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collaborators were the first to demonstrate in normal liver
that centrizonal hepatocytes take up bile acids equally well
but they excrete them at a much lower rate than periportal
hepatocytes do*. We have confirmed these findings in our
control animals, extraction being equal during ante- and
retrograde perfusion but excretion rate (x,) being markedly
slower during retrograde perfusion.
Oral bile acid feeding has been used by several investigators
to expand the bile acid pool® ~ 8. Although we did not mea-
sure the bile acid pool in the present experiments, the in-
crease in bile flow and basal bile salt secretion was compara-
ble to that in another study using the same feeding
schedule®. It can be assumed, therefore, that we induced an
8-fold expansion of the bile acid pool similar to that de-
scribed by previous investigators®. Expansion of the bile
acid pool has been shown to increase the maximal rate of
taurocholate secretion in vivo ® ~ 8; this has been ascribed to
recruitment of hepatocytes® ¢ and to an induction of bile
acid receptors ®. Our results suggest two different phenome-
na induced by bile acid feeding. In the absence of exogenous
taurocholate the excretion rate constant is even slower in bile
acid-fed than in control rats. This could be due to induction
of bile acid-binding proteins in the hepatocyte!”. It is not
known whether these binders have a preferential acinar lo-
calization but the delay in excretion observed during retro-
grade perfusion is compatible with such a hypothesis. When
excretion is studied during a period of moderate tauro-
cholate load, by contrast, a marked acceleration in tauro-
cholate secretion is observed in pool-expanded, but not in
control rats. We submit that this phenomenon is due to sat-
uration of the bile acid binders, and excretion thus becomes
the rate-limiting step. Under these experimental conditions it
becomes obvious that the secretory characteristics of centri-
zonal hepatocytes have been dramatically changed; they
now have the secretory characteristics of periportal hepato-
cytes. These findings suggest that the previously-described
increase in cholic acid receptors induced by bile acid feed-
ing® could be occurring mostly in centrizonal hepatocytes.
Two serendipitous observations deserve comment. Livers of
cholate-fed animals exhibited significantly higher oxygen
consumption than those of control rats (table 1). This is
probably due to the induction of Na,K-ATPase as described
by Wannagat et al. after cholate feeding®. The other one
relates to the increase in bile flow observed during retrograde
perfusion (fig.). Mention of this phenomenon has also been
made by Groothuis et al.*. The reason for it is unknown; its
occurrence in the absence of exogenous bile acids suggests
that it could be related to asymmetric distribution of ionic
. pumps; improved oxygenation of centrizonal hepatocytes is
thought to be mainly responsible for formation of bile salt-
independent canalicular bile flow 3.
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In conclusion, our study has shown that expansion of the bile
acid pool by cholate feeding alters the secretory characteris-
tics of centrizonal hepatocytes, making them behave more
like periportal hepatocytes, when challenged with a moder-
ate taurocholate load. In the absence of exogenous bile acids,
however, they secrete bile acids more sluggishly, perhaps
secondarily to induction of cytosolic bile acid-binding
proteins. Taken together, these two mechanisms could pro-
tect centrizonal hepatocytes from potentially toxic levels of
bile acids.
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Immunohistochemical localization of glutamine synthetase in human liver
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Summary. Glutamine synthetase (GS) of human liver was recognized with a polyclonal antibody to pig brain GS, but failed
to stain with an antibody against rat liver GS. Using the latter antibody GS of human liver was shown to be localized within
small rings of 1 to 3 hepatocytes surrounding the terminal hepatic venules. This pattern was analogous to that seen in rat

and mouse liver.
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The strikingly heterogeneous localization of glutamine syn-
thetase (GS) within liver parenchyma of mammals, charac-
terized by the exclusive expression of the enzyme protein
within 7 to 8 % of the hepatocytes arranged in small rings of
1 to 3 cells surrounding the terminal hepatic venules, was
first shown for the rat ! ~* and later on also for the mouse °.
Recently, a similar distribution of this enzyme was described
for some other mammalian species, while the distribution of
GS in uricotelic animals such as birds was found to be homo-
geneous®. These findings suggest that GS in ureotelic spe-
cies, e.g. mammals, is restricted to a small population of
hepatocytes which may act as scavenger cells for ammo-
nia''7. Preliminary results indicated that this concept may
hold for human liver 2. In the present study we investigated
in detail the distribution of GS in human liver using antibod-
ies against different GS species. As demonstrated herein
there seems to be a strong immunological difference between
GS molecules from different sources.

Materials and methods. Small fragments of human liver from
patients between 24 and 68 years of age (total of 17 speci-
mens) were obtained during autopsy §—20 h post-mortem or
from surgical biopsies in association with liver transplanta-
tions. The histological appearance of all liver specimens was
classified as normal, except three which showed some fatty
infiltration. The fragments were either snap-frozen in liquid
nitrogen or isopentane-cooled by dry ice or fixed by injection
of 3.5% paraformaldehyde in phosphate-buffered saline
(PBS) (pH 7.4) into open vessels, whenever possible, as well
as by immersion in the same solution for 1 to 3 h. They were
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Figure 1. Immunoblotting of GS in homogenates from different sources
with an antiserum against GS from pig brain. Lane A: marker proteins
(staining with amido black); lane B: rat liver; lane C: rat kidney; lane D:
rat brain; lane E: human liver.

then rinsed with PBS and embedded in paraffin. Further
processing for immunofluorescence followed the procedure
of Gebhardt and Mecke! and that for immunohistochem-
istry using the unlabeled peroxidase-antiperoxidase (PAP)
technique was performed as described recently ® °. Two pri-

Figure 2. Tmmunohistochemical localization of GS in rat and human
liver using an antiserum against GS from pig brain A PAP staining of rat
liver (bright field). B PAP staining of a paraffin section of human liver,

33-year-old male (phase contrast). C Phase contrast micrograph of a
cryotome section of human liver, 68-year-old male. D Fluorescence mi-
crograph corresponding to (C). Scale bar = 50 pm.
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Different recognition of GS from various sources by different antisera.

Species Organ Anti-GS-antiserum
Rat liver Pig brain

Rat Liver + +

Kidney — +

Brain — +
Mouse Liver + +

Kidney — +
Rabbit Liver + +
Human Liver — +

mary antibodies against GS were used. The first was raised
against pig brain GS' and the second against rat liver GS
prepared as described recently®.

For Western blot analysis homogenates of unfixed human
liver or of various tissues of rat, mouse, and rabbit were
prepared in sample buffer, and aliquots of 50 to 70 ug
protein were applied to discontinuous SDS-polyacrylamide
gel electrophoresis according to Laemmli '°. Electrophoretic
transfer on nitrocellulose, saturation of unspecific binding
sites and development with antibodies and peroxidase stain-
ing was performed according to Gebhardt and Schéifer-
Degenhart .

Results and discussion. Two polyclonal antisera prepared
against GS from either rat liver or pig brain showed a strik-
ingly different organ and species specificity. The antiserum
against the rat liver enzyme recognized GS only in the liver
of rat, mouse and rabbit, but not of man, whereas the anti-
serum against the pig brain enzyme reacted with GS of dif-
ferent organs and all species studied including man (table).
The latter antiserum also recognized GS from malignant
human gliomas '?. Western blot analysis (fig. 1) showed that
the subunits of GS of rat liver had a M, of 42,000 and those
of GS of rat kidney and brain had M, of 48,000 and 49,000,
respectively. The subunits of GS of human liver displayed a
M, of 49,000. These results indicate that some molecular
differences exist between the GS of rodent and human liver,
resulting in a markedly different immunological response.
Despite these differences the GS enzymes of mammalian
liver and brain must share at Jeast some immunological de-
terminants responsible for their cross-reactivity with the
proper antiserum. The results of the immunoblotting analy-
sis exclude that this cross-reactivity is due to the presence of
different subunits in the native enzyme octamer.
Immunohistochemical localization of GS in cryotome and
paraffin sections of human liver using the cross-reacting an-
tiserum against pig brain GS revealed the exclusive presence
of GS in some few perivenous hepatocytes arranged in con-
tinuous rings, 1 to 2 cells thick, around the terminal hepatic
venules (fig. 2). Although the intensity of the staining de-
creased to some extent if the liver material was taken after
long post-mortem intervals, there was no change in the dis-
tribution of the enzyme. Furthermore, in livers from healthy
patients the distribution was independent on the age, where-
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as in patients with various kinds of (even mild) liver diseases
(e.g. alcoholic fatty liver, viral hepatitis, sarcoidosis) a
tremendous loss of GS around the terminal hepatic venules
was apparent '3,

The described localization of human liver GS is equivalent to
that found for ureotelic mammals ! . It is, therefore, highly
conceivable that recently developed concepts of ammonia
detoxification* 7 1* and pH regulation* ** apply not only
to some experimental animals such as the rat, but also to
man. This assumption may bear important implications for
certain kinds of liver diseases characterized by a disturbed
localization of GS, e.g. liver cirrhosis 12, zonal liver damage °
or hepatocarcinogenesis .

Acknowledgments. We thank Prof. D. Mecke for his continuous interest
and support and Prof. J. Peiffer (Inst. f. Hirnforschung) for his aid in
preparation of paraffin sections. The excellent technical assistance of Mrs
M. Landesvatter and Mrs A. Schneck during part of this work is greatly
acknowledged. This work was supported by the Deutsche Forschungsge-
meinschaft.

* To whom all correspondence should be addressed.

1 Gebhardt, R., and Mecke, D., EMBO J. 2 (1983) 567.

2 Gebhardt, R., and Mecke, D., in: Glutamate Metabolism in Mam-

malian Tissues, p. 98. Eds D. Hdussinger and H. Sies. Springer Verlag,

Heidelberg 1984.

Gaasbeek Janzen, J. W., Gebhardt, R., ten Voorde, G. H. ., Lamers,

W. H., Charles, R., and Moorman, F. M., J. Histochem. Cytochem.

35 (1986) 49.

4 de Groot, C.J., ten Voorde, G. H. J., van Andel, R. E., te Kortschot,

A., Gaasbeek Janzen, J. W, Wilson, R. H.,, Moorman, A. F. M.,

Charles, R., and Lamers, W. H., Biochim. biophys. Acta 908 (1987)

231.

Bennett, A. L., Paulson, K. E., Miller, R. E., and Darnell, J. E. Jr, J.

Cell Biol. 105 (1987) 1073.

Smith, D. D. Jr, and Campbell, J. W., Proc. natl Acad. Sci. USA 85

(1988) 160.

Hdussinger, D., Eur. J. Biochem. 33 (1983).

Gebhardt, R., and Burger, H.-J., J. Hepat. 4 (1987) 381.

9 Gebhardt, R., Burger, H.-J., Heini, H., Schreiber, K. L., and Mecke,
D., Hepatology 8 (1988) 822.

10 Laemmli, U. K., Nature 227 (1970) 680.

11 Gebhardt, R., and Schifer-Degenhart, 1., Cell Biol. Toxic. (1988) in
press.

12 Bigner, 8. H., Friedman, H. S, Biegel, J. A., Wikstrand, C. J., Mark,

J., Gebhardt, R., Eng, L. F., Bigner, D. D., Acta neuropath. 72 (1986)

86.

Gebhardt, R., Gangl, A., Ferenci, P., Burger, H.-J., Holzner, H., and

Mecke, D., Z. Gastroent. 26 (1988) 22.

14 Haiussinger, D., Sies, H., and Gerok, W, J. Hepat. 1 (1985) 3-14.

t5 Haussinger, D., Gerok, W., and Sies, H., Trends Biochem. Sci. ¢

(1984) 300.

Gebhardt, R., and Williams, G. M, in: Recent Advances in Ammo-

nia and Hepatic Encephalopathy, pp. 581-586. Eds P. B. Soeters,

J. H. P. Wilson, A. J. Meijer and E. Holm. Excerpta Medica, Amster-

dam/New York 1988.

Lo

wn

(=

[eBEN |

1

w

1

=Y

0014-4754/89/020137-0381.50 + 0.20/0
© Birkhéuser Verlag Basel, 1989



