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ABSTRACT We have employed in situ hybridization to evaluate the molecular mechanisms 
responsible for hypoalbuminemia and increased liver collagen content in murine schistosomi- 
asis. Results were compared using a simplified method of hybridizing isolated hepatocytes 
from Schistosoma mansoni-infected and normal mouse liver with mouse albumin (pmalb-2) 
and chick pro-o~2(I) collagen (pCg45) probes. Whereas hepatocytes from infected mice showed 
significantly less albumin mRNA than hepatocytes from control, there were more grains of 
procollagen mRNA in hepatocytes from infected as compared with control liver. Hybridization 
of infected liver tissue sections with the collagen probe showed more grains per field in 
granulomas than in liver regions, whereas with the albumin probe there was more hybridization 
in liver tissue than in granulomas. These results suggest that in murine schistosomiasis a 
reduction in albumin mRNA sequence content may be associated with decreased albumin 
synthesis and ultimately leads to hypoalbuminemia. In addition, although the granuloma 
seems to be the primary source of type I collagen synthesis, hepatocytes are also capable of 
synthesizing collagen, especially under fibrogenic stimulation. 

Schistosomiasis is a major worldwide infectious disease in- 
volving more than 200 million people (1) and is probably the 
most prevalent cause of chronic liver disease (2). Liver in- 
volvement is characterized by an immunological response to 
schistosome eggs trapped in hepatic venules causing a granu- 
lomatous response and marked fibrosis. Although most hu- 
mans with schistosomiasis have a normal serum albumin 
level, a significant number of infected individuals have hy- 
poalbuminemia (3). The reason for hypoalbuminemia has 
remained unclear because the total hepatocyte mass and cell 
morphology is usually unaffected by this disease (4). 

Mice infected with cercariae of Schistosoma mansoni have 
provided a model of the human disease. Dunn et al. (5) found 
that the enlarged liver of schistosome-infected mice contains 
20 times more collagen than the liver from uninfected control 
mice, and several groups have reported hypoalbuminemia in 
infected mice (6, 7). The molecular mechanisms responsible 
for increased collagen synthesis and hypoalbuminemia in 
murine schistosomiasis have not been explored. 

In a previous study, we reported a simplified and sensitive 

method of in situ hybridization using isolated hepatocytes (8). 
In the present investigation, we have used this technique with 
purified albumin and collagen cDNA probes to evaluate the 
abundance of the messenger RNA for these two proteins in 
isolated hepatocytes as well as in liver tissue sections. This 
method allowed us to identify the cell type(s) involved in the 
synthesis of collagen and albumin, to determine whether the 
mRNA levels for these proteins are changed and to distinguish 
whether the granuloma or liver tissue is responsible for the 
bulk of collagen synthesis during schistosome infection. 

MATERIALS AND METHODS 

Preparation of Isolated Hepatocytes: CFI female mice were 
infected subcutaneously with 50 cercariae of S. mansoni, Puerto Rican strain 
(received from Case Western Reserve Medical School, Department of Geo- 
graphic Medicine), and littermate controls were provided by the same source. 
8-wk postinfeetion, animals were anesthetized by intrapcritoneal injection of 
pentabarbitol (65 ~g/g body weight) and hepatocytes were isolated. Livers were 
perfused in situ using the technique of Elliott et al. (9), as described previously 
(8). Briefly, livers were perfused for 5 min, after which the perfusion medium 
was supplemented with 0.05% collagenase (Sigma Chemical Co., St. Louis, 
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MO, Type I). The livers were removed, minced in collagenase-containing buffer, 
passed through a mesh, washed, and differentially centrifuged to remove 
nonparenchymal cells and debris. Viability of isolated cells was determined by 
trypan blue dye exclusion. 

Preparation of Liver Sections: Normal and S. mansoni-infected 
livers were perfused in situ as described previously (8). The perfusion medium 
consisted of 137 mM NaCI, 5.3 mM KC1, 0.8 mM MgSO4, 0.4 mM Na2HPO4, 
0.4 mM KH2PO4, 5.5 mM glucose, and 5 mM HEPES, pH 7.4 plus heparin at 
a final concentration of 300 #g/ml as a ribonuclease inhibitor (10). After 
perfusion, livers were excised rapidly, blotted, and a small piece was placed on 
a slide and imbedded immediately in Tissue Tek II (Lab Tek Products, Ames 
Co., Inc., Elkhart, IN) at -20"C. Cryostat sections 5-7 ~m in thickness were 
placed on microscope slides, which had been pretreated according to the 
procedure of Brahic and Haase (11). The sections were air-dried for 2-3 min 
and were then fixed in ethanol/acetic acid, 3:1 (vol/vol) for 30 rain at room 
temperature. The slides were treated with 0.2 M HC1 for 20 rain at room 
temperature and with 300 mM NaCI-30 mM sodium acetate, pH 7.0, for 30 
min at 70"C (11). The slides were washed in distilled water and dehydrated in 
graded ethanol solutions (50, 70, and 95%).. 

Preparation and Labeling of Cloned Albumin and Collagen 
D N A  Probes:  Plasmid pBR322 containing mouse albumin DNA (pmalb- 
2) was a kind gift of Dr. S. Tilghman (Fox Chase Cancer Center, Philadelphia, 
PA) and chicken pro-a2(1) collagen DNA (pCg45) in plasmid pBR322 was 
generously provided by Dr. H. Boedtker (Harvard University, Cambridge, MA). 
Albumin and collagen gene sequences were prepared from their respective 
recombinant plasmids essentially according to the method of Villa-Kamaroff 
et al. (12). Briefly, the plasmids were grown in bulk in Escherichia coli HBl01, 
isolated by CsCI density gradient centrifugation, purified, ethanol-precipitated, 
and digested with restriction enzyme HindIlI. The digests were then electro- 
phoresed in 1% preparative agarose slab gels using Dingman and Peacock buffer 
(13) to separate the purified inserted gene sequences from the residual linearized 
plasmid band. The recombinant DNA sequences were reisolated from the gel 
and were nick-translated with [3H]d-cytidine triphosphate and [3H]thymidine 
triphosphate to a specific activity 3-5 x 10 7 cpm/~g DNA using a modification 
of the procedure of Rigby et al. (14). Nick-translated, purified, recombinant- 
cloned hepatitis B virus DNA (15), prepared by the same procedures, was used 
as a control. 

Hybridization of Hepatocytes: Hepatocytes prepared from S. 
mansoni infected and control mice were hybridized with either 3H-labeled 
pmalb-2 or 3H-labeled pCg45 probe. The hybridization conditions were as 
described previously (8). Briefly, in silicone-treated microcentrifuge tubes, 
isolated hepatocytes were fixed in a 3:1 mixture of ethanol/acetic acid, treated 
with 0.2 M HCI, 0.3 M NaC1, and 0.03 M sodium citrate, and dehydrated, 
followed by hybridization with [3H]albumin or collagen probe for 36-48 h. 
The hybridization medium was essentially that used by Brahic and Haase (11) 
without added RNA and contained 50% (vol/vol) deionized formamide, 10 
mM Tris HCI (pH 7.5), 1 mM EDTA, 600 mM NaC1, 0.02% Ficoll, 0.02% 
polyvinylpyrrolidone, 1 mg of BSA/ml, and 100 #g of sonicated denatured calf 
thymus DNA/ml. After hybridization, the cells were washed extensively in a 
50% formamide, high salt buffer, and mounted on a microscope slide, followed 
by dehydration and autoradiography with a liquid emulsion for I-3 wk, as 
previously described (8). 

Hybridization of Liver Sections: The hybridization conditions for 
liver sections were essentially as described by Brahic and Haase (11). The 
dehydrated and air-dried sections were hybridized with the mixture as noted 
above. The hybridizing mixture containing the labeled probe was prehybridized 
by heating to 100*C for 1 rain, cooled quickly to 0*C, and preincubated at 50"C 
for I h. 5 ml of the mixture containing 4-5 ng of [3H]cDNA was then placed 
on the liver sections and covered with a 12-ram siliconized glass coverslip. 
After incubation at 37"C for 48 h, the slides were washed twice in the hybridi- 
zation medium without the 3H-labeled probe, followed by extensive washing in 
the same buffer for a total of 36 h. The slides were then washed twice in 300 
mM NaCI-30 mM sodium citrate, pH 7.0, followed by dehydration in graded 
ethanol (50, 70, and 95%) containing 300 mM ammonium acetate. The dried 
slides were autoradiographed. 

A u t o r a d i o g r a p h y :  Kodak NTB-3 nuclear track emulsion was melted 
at 45*(7 and diluted 1:1 with 600 mM ammonium acetate (11). The slides were 
dipped in melted emulsion for 1-2 s and allowed to dry in an uptight position 
for 1 h at room temperature. They were transferred to light-proof boxes 
containing silica gel desiccant and exposed at 4"C. The slides were developed 
in Kodak I)-19 developer for 30 rain at room temperature, followed by a brief 
wash in 1% acetic acid, and fixation for 3 min in Kodak fixer. After the slides 
were washed in distilled water, they were stained for 30--45 rain with Giemsa 
stain diluted 1:50 in 10 mM phosphate buffer. 

RESULTS 

In situ hybridization of isolated hepatocytes from normal and 
S. mansoni-infected mice using the mouse albumin eDNA 
probe (pmalb-2) is shown in Fig. l, A and B. The silver 
radiographic grains (representing cDNA-RNA hybridization) 
were imbedded in the liquid emulsion that overlay the cells 
and were counted at three levels of microscopic focus by two 
independent observers as described previously (8). Statistical 
analysis employed the Mann-Whitney U test. There were 
clearly more albumin mRNA grains in the cells from control 
as compared with schistosome-infected liver. Fig. 2 shows the 
distribution profile of the grain counts per cell with 100 cells 
from infected and control livers plotted as a histogram. A 
background of one grain per cell at each level of focus, 
observed in the absence of added radioactivity, was subtracted 
from each value. Cells containing albumin mRNA were di- 
vided into eight groups, ranging from 0-20 to >120 grains 
per cell. There was a significant decrease (p < .001) in the 
number of grains in infected compared with control hepato- 
cytes (56.9 _.+ 5.9 SEM, infected vs. 97.2 _+ 7.3 SEM, control). 
This indicated a significant decrease in albumin mRNA se- 
quence content in the cytoplasm of hepatocytes isolated from 
infected mice as compared with control. 

Similarly, isolated hepatocytes from normal and infected 
mice were hybridized in situ using the nick-translated chicken 
pro-a2(I) collagen cDNA probe (pCg45). Fig. 3 shows repre- 
sentative autoradiograms demonstrating that there are more 
grains in the cells from infected livers (B) than from controls 
(A). Again, autoradiographic grains were counted in 100 cells 
at three levels of microscopic focus by two independent 
observers. The findings, presented in histogram form (Fig. 4), 
indicated that there is significantly more pro-a2(I) collagen 
mRNA in the hepatocytes of infected mice than in control 
animals (12.6 _+ 0.6 SEM, infected vs. 9.37 __. 0.4 SEM, 
control; [p < .005]). With 3H-hepatitis B virus-DNA (a virus 
that does not infect mouse hepatocytes), one-third of the cells 
showed no hybridization, and the mean grain count per cell 
was less than one grain for each level of focus. When the 
[3H]DNA probes were digested with DNAse or when the cells 
were digested with pancreatic ribonuclease prior to hybridi- 
zation, no autoradiographic grains above the background were 
observed. As an additional control, when fibroblasts were 
hybridized with the [3H]albumin DNA probe, no hybridiza- 
tion was detected above background (data not shown). 

Tissue sections from mice infected for 8 wk with S. mansoni 
were hybridized in situ with pmalb-2. Fig. 5A shows an S. 
mansoni egg and granuloma surrounding the egg with few 
autoradiographic grains. Fig. 5 B shows that liver tissue sur- 
rounding the granuloma has more albumin mRNA grains 
than the granuloma itself. When ten different granulomas 
and surrounding liver tissue were evaluated quantitatively, 
the liver tissue had significantly more albumin mRNA than 
did the granuloma tissue (Table I). However, when parallel 
studies were performed with the collagen cDNA probe 
(pCg45), there was a marked increase in autoradiographic 
grains in the granuloma as compared with liver tissue (Table 
I and Fig. 6). 

DISCUSSION 

The cell(s) responsible for the production of collagen in nor- 
mal and fibrotic liver has been controversial for several years 
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FIGURE I In situ hybridization 
of isolated mouse hepatocytes 
with 3H-labeled cloned albumin 
cDNA. Hepatocytes were iso- 
lated from mouse livers after in 
situ perfusion by collagenase, 
digestion, sedimentation, and 
resuspension, as described in 
Materials and Methods. In mi- 
crocentrifuge tubes, cells were 
fixed in a 3:1 mixture of 
ethanol/acetic acid, treated 
with 0.2 M HCI, 0.3 M NaCl, 
and 0.03 M sodium citrate and 
dehydrated prior to hybridiza- 
tion with a [3H]albumin probe 
for 36-48 h. After hybridization, 
the cells were washed exten- 
sively in a 50% (vol/vol) form- 
amide, high salt buffer and were 
mounted on a microscope slide 
prior to dehydration and evalu- 
ation by autoradiography. (A) 
Hepatocytes from liver of nor- 
mal mouse and (B) hepatocytes 
from liver of schistosomiasis-in- 
fected mouse (original magnifi- 
cation, x 400). 
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GRAINS PER CELL 
FIGURE 2 Histogram of hepatocytes hybridized with 3H-labeled 
cloned albumin cDNA. Cells were isolated, hybridized, and auto- 
radiographed as described in Materials and Methods. The number 
of radiographic grains per cell (a semiquantitative assessment of 
albumin mRNA sequence content) was determined at three levels 
of microscopic focus. Hepatocytes from liver of control animals are 
represented by open bars; hepatocytes from liver of infected ani- 
mals are represented by striped bars. 

(10-31). Fibroblasts have been demonstrated to synthesize 
collagens in many tissues, and this appears to be the case in 
the liver (16, 17). However, several investigators believe that 
lipocytes are precursors of fibroblasts in the liver and that 
these cells may synthesize collagen (18, 19). Lipocytes have 
also been shown to proliferate in states of hepatic injury, and 
the activation of these cells has been proposed to be a primary 
mechanism for increased collagen formation (19). Interme- 
diate cellular forms also exist that have capabilities of both 
fat storage and collagen synthesis (18). The myofibroblast has 
been found recently in biopsy studies of alcoholic cirrhosis to 
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proliferate (20), and smooth muscle-like cells similar to those 
found in blood vessel walls have been determined to prolif- 
erate and produce collagen types I and III in explants of 
fibrotic liver (21). Immunofluorescence studies have indicated 
that isolated Kupffer cells also produce type I collagen (22). 

A great deal of investigation has been undertaken to deter- 
mine whether parenchymal cells (i.e., hepatocytes) are capable 
of synthesizing collagen. Many of these studies have been 
performed with liver-derived epithelial cell lines (23-26). 
However, primary cultures of hepatocytes have also been 
reported to be collagen-producing (27, 28, 31). Yet at least 
two studies have not been able to show collagen synthesis in 
hepatocytes (17, 29). 

The controversy regarding the cell that produces specific 
collagens in liver has persisted in part because different tech- 
niques have been utilized to identify the various cell types 
responsible for synthesis of this protein. In examination of 
tissue samples, the implicated cell is often shown to be spa- 
tially related to collagen fibers or to proliferate during in- 
creased collagen production (19, 20). However, proximity 
does not necessarily mean synthesis; it can mean that the cell 
is attracted to the connective tissue components. The hepa- 
tocyte has been reported to synthesize collagen in several 
studies employing cell culture (23-28, 31). However, certain 
problems remain with this methodology because fibroblasts 
often contaminate parenchymal cell preparations. In addition, 
since cells dedifferentiate with changes in function and mor- 
phology when grown in culture (30), a cell's ability to produce 
a given protein under in vitro conditions does not guarantee 
that this capacity for synthesis exists under in vivo conditions. 

In situ hybridization is a useful approach to investigate 



FIGURE 3 In situ hybridization of isolated mouse hepatocytes with a 3H-labeled pro-e2(I) collagen cDNA probe. Hepatocytes 
were isolated, treated, hybridized, washed, and autoradiographed as described in Materials and Methods. Cells from control 
mouse liver (A) demonstrate fewer radiographic grains than do cells from infected mouse liver (B; original magnification, x 400). 
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FIGURE 4 Histogram 
1 ~ ~ of hepatocytes hy- 

bridized with a 3H- 
labeled chicken pro- 
cz2(I) collagen cDNA 
probe. Cells were 
isolated and treated 

F'~ ~ as described in Ma- 
terials and Methods. 
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GRAINS PER CELL 
type I collagen se- 

quence content was accomplished by counting the radiographic 
grains. Open bars represent control hepatocytes; striped bars rep- 
resent Schistosoma rnansoni-infected cells. 

mRNA levels for specific proteins because it evaluates mRNA 
presence in the intact tissue or in cells at the time of isolation 
before alterations in subcellular mechanisms or dedifferentia- 
tion can occur. Also, it measures the synthetic capacity of a 
cell for a specific protein, not merely the cell's proximity to a 
given product. A limitation of the technique is that the specific 
mRNA is localized within a cell, not the synthesis of the 
actual protein. However, aside from specialized cell types in 
unique stages of development, differentiation, or transfor- 
mation (32-34), in most eucaryotic systems there is a direct 
correlation between mRNA content and the synthesis of the 
specific protein (35). 

In the present study, we have evaluated the effect of S. 

mansoni infection on albumin and collagen mRNA in murine 
liver by in situ hybridization. This model is appropriate to 
evaluate the regulation of the hepatic synthesis of these pro- 
teins because hypoalbuminemia develops after six weeks of 
infection in conjunction with a marked increase in hepatic 
collagen synthesis. Schistosome infection caused a significant 
decrease in the amount of albumin mRNA per hepatocytes, 
but all cells still appeared to have abundant quantities of 
albumin mRNA. This suggested that all hepatocytes are ca- 
pable of synthesizing albumin, consistent with several recent 
immunohistochemical studies (36-39). However, other stud- 
ies have reported that albumin is synthesized by only a 
fraction of normal hepatocytes (40-47). If the latter were true, 
this would imply a negative regulation of albumin synthesis 
for which there is presently no evidence. 

In situ hybridization of tissue slices from mouse livers 
infected with S. mansoni indicated that most of the pro-a2(I) 
collagen mRNA was found in the granulomas, within which 
fibroblasts are most likely responsible for the synthesis of this 
protein. In situ hybridization of isolated hepatocytes with the 
procollagen cDNA probe clearly indicated the presence of 
procollagen mRNA in these cells, whereas no detectable hy- 
bridization above background was found with hepatitis B 
virus DNA. In addition, there was significantly more procol- 
lagen mRNA in hepatocytes isolated from infected mice than 
from control animals. This hybridization occurred despite 
utilizing a chicken pro-a2(I) collagen DNA probe which will 
tend to underestimate the amount of collagen mRNA in 
mouse hepatocytes. The chicken pro-a2(I) collagen mRNA 
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FIGURE 5 In situ hybridization of tissue sections from infected mouse liver with a 3H-labeled albumin cDNA probe. Sections 
were prepared by in situ perfusion of the liver and cryostat sectioning. The slides were prepared, hybridized, and autoradiographed 
according to the procedure of Brahic and Haase (11), as described in Materials and Methods. The granuloma (A) demonstrates 
few autoradiographic grains in comparison to the liver tissue adjacent to the granuloma (B; original magnification, x 100). 

FIGURE 6 In situ hybridization of liver tissue from infected mouse liver with a 3H-labeled pro-~2(I) collagen probe. Sections 
were prepared, hybridized, and autoradiographed as described in Materials and Methods. The left side of the picture shows the 
granuloma tissue with more silver radiographic grains than are found in liver tissue on the right (original magnification, x 100). 
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TABLE [ 

Relative Abundance of Albumin and Collagen mRNA in Liver 
Sections 

A u t o r a d i o g r a p h i c  

c D N A  Probe  Tissue grains per  f ie ld*  

A l b u m i n  (pmalb-2)  I n fec ted  
g r a n u l o m a  67.75 _ 5 .80*  

l iver  t issue 193.25 _ 19.22 

C o n t r o l  210 .53  _ 15.30 

Co l l agen  (pCg-45)  In fec ted  
g r a n u l o m a  3 5 3 . 7 0  ___ 6 0 . 4 4 *  

l i ve r  t i s s u e  9 3 . 4 4  ___ 6 . 3 3  

C o n t r o l  l i v e r  8 5 . 5 2  __- 8 . 2 5  

* Field area = 0.0625 mm2; n = 10 fields; + SEM. 
* P < 0.001. 

has been shown previously to cross-hybridize with species as 
divergent as nematodes (48). 

These results do not resolve the controversy as to which 
cell(s) is primarily responsible for the synthesis of  collagen in 
the normal and fibrotic liver. They suggest that hepatocytes 
are capable of  synthesizing type I collagen at a low level in 
normal states and that hepatocytes produce more collagen 
mRNA under fibrogenic stimulation. Non-hepatocytes (pre- 
sumably fibroblasts) within the granuloma have the greatest 
collagen mRNA content and appear to be the cell type pri- 
marily responsible for collagen synthesis in murine schisto- 
somiasis. This does not mean, however, that the hepatocyte 
is not responsible for type I collagen synthesis in other forms 
of  hepatic fibrosis or cirrhosis. Hepatocyte injury and subse- 
quent collagen synthesis induced by viruses, hepatotoxins or 
ischemia may well act by mechanisms significantly different 
than those occurring in schistosomiasis, where there is a large 
immunological response and the hepatocyte is relatively 
spared. Therefore, localization of  procollagen mRNA by in 
situ hybridization seems to be a reasonable approach to 
address the question as to which cell(s) is responsible for 
increased collagen production following hepatocellular injury 
induced by various pathophysiologic mechanisms. 
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