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Summary : Using the indirect immunoperoxidase technique with optical and elec-
tron microscopy, we have localized both fetal aldolases A and C from regenera-
ting rat liver in Kupffer and endothelial cells (by contrast with the Tocali-
zation of aldolase B in hepatocytes only). These results have been confirmed
by biochemical methods. The localization of the 3 aldolases differs widely
from that observed in fast-growing hepatoma and suggests that control mecha-
nisms of gene regulation are different in cancer and in liver regeneration.
Introduction

Isozymic modifications toward a fetal pattern are known to appear in rege-
nerating liver after partial hepatectomy but they are transitory (1) and occur
to a lesser extent than in fast-growing hepatoma, although the rate of cell mul-
tiplication is comparable. Whereas in fast-growing hepatoma the resurgence of
fetal aldolases A and C is an important phenomenon (2, 3), during regeneration,
the normal adult B type remains preponderant, aldolase A is increased and aldo-
lase C reappears (4).

Recently our group (5) has shown that the resurgence of fetal aldolases
in fast-growing hepatoma was not due to cellular selection but more likely to
a disturbance at the gene control level. However, in the case of regeneration

the liver cell type responsible for the synthesis of the 3 fetal aldolases

isozymes has not yet been determined.
So the question is raised whether the modifications of aldolase isozymic
pattern occuring in regenerating liver are due to the same phenomenon which

leads to the disturbance of gene expression in fast-growing hepatoma. Ifiran attempt to

0006-291X/79/010006~08$01.00/0

Copyright (€ 1979 by Academic Press, Inc.
All rights of reproduction in any form reserved. 6



Vol. 86, No. 1, 1979 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

answer this question, we have localized the 3 types of aldolases (A, B and C)
in regenerating livers at different times after hepatectomy using the indirect
immunoperoxidase technique as well as bjochemical methods.
Materials

3-month-old rats of Wistar strain were used. Hepatectomy was performed
according to Higgins and Anderson (6) and rats sacrificed 24 h, 48 h, 72 h
after the operation.

Isolated hepatocytes were obtained using Seglen's method (7). Population
of sinusoTdal cells were obtained using Knook's method (8).

Immunochemical and electrophoretic methods

Aldolase A was prepared from rat muscle using Gracy et al. method (9).

Aldolase B was prepared from rat Tiver using the same method with modi-
fications (5). .

Aldolase C was prepared according to Hatzfeld et al. (10).

The purity of the proteins was checked by SDS polyacrylamide gel electro-
phoresis.

Rabbit antisera to the three aldolases were prepared as described pre-
viously (5). Their purity was checked by Ouchterlony's immunodiffusion me-
thod (11) and immunocelectrophoresis. Antisera were rendered mono-specific by
absorption using normal rat tissue extracts (12). Anti-aldolase B antiserum
was absorbed by normal rat serum and by brain extract ; anti-aldolase A and
C antisera were absorbed by normal rat serum and by liver extract. Extracts
of normal and regenerating livers as well as purified hepatocytes (and puri-
fied Kupffer cells) from normal and regenerating livers were submitted to
Millipore Phoroslide electrophoresis in Veronal buffer pH 8.6 for one hour
and 1 mA per strip. Aldolases were revealed by specific staining according to
Penhoét et al. (13).

Morphological methods

Fixation of livers and liver section labelling procedures for light and
electron microscopy were performed as described earlier (5) with the follo-
wing modifications : before fixation, normal and regenerating rat livers were
perfused with Hepes buffer for 30 s, then with the fixative for 30 s (2.75%
paraformaldehyde with 0.2% picric acid buffered with 100 mM phosphate buffer
pH 7.4 (14). The 1ivers were then cut into fragments which were immersed in
the same fixative. Cryostat sections were incubated in A, B or C rabbit aldo-
lase antiserum then with sheep anti-rabbit v globulin antibodies labelled
with peroxidase. After peroxidase staining, some sections (8 um) were studied
by optical microscopy. Others were post fixed in a 1.5% osmium tetroxide so-
Tution then dehydrated and embedded in Epon. Ultrathin sections were examined
by electron microscope.

Control reactions were obtained by incubating the sections either with
normal rabbit serum, then with labelled sheep anti y globulins antibodies,
or with anti-aldolase antiserum absorbed by the corresponding antigen, then
with labelled sheep anti-rabbit y globulin antibodies. Others were incubated

in the Graham and Karnovsky solution only (15).

Morphological results

1) Light microscopy.

In normal liver : aldolase B was located only in the cytoplasm (and never
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Figure 1. Light microscopy ; normal rat liver ; cryostat section incubated
a) with antialdolase B antiserum ; b) with antialdolase A antiserum.
Aldolase B is present only in hepatocytes whereas aldolase A is
Tocated in sinusoidal ceils (arrows) (x 150).

in the nucleus) of most of the hepatocytes. No reaction was observed in non
parenchymal cells (fig. la). By contrast, for aldolase A a weak staining was
observed in sinusoidal cells. This aldolase was not detectable in the hepato-
cytes (fig. 1b). Aldolase C was not visible in any cell type. The control re-
actions were negative.

In_regenerating liver : the reaction indicating the presence of aldolase
B was positive in the cytoplasm of almost all the hepatocytes. But the inten-
sity of the staining was weaker than in normal hepatocytes and varied strongly
from one cell to another (fig. 2a). The staining corresponding to aldolase A
was more intense in the sinusoidal cells than in those of normal liver (fig. 2 b).
The presence of aldolase C was also demonstrated in the sinusoidal cells. The
hepatocytes were not stained (fig. 2c) The same cellular distribution of the
3 jsozymes was seen 24 h, 48 h and 72 h after hepatectomy. A1l the control
reactiors were negative (fig. 2d).

2) Electron microscopy.

The distribution of the different aldolase isozymes, both in normal and

regenerating liver observed by light microscopy, was confirmed at the ultra-
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Figure 2. Light microscopy ; rat liver 3 days after partial hepatectomy ;
cryostat section incubated : a) with anttaldolase B antiserum ;
b) with antialdolase A antiserum ; c) with antialdolase C antiserum ;
d) with normal rabbit serum. Aldolase B is visible in hepatocytes ;
aldolases A and C only in sinusoidal cells. Control reaction is

negative except for the non specific staining of red blood cells
(arrow) (x 150).

structural level. In normal as well as in regenerating liver, aldolase B was
present in the cytoplasm of hepatocytes, and aldolase A in the cytoplasm of
both Kupffer and endothelial cells. Aldolase C, which was not detected in
normal liver cells, was also present in both Kupffer and endotheiial cells

(fig. 3). The electron-dense precipitates corresponding to the different types
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Figure 3. Electron microscopy : rat Tiver 3 days after partial hepatectomy ;
cryostat section incubated with antialdolase C antiserum.
Aldolase C is dispersed throughout the cytoplasm of an endothelial
cell (E). No reaction is visible in hepatocytes (H) (x 31,000).
of aldolase were dispersed throughout the cytoplasm and not in the lumina of

the endoplasmic reticulum and the Golgi apparatus.

Electorphoresis results

Microelectrophoresis were performed with extracts of normal livers and
regenerating livers (before and after perfusion with Hepes) and with isolated
populations of hepatocytes and sinusoidal cells.

In normal livers a strong band corresponding to aldolase B was visible
whereas in regenerating livers two bands corresponding to aldolases A and B
were present. The pattern was identical after perfusion by Hepes.

With isolated hepatocytes, both normal and regenerating livers showed
only aldolase B.

With sinusoidal cells of regenerating livers a band corresponding to the
hybrid A2C2 was visible indicating the presence of both aldolases A and C.

A band of weak intensity corresponding to aldolase B was also present which is

very likely due to a slight contamination by hepatocytes.
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Discussion

Our results show that, during Tiver regeneration after partial hepatec-
tomy, the increase of aldolase A and the reexpression of aldolase C takes place
in Kupffer and endothelial cells, whereas aldolase B, as in normal Iiver, occurs
only in hepatocytes.

The cell Tlocation of the three different isozymes can be ascertained
from the following arguments :

- the possibiTityof serum aldolase diffusion during experimental procedures
was avoided since the technique of perfusion used (which could not be used for
hepatoma) eliminated red blood cells and serum aldolase.

- the possibility of diffusion of trace amounts of aldolase A from hepatocytes
to Kupffer and endothelial cells during Hepes perfusion can be excluded since :

. no aldolase B was detectable in sinusoidal cells {and it was unlikely
that one type of aldolase preferentially diffused).

. The electrophoretic pattern of total extracts of regenerating livers,
after perfusion with Hepes buffer only, showed that both isozymes were present,
whereas only aldolase B was visible in isolated hepatocytes after electro-
phoresis.

Electron microscopy showed a diffuse distribution of aldolases A and C
in the cytoplasm of Kupffer and endothelial cells and of aldolase B in the
cytoplasm of the hepatocytes. This is in agreement with the fact that aldolase
is not a secretory protein.

The cellular distribution of the three different types of aldolase has
been confirmed by immunofluorescence (results not shown). Moreover our immu-
noperoxidase results are in good agreement with the results obtained by elec-

trophoresis methods using isolated cells.

In the hepatocytes of adult regenerating liver, only type B was found, whereas

both A and B were present in total extracts. Purified populations of sinu-
soidal cells showed a weak band corresponding to hybrids between aldolases

A and C. Moreover, isolated hepatocytes from fetal liver synthesized aldo-
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lase A (Guguen-Guillouzo, unpublished observation). So it seems that expres-
sion of aldolases in physiological conditions depends on the stage of dif-
ferentiation of hepatocytes. Mature hepatocytes would express only adult al-
dolase B even in the case of cell multiplication as in regeneration after
partial hepatectomy.

These data can be compared to those obtained with fast-growing hepatoma
(5)s in which the 3 isozymes A, B and C are synthesized by the same cells,
derived from hepatocytes. This suggests that control mechanisms are different
in cancer and in regeneration. In cancer, abnormal gene expression would cor-
respond to definitively disturbed regulation mechanisms. In regenerating liver,
where the rate of cell multiplication is also high, limited division of mature
hepatocytes occurs. The cells which express aldolase C are different from he-
patocytes (which synthesize only aldolase B). These cells are submitted to
normal regulation after a specific step in the regenerating processhas been reached
and therefore would express fetal isozymes transitorily since mature hepatocy-

tes would be unable to do so.

It remains to be determined why do these sinusoidal cells express fetal

jsozymes during physiological cell multiplication.
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