital plasma membrane protein
consisting at least of catalytic («) and glycoprotein (3) sub-
units, and is thought to be the enzymatic equivalent of the
sodium pump that represents the major driving force of
transepithelial Na* transport (1).

Epithelial cells are usually highly polarized, and it has been
of obvious importance to determine exactly where sodium
pump exists on epithelial cell surfaces, because transepithelial
transport of not only Na* but also various substrates is inti-
mately correlated with the location of the sodium pump in
the epithelial cells (2).

This is also true in the case of hepatocytes. Structurally,
three major domains are recognized in the hepatocyte plasma
membranes; sinusoidal, lateral, and bile canalicular, and it
has been of keen interest to determine the exact localization
of [Na* K*]ATPase on these domains. Especially, the secre-
tion of bile by hepatocytes into the bile canaliculi has been
reported to be a result of an osmotic flow of water accom-
panied by the active transport of electrolytes, such as bile salts
and sodium, and bile acid-independent components of bile
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flow have been reported to be regulated by [Na*,K*]ATPase
located at the hepatocyte plasma membrane (3-7).

The localization of [Na*,K*]JATPase on the hepatocyte cell
surface has been studied extensively by histochemical (8, 9)
and biochemical procedures (10-12) and quite controversial
results have been reported as is discussed later. Recently we
have successfully dissociated prefixed hepatocytes without
losing their polarized structures (13, 14). By incubating iso-
lated hepatocytes with ferritin antibody conjugates monospe-
cific for [Na*,K*]JATPase, we could determine quantitatively
the distribution of [Na*,K*]ATPase on the canine hepatocyte
cell surface. This work was presented in part at the 36th
Annual Meeting of Japan Society for Cell Biology (15).

MATERIALS AND METHODS

Materials: Trasylol was obtained from Bayer (Leverkusen, W. Ger-
many). Leupeptin and pepstatin were obtained from the Protein Research
Foundation (Osaka, Japan). Concanavalin A-Sepharose 4B and wheat germ
agglutinin (WGA)-Sepharose! 6MB were from Pharmacia Fine Chemicals
(Piscataway, NJ); octaethylene glycol dodecyl ether (C,,E;s) was from Nikko

' Abbreviations used in this paper: WGA, wheat germ agglutinin,
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Chemicals Co., Ltd. (Tokyo, Japan); and ‘?*I protein A was from New England
Nuclear (Boston, MA). All other chemicals were obtained from various sources
as analytical grade reagents.

Preparation of Jorgensen’s [Na*,K*]JATPase Fraction from

Canine Kidney: Microsomal membranes were prepared from the outer
medullae of canine kidneys and treated with SDS and subsequently loaded on
a discontinuous sucrose density gradient to prepare [Na*,K*]JATPase by a slight
modification of the method of Jorgensen (16, 17), as described elsewhere (18).
The ATPase enriched fraction (Jorgensen’s ATPase fraction) obtained were
suspended in 0.25 M sucrose, 50 mM imidazole, pH 7.5, 2 mM EDTA and
the solution was kept frozen at —80°C until use. The specific activity of this
fraction was 800-1,000 umol P;/mg protein/h when measured according to
Jorgensen (16).

Purification of Holo[Na*,K*]JATPase: Holo[Na*,K*]ATPase was
purified from the Jorgensen’s ATPase fraction by solubilization with C,,Eg (19~
21) and subsequent affinity chromatography with WGA-Sepharose 6 MB,
which has specific affinity for the 8 subunit of the ATPase and, therefore, used
for the purification of the subunit by Omori et al. (18).

To 2.5 ml of the Jorgensen’s [Na*,K*]ATPase solution (2 mg/ml), we added
trasylol, leupeptin, and pepstatin at a final concentration of 200 U, 20 ug, and
20 ug/ml, respectively; and 10% C:Es was added at a weight ratio of protein
to Cy;E;g of 1:3. The mixture was incubated at 25°C for 15 min and centrifuged
at 100,000 g for 1 h. The supernatant was dialyzed at 4°C against 30 mM
histidine (pH 7.2) containing 100 mM KCl, 0.04% C,;E;, 10 mM choline
chloride, and 100 pug/ml phosphatidyl choline (buffer A). The dialyzed solution
was mixed continuously at 4°C overnight with WGA-Sepharose 6 MB previ-
ously washed extensively with buffer A. The WGA-Sepharose was washed twice
with buffer A by low speed centrifugation and packed into a column (0.4 X 8.0
cm). After washing the column with 10 vol of buffer A, 0.2 M N-acetylgluco-
samine in buffer A was used for the elution of holo[Na*,K*]ATPase.

Purification of the a- and B-Subunits: The a- and S-subunit of
[Na*,K*JATPase was prepared by using SDS PAGE and lectin-Sepharose
affinity chromatography as has been reported recently from our laboratory (18).

Antibody Preparations: Purified holo[Na*,K*JATPase or the a- and
B-subunits in Freund’s complete adjuvant were injected into rabbits subcuta~
neously (100-200 ug protein/animal) or popliteal lymph nodes according to
Goudie et al. (22) (50~100 pg protein/animal). 1 wk before bleeding, the rabbits
were intravenously immunized with the corresponding proteins (100-200 ug
protein/animal). The IgG fractions of these antisera were prepared by repeated
precipitation with ammonium sulfate, followed by DEAE cellulose column
chromatography, and concentrated to the original serum volume.

Specific Inhibition of the Kidney and Liver [Na*,K*]ATPase

Activities by the Antibodies: The immunological specificity of the
antibodies was tested by specific inhibition of the [Na*, K*]ATPase activities of
kidney [Na*,K*]ATPase fraction of Jorgensen and of the liver plasma mem-
brane fraction of Neville (23).

In the former case, 0~200 ul of the nonimmunized rabbit serum or anti-
serum, which were previously dialysed extensively against 0.15 M imidazole/
HCI buffer, pH 7.4, and 20 gl of the kidney [Na*, K*]ATPase fraction (0.2 mg
protein/ml), was added to 10:9 concentrated buffer B (3 mM MgCl,, 130 mM
NacCl, 20 mM KCl, 30 mM histidine, pH 7.5, with or without 1 mM ouabain)
at a final volume of 0.9 ml. The solution was incubated at 37°C for 20 min,
then 100 ul of 30 mM ATP was added and the incubation was continued for §
min. The reaction was stopped by adding 100 ul of 50% trichloroacetic acid
and cooling to 0°C. The amount of inorganic phosphate liberated was measured
by the method of Parvin and Roberts (24).

In the latter case, canine liver plasma membrane fraction was prepared
according to Neville (23), and the inhibition of the [Na*,K*]ATPase activity
by the antibodies was measured. Nonimmunized rabbit IgG (control IgG) or
specific 1gG, (0-400 ng), which were previously dialysed against 0.15 M Tris—
HCI buffer, pH 7.4, and the plasma membrane fraction (50 ug) was added to
the 10:9 concentrated buffer B at a final volume of 0.9 mi. This solution was
preincubated at 4°C for 12 h. Then, after preheating at 37°C for 2 min, 100 ul
of 30 mM ATP was added and the incubation continued for 20 min at 37°C.
The reaction was stopped and the amount of liberated inorganic phosphate was
measured as before.

Characterization of the Antibodies by Immunoblot-

ting: The immunological specificity of the antibodies was also tested by
immunoblotting of [Na*,K*]ATPase from canine liver plasma membranes
according to Burnett (25). Briefly, plasma membrane fractions were prepared
from canine liver by the method of Neville (23), and the membrane proteins
were separated by SDS PAGE and transferred electrophoretically to a nitrocel-
lulose sheet. The sheet was incubated with IgG specific for holo[Na*,K*]ATPase
and subsequently with '?*I-labeled protein A and visualized by radioautography.
As a control, the Jorgensen’s [Na*,K*]JATPase fraction was analysed simulta-
neously.

Preparation of Ferritin Antibody Conjugates: Ferritin was
purified from horse spleen according to the procedures of Granick (26), with a
slight modification. Ferritin and the antibodies were coupled together by using
glutaraldehyde as a coupling agent (27), and the ferritin antibody conjugates
with the molar ratio of IgG to ferritin of approximately 1:1 were isolated by gel
filtration on Bio-Gel A 1.5 M (Bio-Rad Laboratories, Richmond, CA) as
described previously (13). The conjugates were concentrated to ~2 mg of
ferritin and 0.5 mg IgG/ml. The control conjugates were prepared in the same
way by coupling ferritin with nonimmunized rabbit IgG (control IgG).

Dissociation of Prefixed Liver Cells: Prefixed liver cells were
dissociated from canine liver according to the improved procedures of Matsuura
et al. (14). By this procedure we could prepare the dissociated hepatocytes and
endothelial cells preserving well their original polygonal shape (14).

Labeling of Isolated Liver Cells with Antibody Conjugates
and Electron Microscopy: Prefixed canine liver cells were incubated
for 2-3 h at 0-4°C with either antibody conjugates or control conjugates. The
incubation with antibody conjugates was always carried out at the saturation
level of the antibody as described previously (28), and the corresponding
concentration of control conjugates were used for the control experiments.

The other procedures for the quantitative ferritin immunoelectron micros-
copy were carried out according to the previous paper from this laboratory (13,
14, 28). As a control, hepatocytes were incubated with the control conjugates.

Other Methods:  Protein was measured by the method of Lowry et al.
(29) using bovine serum albumin as the standard. SDS PAGE was run according
to Laemmli (30) using either 8% or 10% polyacrylamide gels.

RESULTS
Recovery and Purity of Holo[Na*,K*]JATPase

Fig. 1 shows SDS PAGE patterns of the Jorgensen’s ATPase
fraction (lane 1), C,,E; insoluble (lane 2), C,,E; soluble (lane
3), WGA-Sepharose bound (lane 4), and flow-through (lane
5) fractions, respectively.

In agreement with Esmann et al. (19), treatment with C,,Es
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Ficure 1 SDS PAGE patterns of the Jorgensen’s ATPase fraction
{lane 1), CyEs insoluble (lane 2), Ci;Es soluble (lane 3), WGA-
Sepharose bound (lane 4), and WGA-Sepharose flow-through (lane
5) fractions, respectively. Electrophoretic analyses were carried out

in 8% polyacrylamide gels according to Laemmli (30) and the gels
were stained with Coomassie Brilliant Blue.
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resulted in a selective solubilization of two proteins seen on
SDS gels; ~100,000- and ~55,000-mol-wt peptides, which
correspond to «- and S-subunit of [Na*,K*JATPase, respec-
tively. It is evident, however, that small amounts of the
impurities are effectively eliminated by the affinity chroma-
tography with WGA-Sepharose 6 MB (Fig. 1, lane 5), and the
WGA-Sepharose bound fraction is now exclusively composed
of the a- and B-subunits (Fig. I, lane 4). We have previously
reported that the a-subunit, when denatured with SDS, does
not bind to the WGA-Sepharose (18).

Table I shows yield in the amount of protein and the specific
activity of [Na*,K*]JATPase in the course of the purification
procedures of holo[Na*, K*]ATPase. Starting from the
[Na* K *]ATPase fraction of Jorgensen, the protein yield and
the enzyme specific activity of the final preparation (WGA-
Sepharose bound fraction) was ~10% and 50%, respectively.
The specific activity of the WGA-Sepharose bound fraction
was even lower that of the original Jorgensen’s fraction. Since
[Na*,K*]ATPase is originally a membrane-bound enzyme, it
is suggested that the enzyme, although purified extensively,
was partially inactivated by the detergent treatment as re-
ported by Brotherus et al. (31).

Some Properties of the Antibodies against
Canine [Na* K*]ATPase

The properties of the antibodies against the o- and (-
subunits have been described in detail elsewhere (18). These
antibodies did not inhibit [Na*,K*]ATPase activity under
various conditions in agreement with the report by Mc-
Donough et al. (32). Imnmunoelectron microscopic observa-
tion indicated that the ferritin-antibody conjugates against
these «- and B-subunits do not bind to the cell surface of
hepatocytes.

On the contrary, the antibody against the holoenzymes
markedly inhibited not only canine kidney [Na*, K*]ATPase
activity but also liver ATPase activity as shown in Figs. 2 and
3, respectively, and we could show characteristic labeling of
canine hepatocyte cell surface as described in the following.
In the subsequent immunoelectron microscopic analyses, the
antibody against holo[Na*,K*]ATPase was exclusively used.

The monospecificity of the antibody against holo[Na*,
K*]ATPase was tested by the “Western blotting” of the canine
kidney [Na*,K*]ATPase fraction and the canine liver plasma
membrane fraction. As shown in Fig. 4, the antibody bound
preferentially to the « subunit of [Na*,K*]JATPase from both
kidney and liver, and no other membrane proteins were
labeled. By longer exposure, however, their $-subunits were
also visualized. When the control IgG from non-immunized
rabbit sera was used, none of the membrane proteins were
labeled.

Tasie |
Recovery and Specific Activity of [Na*,K*]ATPase

Protein yield,  Specific activ-
Fraction n=5 ity, n=3
% %

jorgensen’s [Na*,K*]ATPase 100 160
C1,Es solubilized 58.3 £ 5.1 448 £ 6.8
Cy2Eg insoluble 32121 0
WGA-Sepharose bound 9.7+29 48.7 £ 6.3
WGA-Sepharose flow-through 14.7 £ 6.4 0
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Ficure 2 Inhibition of canine kidney [Na* K*]ATPase activity by

the addition of antisera against canine kidney holo[Na* K*]ATPase.
The Jorgensen’s [Na*,K*]ATPase fraction prepared from canine
kidney (16, 17) was preincubated with various amounts of nonim-
munized rabbit serum (O) or antiserum (@) at 37°C for 20 min. After
addition of ATP, the solution was further incubated for 5 min. The
reaction was stopped by the addition of trichloroacetic acid and
cooling. The amount of inorganic phosphate liberated was mea-
sured by Parvin and Roberts (28). [Na* K*]ATPase activities were
measured as a difference in the amount of inorganic phosphate
liberated in the presence and absence of 1 mM ouabain. The
ATPase activity in the absence of the antisera was presented as
100% of the orginate.
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Ficure 3 Inhibition of canine liver [Na* ,K*]ATPase activity by the

addition of antibodies against canine kidney holo[Na* K*]ATPase.
The canine liver plasma membrane fraction was prepared according
to Neville (23). These membranes were preincubated either with
control 1gG prepared from non-immunized rabbit sera or specific
18G prepared from immunized sera for 12 h at 4°C. ATP was added
and the solutions were further incubated at 37°C for 20 min. The
reaction was stopped and the amount of liberated inorganic phos-
phate was determined. [Na*,K*]ATPase activities were measured
as described in the legend for Fig. 2, and Mg?*-ATPase activities
were measured in the presence of 1 mM ouabain. These two
ATPase activities in the absence of 1gG were presented as 100% of
the orginate. [Na*,K*]ATPase, + specific 1gG (@); + control 1gG (O).
Mg?+ATPase, + specific 1gG (A); + control 1gG (A).
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Ficure 4 Characterization of the antibodies against holo[Na*,
K*]ATPase by immunoblotting. The Jorgensen’s [Na*,K*]ATPase
fraction (the left lane of A, 20 ug protein; the right lane of A, 2.5 ug
protein) and the plasma membrane fraction (the left lane of B, 50
ug protein; the right lane of B, 150 g protein) prepared from canine
liver according to the method of Neville (23) were separated by
SDS PAGE in 10% polyacrylamide gels. The left lanes of A and B
were stained with Coomassie Brilliant Blue, while the right lanes of
A and B were transferred electrophoretically to a nitrocellulose
sheet according to the method of Burnett (25). Then the sheet was
incubated with the 30-fold-diluted specific igG and subsequently
with '®|-labeled protein A and visualized by radioautography.

Bile Canalicular Cell Surface of Hepatocytes

Figs. 5 and 6 illustrate the bile canalicular face of the
hepatocytes that were incubated with ferritin antibody con-
jugates against the holoenzymes. This face can be easily
identified by the presence of a pair of junctional complex
regions (arrows) and characteristic microvilli. The bile cana-
licular microvilli of canine hepatocyte do not show marked
ballooning or vesiculation as was observed in those of rat
hepatocytes (13, 14, 33).

On the bile canalicular surface, ferritin particles were dis-
tributed homogeneously both on the microvillar and inter-
microvillar regions, and no clustering of the particles was
observed on both regions. These findings are in marked
contrast to the clustered distribution of 5’-nucleotidase on
the canalicular region of rat hepatocytes (14).

Fig. 7 shows the bile canalicular region of canine hepato-

cytes incubated with control conjugates. When washed well,
hardly any ferritin particles were found attached to the hepa-
tocytes cell surface, including the bile canalicular surface.

Sinusoidal and Lateral Surfaces of Hepatocytes

As shown in Figs. 8 and 9, sinusoidal surface of hepatocytes
was labeled with ferritin antibody conjugates rather uni-
formly. Both microvillar and intermicrovillar regions were
labeled and no clustering of ferritin particles on the sinusoidal
surface were observed. It is apparent, however, that the degree
of labeling on the sinusoidal surface was much less than that
on the bile canalicular surface.

Figs. 10 and 11 show that the lateral surface of hepatocytes
is also labeled rather uniformly with ferritin particles. No
marked clustering of ferritin particles was observed.

Endothelial Cell Surface

Fig. 12 shows an endothelial cell. It is apparent that the
surface of the endothelial cells is labeled evenly with ferritin
particles. Again, no clustering of ferritin particles was observ-
able.

Particle Density on the Various Regions of Canine
Hepatocyte Cell Surface

The particle density or the number of ferritin particles per
pm of various regions of canine hepatocyte cell surface was
calculated and shown in Table II. The total number of ferritin
particles counted was about 11,000 and the total length of
cell surface surveyed was ~800 um.

The particle density of the bile canalicular surface was about
2.5 times higher than that of the sinusoidal surface, and no
marked difference in the particle density was noticed between
the lateral and sinusoidal surfaces. Table II also shows the
particle density at various surfaces of the control experiments.
At the bile canalicular surface the particle density of the
control specimens was ~1% of the experimental particle
density. These control values were subtracted from the exper-
imental values shown in Table II.

In the previous paper the average area per cell of sinusoidal,
lateral, and bile canalicular surfaces of hepatocyte were deter-
mined by morphometry as 1,756, 785, and 407 um?, respec-
tively (17). Assuming that the average thickness of the thin
sections is 70 nm, we can calculate the approximate total
number of ferritin particles on the various cell surfaces per
cell as shown in Table III. Although the particle density of
the bile canalicular surface is ~2.5 times higher than that of
the sinusoid-lateral surfaces, the total number of [Na* K*]-
ATPase on the sinusoid-lateral surface is about three times
higher than that on the bile canalicular surface.

DISCUSSION

The cytochemical localization of [Na*,K*]ATPase in hepa-
tocyte has been studied first as Mg-activated ATPase by using
a lead phosphate capture method as described by Wachstein
and Meisel (34). It had been uncritically assumed that any
cytochemically demonstrable plasma membrane Mg-ATPase
is likely to be [Na*,K*]ATPase (35). This ATPase reaction
product was demonstrated exclusively at the bile canalicular
membranes of hepatocytes (34-37). The validity of this
method, however, has been criticized, because Pb?* inhibits
[Na* K*]ATPase strongly, Pb>* can cause nonenzymatic hy-
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Ficures 5-7 Bile canalicular region of canine hepatocyte incubated with ferritin antibody conjugates against canine kidney
holo[Na*,K*]ATPase (Figs. 5 and 6) or with control conjugates (Fig. 7). The bile canalicular region was easily identified by the
presence of a pair of junctional complex regions (arrows). The microvillar and intermicrovillar regions of the bile canalicular
surface are heavily labeled. Note that the canine bile canalicular microvilli are not vesiculated. X 64,500.
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FiGures 8 and 9 Sinusoidal region of canine hepatocyte incubated with ferritin antibody conjugates against canine kidney
holo[Na*,K*]ATPase. The microvillar and intermicrovillar regions of the sinusoidal surface are evenly labeled by the antibody
conjugates. Note that the degree of labeling on the sinusoidal surface is much less than that on the bile canalicular surface.

X 64,500.

drolysis of ATP, and Pb** and ATP can form insoluble,
electron-dense complexes in the absence of hydrolysis of ATP
(38).

Then Ernst deviced a strontium-phosphate capature tech-
nique and used it to identify the site of a ouabain-sensitive,
K-dependent phosphatase in salt gland (39, 40). This enzyme
was assumed to be identical with [Na*,K*]ATPase. This
technique has been applied for cytochemical localization of
[Na*,K*]ATPase in rat hepatocyte by Blitzer and Boyer (8)
and Latham and Kashgarian (9). They found that the enzyme
is localized exclusively to the sinusoidal and lateral portion of
the rat hepatocyte plasma membrane and is not detectable on
the bile canaliculi. Thus the localization of the enzyme activity
in hepatocytes is similar to that reported for other transporting
epithelia as reviewed by DiBona and Mills (2). This conclusion
has been generally accepted and the mechanisms of hepato-
cyte bile formation is now discussed based on this conclusion
(6, 7).

Biochemical investigation of the localization of [Na* K*]-
ATPase in rat liver plasma membrane has been reported by
Boyer and Reno (10) and Toda et al. (11). Both of them
independently arrived at a same conclusion that the ATPase
is present in fractions of rat liver plasma membranes that are
enriched in bile canaliculi. Similar results have been reported
by Reichen and Paumgartner (41), who pointed out the
relationship between bile flow and [Na*,K*]ATPase activity
in liver plasma membrane enriched in bile canaliculi. Poupon

and Evans (12), however, have presented evidence for the
localization at the lateral region.

Since [Na*,K*]ATPase was localized histochemically on
the sinusoidal and lateral surface in the rat hepatocytes by
Blitzer and Boyer (8), the biochemical data by Boyer and
Reno (10) was interpreted as contamination of the bile cana-
licular membrane fraction by sinusoidal and lateral mem-
brane fragments (8).

The localization of [Na*,K*]ATPase on the hepatocyte cell
surface is thus quite confusing and is not firmly established.
We have, therefore, localized [Na*,K*]ATPase on the hepa-
tocyte by applying quantitative ferritin immunoelectron mi-
croscopy to the isolated hepatocytes prefixed by perfusion
with dilute glutaraldehyde. This technique has been success-
fully applied for the quantitative distribution analyses of rat
liver plasma membrane proteins such as asialoglycoprotein
receptor (13) and 5’-nucleotidase (14), and the polarized
distribution of such membrane proteins on hepatocyte cell
surface has been clearly demonstrated.

The results of our present experiment can be summarized
as follows: (a) The antigenic sites of [Na*,K*]ATPase are
detected bilaterally, that is, both on the bile canalicular and
sinusoid-lateral surfaces. (b) The average particle density of
the enzyme on the bile canalicular region was approximately
2.5 times higher than on the sinusoidal-lateral region. In the
latter region, the enzyme is detected almost equally both on
the sinusoidal and lateral regions. (c) In each region, the
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holo[Na*,K*]ATPase. The lateral surface is evenly labeled by ferritin particles. X 64,500.

Ficure 12 Endothelial cells incubated with ferritin antibody conjugates against canine kidney holo[Na* K*]ATPase. The surface
of endothelial cells is also evenly stained with ferritin particles, X 64,500.

TaBLE

Density of Ferritin Particles on Various Cell Surfaces (No. of
Ferritin Particles Bound per Micrometer of Cell Surface)

TaBLE il

Average Number of Ferritin Particles on the Three Surface
Domains of a Hepatocyte

Antibody Control
Cells and cell surfaces conjugates conjugates
Hepatocyte
Bile canalicular 33975 0.3+0.1
Sinusoidal 13.6 £1.5 0.4 0.1
Lateral 152%£1.6 0.5+0.2
Endothelial cell (n = 1) 15.5 2.5

distribution of [Na*,K*]JATPase was homogeneous, no clus-
tering of the enzyme being detected. (d) The total number of
enzyme sites on the sinusoid-lateral region is, however, ap-
proximately three times higher than that on the bile canalic-
ular region, because the canalicular surface represents only
13% of the hepatocyte surface membrane (13, 42).

The most interesting finding in our experiment is that the
distribution of [Na*,K*]JATPase is not unilateral but bilateral,
existing both the bile canalicular and sinusoid-lateral regions.
This distribution of the enzyme on the bile canalicular surface
is in contradiction to the enzyme cytochemical localization
results on [Na*,K*]ATPase.

The present immunoferritin localization technique is based
on the high specificity of immunological reaction and is
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No. of ferritin particles/cell
1.97 x 10° (27.8%)

Cell surface

Bile canalicular

Sinusoidal 3.41 X 10° (48.2%)
Lateral 1.70 X 10° (24.0%)
Total 7.08 X 10° (100%)

sensitive and quantitative. The use of isolated and prefixed
hepatocytes have made it possible to determine with high
accuracy the surface density of [Na*,K*]ATPase on the var-
ious domains of the hepatocytes. The disadvantage of im-
munocytochemical techniques is, however, that it does not
necessarily establish the localization of active enzyme since
only enzyme protein antigenicity is assayed by immunoferri-
tin staining (38).

Similar bilateral localization of [Na*,K*JATPase on the cell
surface of the renal convoluted tubules has been reported by
Kyte (43, 44) by applying the immunoferritin antibody con-
jugates to the ultrathin frozen sections. According to his
interpretation, the density of the enzyme at the luminal
surface of the tubules was much lower. It may be argued that
the active enzyme does not exist on the luminal surface of
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FIGURe 13 Possible routes of transport of Na* in hepatocytes.
[Na*,K*]ATPase (pump) exists bilaterally both on the sinusoid-
lateral and bile canalicular surfaces. S indicates the substrates which
are transported with Na* in the symport or antiport systems. BC,
bile canaliculi. /C, junctional complexes.
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the distal segment of the convoluted tubules, because the
luminal membranes does not react with ferritin antibody
conjugates against the a-subunit (43).

In the present experiment, however, the density of [Na*,
K*]ATPase at the luminal (bile canalicular) surface was about
2.5 times higher than on the basolateral (sinusoid-lateral)
surface. Furthermore, our antibody inhibited [Na*,K*]JAT-
Pase activity completely and was reactive primarily with «-
chain determinants, although it was slightly reactive with §-
chain determinants, too. We believe, therefore, that the active
enzyme does exist there and may play an important physio-
logical function.

The most probable interpretation is that the [Na* K*]AT-
Pase on the bile canalicular plasma membrane is intimately
correlated with the bile acid-independent bile flow. If this is
the case, [Na*,K*]ATPase on the bile canalicular surface is
oriented in the right direction to transport sodium into the
canalicular lumen as schematically illustrated in Fig. 13.

Then what are the functions of [Na*,K*]JATPase on the
sinusoid-lateral surface of hepatocyte? It may be concerned
primarily with the active transport of sodium into the si-
nusoid-lateral spaces and hence indirectly with the secondary
active transport of various substances coupled with the active
transport of sodium (symport and antiport). It is possible that
the bile flow is indirectly controlled by the [Na* K*JATPase
on the sinusoid-lateral surface of the hepatocytes.

It is interesting to note here that recently an immunofluo-
rescence study appeared suggesting that most hepatocyte Na*
pumps exist in canalicular membranes (45).
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