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Summary. The plasma membrane permeabilization ob- 
tained by exposure of hepatocytes to digitonin is utilized 
in the so-called digitonin-pulse perfusion of rat liver (Quis- 
torff and Grunnet 1987). Brief pulses of digitonin applied 
with antegrade and retrograde perfusion of the liver caused 
selective elution of cytosolic enzymes and metabolites from 
the periportal and the perivenous zone of the same liver. 
In the present study a light microscopical examination of 
the liver fixed immediately after the digitonin pulse con- 
firmed the very high zonal selectivity of the method inferred 
from the marker enzyme pattern of the eluates: Only cells 
around the port of entry of digitonin were affected and 
the borderline between affected and non-affected cells was 
always sharp. The typical periportal lesion was triangular 
in shape, enclosing the portal space, while the perivenous 
lesion was roughly circular, concentric with the hepatic 
vein. Assuming that the digitonin lesion reflects the micro- 
circulatory flow pattern these findings seem to be at vari- 
ance with the acinar model of Rappaport (Rappaport et al. 
1954). The lesion in the lobuli near the surface of the liver 
as reflected by the discoloration pattern observed on the 
surface was the same as the lesion of deeper lobuli. The 
conducting vessels of the liver were only insignificantly af- 
fected by digitonin. At the cellular level only the sinusoidal 
luminal surface of the hepatocytes was affected. The cyto- 
plasmic matrix of the cells including glycogen appeared 
thinned. All cell types of the liver parenchyma seemed to 
be equally affected by the digitonin treatment. 

Introduction 

Methods for the study of metabolic zonation of the liver 
are aimed directly or indirectly towards selective study of 
metabolic activity in the various microcirculatory zones of 
the liver acinus. Examples of the most frequently used tech- 
niques are microdissection (Welsh 1972; Katz et al. 1977; 
Jungermann 1986), immunohistochemistry (Tanahashi and 
Hori 1980; Gebhardt and Mecke 1983; Gaasbeek-Janzen 
et al. 1984; Lawrance et al. 1986), pharmaco-dynamic per- 
fusion studies (H~iussinger 1983; Barrels et al. 1987) and 
micro-lightguide techniques (Matsumura and Thurman 
1984). Recently the digitonin perfusion technique was add- 

ed to this list as a quick and reliable way of zone selective 
cell permeabilization (Quistorff et al. 1985). The principle 
of the digitonin perfusion is to apply the microcirculation 
proper as the discriminatory principle in the selective study 
of the periportal and perivenous zone. The method has 
been refined, allowing the study of both zones of the same 
liver (Quistorff and Grunnet 1987; Quistorff 1987). Fur- 
thermore, preparations of isolated hepatocytes enriched in 
either periportal or perivenous cells may be obtained by 
a procedure combining the principle of zone selective digi- 
tonin cell destruction (Lindros and Penttil/i 1985; Quistorff 
1985) with the well known collagenase cell isolation method 
(Berry and Friend 1969). Generally the marker enzyme pat- 
tern obtained with the digitonin method agrees well with 
results obtained with microdissection and immunohisto- 
chemical techniques, suggesting a high degree of zonal selec- 
tivity of the digitonin perfusion. 

In the present paper we have performed a histological 
evaluation of the liver after digitonin pulse perfusion (Quis- 
torff and Grunnet 1987) and confirm such high zonal selec- 
tivity of the cell permeabilization. Taking the shape of the 
digitonin lesion as an indicator of the microcirculatory flow 
pattern, we further observe zones of hydrodynamic equipo- 
tential, the outline of which seems at variance with the 
generally accepted view of the Rappaport microcirculatory 
unit (Rappaport et al. 1954; Rappaport 1976). 

Materials and methods 

Male Wistar rats weighing 17~190 g were anaesthetized with pen- 
tobarbital i.p. (400 p,1, 50 mg/ml) and the liver connected in situ 
to the perfusion system. 

The digitonin pulse perfusion technique is shown schematically 
in Fig. 1 and has been described in detail previously (Quistorff 
and Grunnet 1987, Fig. 1, perfusion scheme B). The perfusion tech- 
nique used allowed very quick switch of perfusates and direction 
of flow with a small dead space of the system as described in 
(Quistorff 1989). 

Briefly, the liver was perfused at 35~ for 5-10 min with a 
buffer (Krebs and Henseleit 1932) equilibrated with 95%/5% 02/ 
CO2. After a 10 s digitonin pulse (buffer with digitonin, 5 mg/ml 
at a flow rate of t0 ml/min) the direction of flow was reversed 
and increased to 20 ml/min (buffer without digitonin). Later (30 s) 
a second digitonin pulse was given opposite the first (see Fig. 1). 
Flow was again reversed and after 30 s perfusion fixation was per- 
formed for 3 min, (12 ml/min at 4 ~ C). 

There were three groups of  experiments: In one group the liver 
* To whom offprint requests should be sent received only a porta~cava digitonin pulse prior to perfusion fixa- 
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Fig. 1. Schematic diagram of the dual-digitonin pulse perfusion. 
The model shown assumes only two populations of hepatocytes, 
periportal (PP) and perivenous (PV), each of which is homoge- 
neous with respect to the parameter in question, but not necessarily 
of the same size. Black circles symbolize parenchymal cells lyzed 
by digitonin. The arrows indicate direction of perfusion 

tion, in the second the liver received only a cava--,porta digitonin 
pulse, while in the third both a porta~cava and a cava-*porta 
pulse were applied to the same liver, as described above and in 
Fig. 1. 

Three fixatives were used." 1) 1% formaldehyde and 1% glutaralde- 
hyde in 80 mM phosphate buffer; 2) 0.5% formaldehyde and 1% 
glutaraldehyde in 60 mM phosphate buffer; 3) 2% glutaraldehyde 
in 80 mM phosphate buffer. All phosphate buffers were adjusted 
to pH 7.4. After perfusion fixation pieces of liver tissue including 
the mesothelial surface were cut out and studied under a low power 
stereo microscope (10,15 x). Other I 2-ram-thick triangular slices 
were cut from both superficial and deep parts of all liver lobes 
and immersed ,in the fixative for 2-3 h at room temperature. After 
a rinse the slices were postfixed in 2% OsO4 for 2 h, dehydrated 
in alcohol, transferred to propylene oxide, and embedded in 
Epon 812. Two gm sections were cut and stained with toluidine 
blue, and photographed using a Leitz Dialux 20 Photomicroscope. 

Usually the pattern which develops on the liver surface upon 
digitonin perfusion is quite regular, but occasionally the surface 
showed patches without the typical discoloration pattern, signify- 
ing an uneven perfusion. Such experiments were discarded. Some 
of these cases of irregular perfusion could be explained by the 
presence of micro air bubbles or undissolved particles in the perfu- 
sate. Therefore we routinely use 0.2 gm filters on the perfusion 
lines from the digitonin and the fixative. It should be noted, how- 
ever, that there are reports in the literature on carefully done radio- 
graphic studies documenting that the rat liver in vivo for unknown 
reasons is irregularly perfused in 20%-30% of the cases (Daniel 
and Prichard 1951). In addition it has been shown that perivascular 
nerve stimulation may cause a similar uneven perfusion of the 
rat liver (Ji et al. 1984), although diffusion indicator studies on 
the dog showed that sympathetic nerve stimulation in vivo did 
not cause such uneven flow distribution (Cousineau et al. 1985). 

Results 

The brief  10 s digi tonin perfusion at a flow of  10 ml/min 
delivers a total  of  approximate ly  8 mg of  digi tonin to the 
liver. The permeabil izing effect of  digi tonin is usually as- 
cribed to the format ion  of  a 1 : 1 digitonin-cholesterol  com- 
plex (Zuurendonk and Tager  1974), i.e. 1 mg of  digitonin 
binds 0.31 mg of  cholesterol. One gram of  liver contains 
about  2.8 mg of  cholesterol,  70% of  which is confined to 
the p lasma membrane  (de Duve 1971). Thus the 8 mg digi- 
tonin pulse given may  be expected to permeabilize the plas- 
ma membrane  of  approximate ly  1.3 g of  liver, i.e. 20% of  
the microcirculat ion in a rat  weighing 160 g. Since we have 
shown previously that  the liver is extremely efficient in tak- 
ing up digitonin (Quistorff  et al. 1985) it is likely that  the 
cell permeabi l izat ion caused by digi tonin will be highly lo- 
calized in the upstream zone, as indeed the elution pat tern 
of  marker  enzymes has indicated (Evans et al. 1989; Ingel- 
man-Sundberg  et al. 1989; Quistorff  et al. 1985; Quistorff  
and Grunnet  1987; Quistorff  1987). To test this hypothesis  
further we elected to examine the liver histologically after 
perfusion fixation at three different stages of  the digitonin- 
pulse t rea tment :  
1) The liver was fixed after a 10 s digitonin pulse (normal  
flow direction, p o r t a ~ c a v a ) .  2) Fixat ion after a 10 s pulse 
with re t rograde flow direction ( c a v a ~ p o r t a ) .  3) F ixa t ion  
after the 10 s +  10 s dual  digi tonin-pulse-perfusion scheme 
(see Fig. 1). 

The surface pattern after digitonin treatment 

It  was previously observed that  a br ief  digi tonin perfusion 
of  the liver caused the development  of  a characterist ic disco- 
lorizat ion pat tern  on the liver surface; the per iportal  pat tern 
developed after p o r t a ~ c a v a  perfusion being complementa-  
ry with the perivenous pat tern  seen after cava--*porta perfu- 
sion (Quistorff  et al. 1985). In the present s tudy cross-sec- 
tions of  the fixed liver showed that  the per ipor ta l  as well 
as the perivenous lesions formed a regular  pat tern  in the 
sections quite similar to that  seen on the mesothelial  sur- 
face. This is demonst ra ted  in Figs. 2A,  B and 3A, B, show- 
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Fig. 2A and B. Micrographs of tissue blocks from a liver fixed 
after a po r t a~cava  digitonin perfusion, taken with a stereo micro- 
scope. A shows the same regular, net-like pattern of light affected 
tissue both on the mesothelial and the cut surfaces, Note the contin- 
uation of the light periportal zones at the cut edge (arrows). B 

shows the pattern on a surface cut parallel to the mesothelial sur- 
face. Note a larger portal branch (arrows), exhibiting smaller 
branches with concentric decolourized zones. In A and B cross 
sectioned both terminal hepatic and portal veins are seen within 
dark and light zones, respectively, x 14 
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Fig. 3A and B. Micrographs of tissue blocks from a liver fixed 
after a cava~por t a  digitonin perfusion, taken with a stereo micro- 
scope. The figures show isolated, light zones both on the mesothe- 
lial and cut surfaces. Note the continuation of the light perivenous 

zones at the cut edge (arrows). B shows cross and longitudinally 
sectioned terminal hepatic veins within regular concentric light 
zones. A x 20, B x 12 
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Fig. 4A and B. Light micrographs of sections from a p o r t a ~ c a v a  
perfused liver. The light digitonin affected areas are seen only ar- 
ound portal  triads (t) and terminal portal  veins (p). A shows the 
irregular profiles partly surrounding terminal hepatic veins (c). 

Note sharp borders, x 83. B shows periportal zones approaching 
the mesothelial surface (arrow) on either side of a terminal hepatic 
vein (c). Portal triads (t). x 166 
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Fig. 5A and B. Light micrographs of sections from a c a v a ~ p o r t a  
perfused liver. The digitonin affected areas are seen around termi- 
nal hepatic veins (c). A shows regular profiles with sharp borders. 

Portal triads (t). x 83. B shows cross- and longitudinally sectioned 
hepatic veins (c), the latter reaching the mesothelial surface (arrow). 
Note the regular, concentric light zones around the vessels, x 166 



493 

Fig. 6A and B. Light micrographs of sections from a combined 
por ta~cava  and cava--+porta digitonin perfoased liver. Periportal 
(pp) and perivenous (pv) lesions are like those shown in Figs. 4A, 

B and 5 A, B, respectively, and are separated by continuous strands 
of unaffected darkly stained tissue. Both types of lesions reach 
the mesothelial surface in a regular pattern (arrow). A x 83, B x 166 
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Fig. 7A-D.  Higher magnifications of sections from a porta--*cava 
(A and B) and a c a v a ~ p o r t a  (C and D) perfused liver. Affected 
hepatocytes of the light zones contain light cytoplasm with distinct 
mitochondria.  The surface of the hepatocyte exhibits a velvet-like 

structure (asterisks). A and C show that  the transition from affected 
to normal hepatocytes is sharp (arrows). B and D show single tran- 
sition cells (arrows). Terminal portal vein (p), terminal hepatic vein 
(c). A and C x 512. B and D x 1280 



ing representative photos of tissue wedges cut out and pho- 
tographed under the Stereo microscope immediately after 
perfusion fixation. Figure 2 shows the liver fixed after a 
po r t a~cava  digitonin pulse displaying a regular, net-like 
pattern of light, confluencing periportal zones, while Fig. 3 
shows the complementary pattern of separated light, round 
zones on a liver having received a cava--*porta digitonin 
pulse. Looking at the cut edge it is obvious how the digi- 
tonin lesion reaches the mesothelial surface and forms the 
characteristic surface pattern (Quistorff et al. 1985) as a 
continuation of the deep three dimensional structure. Note 
that with the po r t a~cava  perfusion 5-6 isolated portal 
spaces are regularly seen surrounding a terminal hepatic 
vein (Fig. 2). 

We conclude from Figs. 2 A, B and 3 A, B that the deco- 
loration pattern seen on the surface of the liver during digi- 
tonin perfusion is indeed representative of the pattern in 
deeper parts of the tissue and can be used as a valid guide 
of the decoloration of all microcirculatory units of the liver. 

Light microscopic findings; definition o f  the affected zones 

The histological examination of sections from livers of all 
groups showed the same general picture of light zones in 
a regular pattern with a well defined border towards the 
darker stained normal tissue. The light zones were always 
found around the port of  entry of the digitonin and formed 
a regular pattern in the sections with little inter-lobule varia- 
tion. Cells of the light zones showed plasma membrane 
damage, in contrast to the normal looking cells of the dark 
areas. Thus we conclude that the light, decolorized zones 
in the micrographs represent the tissue zones affected by 
digitonin. 

In experiments of group I where digitonin was given 
only as a p o r t a ~ c a v a  pulse the affected areas are found 
around the portal triads and terminal portal veins showing 
various shapes depending on the plane of the section 
(Fig. 4A and B). The profiles vary from circular to oblong, 
the latter often curved with irregular outline and thickness. 
The borderline between normal (dark) and affected (light) 
tissue was always sharp. With the amount of digitonin used 
the affected area around one portal space approaches neigh- 
boring portal spaces, typically without fusion (Fig. 4A and 
B). Hereby the incomplete network-like pattern of light tis- 
sue as seen under the stereo microscope (Fig. 2) is obtained. 

Taking this pattern as a reflection of the microcircula- 
tion, our results do not seem to conform with the widely 
accepted acinar model of the microcirculatory unit (Rappa- 
port et al. 1954), since the lines of hydrodynamic equipoten- 
tial according to our data form contours concentric with 
the central vein rather than with the center of the terminal 
portal venule as maintained in the acinar model of Rappa- 
port (Rappaport  et al. 1954; Rappaport  1976), (cf. Fig. 8). 

With the cava~por t a  digitonin pulse (group II) the 
light, affected areas were found only around the terminal 
hepatic veins and larger hepatic veins (<300 gin), (see 
Fig. 5 A and B). The light layer typically formed a regular, 
concentric layer around the vessel. Dark areas did not reach 
the veins. The dark areas appeared like normal periportal 
tissue. The borderline between normal (dark) and affected 
(light) cells was distinct, and few transition cells were seen 
(Fig. 7 D). Again, assuming the lines of hydrodynamic equi- 
potential as defined by the acinar model of Rappaport  
(Rappaport et al. 1954; Rappaport  1976) one would have 
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Fig. 8A and B. Schematic decolorization pattern. White areas rep- 
resent the zones lyzed by digitonin, and black areas represent unaf- 
fected tissue 
A shows the zone-1 pattern which could be expected on the liver 
surface or on a cross-section after a porta~cava digitonin-pulse 
according to the Rappaport model of the microcirculation (Rappa- 
port et al. 1954; Rappaport 1976). 
B shows the pattern expected according to a model assuming hy- 
drodynamic zones concentric to the hepatic venule as observed 
in the present paper (cf. Figs. 2 and 4) (and Matsumoto et al. 1979). 
The decolorization is assumed to have progressed to a point where 
the six portal spaces have just merged, compare Fig. 2A 

expected to find a stellate shaped pattern, but not the homo- 
geneous and rounded shapes that we in fact observe in 
our sections (Fig. 5A and B). 

In the experiments with the dual-digitonin pulse (grou- 
p III) the liver tissue exhibited a combination of the light 
and dark patterns discribed above (Fig. 6A and B). The 
light zones showed well-defined borderlines and the peri- 
portal and perivenous lesions were clearly separated by 
curved, continuous strands of dark unaffected liver tissue. 
The relative size of the light zones may vary a little from 
one lobe to another, but generally the pattern remained 
constant. At the mesothelial surface light periportal and 
perivenous zones alternate with the same regularity as seen 
on the liver surface during the digitonin perfusion (Fig. 6 B). 

The digitonin effect at the cellular level 

At the cellular level the dark zones contained hepatocytes 
all displaying a normal cytology (Fig. 7A-D):  A dense cy- 
toplasm with distinct, darkly stained mitochondria, lyso- 
somes and varying amounts of glycogen and lipids. To- 
wards the sinusoid the hepatocyte was covered with a dis- 
tinct endothelial cell. Lipocytes were seen between the later- 
al cell membranes of the hepatocytes, In the sinusoids mac- 
rophages were constantly found, often in contact with the 
endothelium. Single erythrocytes were seen. 

The affected cells of the light zones (Fig. 7A-D)  con- 
tained light cytoplasm, but still with distinct, perhaps en- 
larged mitochondria and lysosomes. The lipid content of 
the affected cells seemed to be the same as in the normal 
cells, while the glycogen content appeared reduced in agree- 
ment with the biochemical measurements of the eluate 
(Quistorff and Grunnet 1987). The plasma membrane of 
the hepatocyte facing the sinusoid was disrupted and 
changed into a velvet-like structure, while the cell mem- 
brane facing neighboring hepatocytes appeared normal 
with intact bile capillaries. Nevertheless all the cytosolic 
volume of such hepatocytes appeared to be equally affected 
with no apparent intracellular gradient. In the affected 
zones the endothelium of the sinusoids was often completely 
missing. In contrast, the lining of the conducting vessels 
apparently formed a protective barrier against the digi- 
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tonin. The basement membrane seemed to be the digitonin 
resistant structure. The lipocytes and the macrophages of 
the affected zones showed the same kind of cell damage 
and thinning of the cytoplasm as the hepatocytes. Note 
that the changes in the endothelium of the sinusoids were 
only found in the affected zones, apparently reflecting a 
100% effective uptake of digitonin under the present condi- 
tions of low flow rate and a small amount of digitonin 
(cf. Quistorff et al. 1985). The minimum concentration of 
digitonin required to produce a light microscopically detect- 
able lesion was, however, not determined. There is evidence 
that even very small amounts of digitonin may affect glyco- 
gen synthesis (but not gluconeogenesis) probably without 
light microscopically detectable lesions (Chen and Katz 
1988). 

Discussion 

It is generally agreed that the special vascular structure 
of the liver plays a key role in the amply documented heter- 
ogenous expression of the hepatic genome concerning a 
large number of enzymes (Jungermann 1986; Quistorff 
1989a), although the recent observation of a U-shaped ac- 
tivity gradient of glutamate dehydrogenase seems to com- 
plicate matters (Larmers et al. 1988). Based on the well 
known high affinity of digitonin for membrane cholesterol 
(Zuurendonk and Tager 1974) it was recently hypothesized 
that a brief perfusion with digitonin would automatically 
select the upstream cells as defined by the natural flow 
distribution in the liver microcirculation (Quistorff et al. 
1985). Consequently, the resulting plasma membrane per- 
meabilization and the ensuing elution of cytosolic material 
would be truely zone-selective with the microcirculation 
proper as the discriminatory principle (Quistorff 1987). The 
results thus far obtained with the digitonin perfusion tech- 
nique support this hypothesis in having demonstrated gra- 
dients very similar to those obtained by alternative meth- 
ods, except for the lipogenic enzymes acetyl-CoA-carboxyl- 
ase, citrate lyase and fatty acid synthase, where the digi- 
tonin perfusion technique (Evans et al. 1989) seems to be 
at variance with previous data obtained by microdissection 
(Katz et al. 1983a, b). 

Zone-selective cell permeabilization 

In the present study we have elected to further scrutinize 
the hypothesis of high zone selectivity of the digitonin pulse 
perfusion. Our key finding was that the cell permeabilizing 
effect of digitonin was highly zone selective, localized 
strictly to the upstream part of the microcirculation. The 
digitonin pulse applied affected ca 20% of the microcircula- 
tion and seemed to affect all sinusoids equally (Figs. 4-7). 
We conclude that the eluate obtained by the digitonin tech- 
nique may be considered a true representative sample of 
the cytosol of cells of the affected zone. The conclusion 
that only cytosol is sampled, is based upon earlier results 
showing only insignificant elution of mitochondrial marker 
enzymes (Quistorff 1987) in agreement with the fact that 
the inner mitochondrial membrane contains very little cho- 
lesterol and therefore unaffected by digitonin (deDuve 
1971; Zuurendonk and Tager 1974). 

It remains to be determined whether the digitonin elu- 
tion samples all cytosolic proteins equally well, i.e. whether 
the relative proportions of the specific activities of enzymes 
of the eluate is the same as in the cytosol. The fact that 

enzymes of different cytosolic subcompartments (pyruvate 
kinase, amyloglycosidase and glucose-6-phosphatase) do 
not show the same elution kinetic, suggests that for such 
enzymes proportional sampling may not take place (Quis- 
torff and Grunnet 1987). On the other hand, this should 
not affect the possibility of obtaining a reliable periportal/ 
perivenous gradient of specific activity within the same liver 
(Quistorff 1987). 

The surface pattern after digitonin treatment 

The results of the present study demonstrate unequivocally, 
that the pattern seen on the surface of the liver during 
digitonin perfusion represents the decolorization of superfi- 
cial microcirculatory units (Figs. 2 and 3). Since these units 
in turn are representative of the bulk of the units, the sur- 
face decolorization pattern may be taken as a valid reflec- 
tion of all microcirculatory units. This has been inferred 
for some time already, since the pattern has been used as 
a guidance for digitonin dosing in the special application 
of the technique for the preparation of isolated periportal 
or perivenous hepatocytes (Lindros and Penttilfi 1985; 
Quistorff 1985). 

The permeabilization transition zone 

At the cellular level we observed a thinning of the cytoplasm 
of affected cells corresponding to a 3-4-fold decrease in 
cytosolic protein content in these cells (Quistorff 1987). A 
very sharp borderline between affected and unaffected cells 
was seen along the sinusoids both with the periportal and 
the perivenous lesion. We seldom find more than a single 
transition cell (Fig. 7A-D). Such remarkable sharpness of 
borderline also applies to the effect on the sinusoidal epithe- 
lium, which is destroyed only in the part of the sinusoids 
where hepatocytes are permeabilized, and apparently unaf- 
fected in the downstream part of the vessel (Fig. 7A-D). 
Thus there must be an extremely efficient filtration of the 
perfusate to the space of Disse (Goresky et al. 1973) with 
complete uptake of digitonin, otherwise one would have 
expected the sinusoidal destruction to proceed significantly 
ahead of the zone of hepatocyte plasma membrane disinte- 
gration. This apparently does not happen under the present 
experimental conditions with an 8-rag load of digitonin at 
physiological flow rate, since the light microscopic examina- 
tion showed intact endothelial cells downstream of the digi- 
tonin lesion of the individual sinusoid. It is noteworthy 
that the conducting vessels apparently may be exposed to 
the digitonin without loss of integrity. In fact, this resistance 
was the lucky basis for successful development of the digi- 
tonin perfusion technique (Quistorff et al. 1985). 

Neither in experiments with por ta~cava nor in experi- 
ments with cava~por ta  digitonin infusion did the decolor- 
ized zone extend into the opposite zone. Furthermore, there 
was a remarkable constancy of shape and size of the af- 
fected zone indicating that the flow pattern must be similar- 
ly regular. This is perhaps most clearly illustrated in the 
dual-digitonin-pulse experiment (Fig. 6A) where the peri- 
portal and perivenous light zones were separated by nar- 
row, but always continuous strands of unaffected tissue. 
A difference in shape between the periportal and the peri- 
venous lesion was consistently observed: The zone around 
a terminal hepatic vein was always continuous, completely 
surrounding the vein, while the periportal lesion showed 
wedges of unaffected (dark) parenchyma reaching the por- 
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tal vein, although this was only seen around larger branches 
(> 100 gm), and not around the terminal portal venules. 
According to (McCuskey 1966; Burkel 1970)" arterial sinu- 
soids" do not exist in the rat, and the tissue wedges around 
the larger portal branches are thus not likely to represent 
the lack of arterial perfusion. 

Zones of the microcirculatory unit 

The acinar concept of the liver microcirculation advanced 
by Rappaport et al. in 1954 and later (Rappaport 1976) 
has gained wide acceptance, albeit alternative views have 
been presented in recent years (Matsumoto et al. 1979). 
Based on the data of the present study and in retrospect 
also on previous studies observing the decolorization pat- 
tern on the liver surface during digitonin perfusion (Quis- 
torffet al. 1985) and the pattern observed during 3-D redox 
ratio scanning (Quistorff and Chance 1986), we feel that 
the Rappaport acinus model does not adequately explain 
our findings. Our point of departure reaching this conclu- 
sion was primarily the decolorization pattern observed with 
por ta~cava digitonin perfusion. This pattern is composed 
of triangular zones which tend to merge at the points, isolat- 
ing more or less circular areas, concentric to the terminal 
hepatic vein (Figs. 2A, B and 4A). With the reverse perfu- 
sion (cava--.porta) exactly such pericentrally located circu- 
lar decolorization zones were obtained (Figs. 3A, B and 
5A). Thus, as explained in Fig. 8, we conclude that the 
actual flow pattern as reflected by the digitonin uptake pat- 
tern seems to define microcirculatory zones concentric with 
the central vein (Fig. 8 B) rather than with the middle of 
the terminal portal venule as indicated in the Rappaport 
model (Fig. 8A) (cf. Fig. 1 in Rappaport et al. 1954). Simi- 
lar criticism has been advanced previously by Matsumoto 
et al. (1979), (see Fig. 20 in Matsumoto et al. 1979) and 
recently also by others (Teutsch 1984; Dr. W.H. Larmers, 
personal communication). 

Studying previous reports on the heterogeneous distri- 
bution of enzymes in the liver lobule we find that these 
data may similarly be interpreted in terms of equipotential 
lines concentric to the central vein, e.g. for periportally zon- 
ated enzymes like glucose-6-P-tase (Pette and Brandau 
1966; Menard et al. 1974; Katz et al. 1977; Teutsch 1986) 
glucose-6-phosphate-dehydrogenase (Severson et al. 1973), 
lactatedehydrogenase (Pette and Brandau 1966) and func- 
tional studies of hepatic transport (Sherman and Fisher 
1986), conjungation processes (Chen et al. 1984) and flow 
studies (Altman 1975). One study by LeBouton (LeBouton 
1969) on the zonation of protein metabolism is particularly 
interesting in this context. In this work in vivo injection 
of radioactive leucine was made and the autoradiographic 
pattern of liver sections was recorded and carefully analyzed 
(see Figs. 1 and 2 in LeBouton 1969). The fact that the 
activity gradient determined from the portal space through 
the nodal point to the terminal hepatic venule showed no 
decrease of activity in the nodal point is in agreement with 
the above interpretation, but runs counter to predictions 
based on the Rappaport model (Rappaport 1976), which 
defines nodal points as zone 3, see Fig. 8 A. 

The mapping of the flow pattern in the present study 
was obtained in a model with physiological flow rate, but 
without erythrocytes in the perfusate and without arterial 
perfusion. The results may thus be biased compared with 
the in vivo situation to the extent these non-physiological 

conditions affect the microcirculatory flow distribution pat- 
tern, although redox-ratio scanning has demonstrated a 
similar pattern in the perfused liver and in vivo (Quistorff 
and Chance 1986). 

In conclusion we would like to stress that the basic con- 
cept of the Rappaport acinar model (Rappaport et al. 1954; 
Rappaport 1976), namely that the microcirculatory unit de- 
fines tissue zones in two neighboring classical lobuli is not 
affected by our data, although others have questioned the 
election of the acinus as a functional unit (McCuskey 1988). 
The point of disagreement in the present study concerns 
the definition of the equipotential lines defining the zones 
of hydrodynamic and metabolic equipotential, where our 
data lead us to postulate zones more or less concentric 
with the central vein (Fig. 8 B) in agreement with (Matsu- 
moto et al. 1979). Studies of the 3-dimensional architecture 
of the digitonin lesion are under way in our laboratories 
(Romert and Quistorff). 

Acknowledgements. The authors wish to thank Ms. Lissi Immerdal 
and Ms. Marianne Juhl Christensen for skitfull technical assistance. 
We also thank Prof. J. Rostgaard for fruitful discussions. 

References 

Altman HW (1975) Durchblutungsst6rungen des Lebergewebes. 
Formen und Folgen in morphologischer Sicht. Z Gastroenterol 
13:77-103 

Bartels H, Vogt B, Jungermann K (1987) Giycogen synthesis from 
pyruvate in periportal and perivenous zone in perfused livers 
from fasted rats. FEBS Left 2:277-283 

Berry NM, Friend DS (1969) High yield preparation of isolated 
rat liver parenchymal cells by collagenase perfusion. J Cell Biol 
43 : 506-520 

Burkel WE (1970) The fine structure of the terminal branches of 
the hepatic artery system of the rat. Anat Rec 167 : 329-350 

Chert KS, Katz J (1988) Zonation of glycogen and glucose synthe- 
sis, but not glycolysis, in rat liver. Biochem J 255:99 104 

Chert EH, Gumucio J J, Ho NH, Gumucio DL (1984) Hepatocytes 
of zone 1 and 3 conjugate sulfobromophthalein with glutath- 
lone. Hepatology 4: 467-476 

Cousineau D, Goresky CA, Rose CP, Lee S (1985) Reflex sympa- 
thetic effects on liver vascular space and liver perfusion in dogs. 
Am J Physiol 248:H186-H192 

Daniel PM, Prichard MML (1951) Variations in the circulation 
of the portal venous blood within the liver. J Physiol (London) 
114:521-537 

de Duve C (1971) Tissue fractionation. Past and present. J Cell 
Biol 50 : 20D-55D 

Evans JL, Quistorff B, Witters LE (1989) Zonation of lipogenic 
enzymes identified by dual-digitonin-pulse perfusion. Biochem 
J 260 (in press) 

Gaasbeek-Janzen JW, Larmers WH, Moorman AFM, de Graf A, 
Los JA, Charles R (1984) Immunohistochemical localization 
of carbamoylphosphate synthetase in adult rat liver. J Histo- 
chem Cytochem 32: 557-564 

Gebhardt R, Mecke D (1983) Heterogeneous distribution of gluta- 
mine synthase among rat liver parenchymal cells in situ and 
in primary culture. EMBO J 2:562570 

Goresky CA, Bach GG, Nadeau BE (1973) On the uptake of mate- 
rials by the intact liver. The transport and net removal of galac- 
tose. J Clin Invest 52:991-1009 

Hgussinger D (1983) Hepatocyte heterogeneity in glutamine and 
ammonia metabolism and the role of an intracellular glutamine 
cycle during ureagenesis in perfused rat liver. Eur J Biochem 
133:418422 

Ingelman-Sundberg M, Johansson I, Penttil/i KE, Glaumann H, 



498 

Lindros KO (1989) Centrolobular expression of ethanol-induc- 
ible cytochrome P-450 (IIEI) in rat liver. Biochem Biophys 
Res Commun 157 : 55 60 

Ji S, Bekh K, Jungermann K (1984) Regulation of oxygen con- 
sumption and microcirculation by alfa-adrenergic nerves in the 
isolated perfused liver. FEBS Lett 169:117-122 

Jungermann K (1986) Functional heterogeneity of periportal and 
perivenous hepatocytes. Enzyme 35:161-180 

Katz N, Teutsch HF, Sasse D, Jungermann K (1977) Heteroge- 
neous distribution of glucose-6-phosphatase in micro-dissected 
periportal and perivenous rat liver tissue. FEBS Lett 
76 : 226-230 

Katz NR, Fisher W, Gifflaorn S (1983a) Distribution of enzymes 
of fatty acid and ketone body metabolism in periportal and 
perivenous rat liver tissue. Eur J Biochem 135:103-107 

Katz NR, Fisher W, Ick M (1983b) Heterogeneous distribution 
of ATP citrate lyase in rat liver parenchyma. Eur J Biochem 
130:297 301 

Krebs HA, Henseleit K (i 932) Untersuchungen fiber die Harnstoff- 
bildung in Tierk6rpern. Hoppe-Seyler's Z Physiol Chem 
210:33-66 

Larmers WH, Gaasbeek-Janzen JW, Moorman AFM, Charles R, 
Knecht E, Martinez-Ramon A, Hernandez-Yago J, Grisolia 
S (1988) Immunohistochemical localization of glutamatedehyd- 
rogenase in rat liver: Plasticity of distribution during develop- 
ment and with hormone treatment. J Histochem Cytochem 
36: 41-47 

Lawrance GM, Jepson MA, Trayer IP, Walker DG (1986) The 
compartmentation of glycolytic and gluconeogenetic enzymes 
in rat kidney and liver and its significance to renal and hepatic 
metabolism. Histochem J 18:45-53 

LeBouton AV (1969) Relations and extent of the zone of intensified 
metabolism in the liver acinus. Curt Mod Biol 3:4-8 

Lindros KO, Penttil/i KE (1985) Digitonin-collagenase perfusion 
for efficient separation of periportal and perivenous hepato- 
cytes. Biochem J 228 : 557-560 

Matsumoto T, Komori R, Magara T, Ui T, Kawakami M, Tokuda 
T, Takasaki S, Hayashi H, Jo K, Hano H, Fujina H, Tanaka 
H (1979) A study on the normal structure of the human liver, 
with special reference to its angioarchitecture. Jikeikai Med J 
26 : 140 

Matsumara T, Thurman RG (1984) Predominance of glycolysis 
in pericentral regions of the liver lobule. Eur J Biochem 
140:229-234 

McCuskey RS (1966) A dynamic and static study of hepatic arter- 
ioles and hepatic sphincters. Am J Anat 119:455-478 

McCuskey RS (1988) Hepatic microcirculation. In: Bioulac-Sage 
P, Balabaud C (eds) Sinusoids in human liver: Health and dis- 
ease. The Kupffer Cell Foundation, Amsterdam, pp 151 164 

Menard D, Penasse W, Drochmans P, Hugon JS (1974) Glucose-6- 
phosphatase heterogeneity within the hepatic liver lobule of 
the pentobarbital treated rats. Histoehemistry 38:229- 
239 

Pette D, Brandau H (1966) Enzym-Histogramme und Enzymakti- 
vitfitsmuster der Rattenleber. Enzym Biol Clin 6:79-122 

Quistorff B (1985) Gluconeogenesis in periportal and perivenous 
hepatocytes of rat liver, isolated by a new high-yield digitonin/ 
collagenase perfusion technique. Biochem J 229:221 226 

Quistorff B (1987) Digitonin perfusion in the study of metabolic 
zonation of the rat liver: Potassium as an intracellular concen- 
tration reference. Biochem Soc Trans 15:361-363 

Quistorff B (1989) Preparation of isolated periportal and periven- 
ous hepatocytes from rat liver. In: Pollard JW, Walker JM 
(eds) Methods in molecular biology V. Humana Press 

Quistorff B (1989a) Metabolic heterogeneity of liver parenchymal 
cells. Essays Biochem (in press) 

Quistorff B, Chance B (1986) Redox scanning in the study of meta- 
bolic zonation. In: Thurman RG, Kaufmann FC, Jungermann 
K (eds) Regulation of hepatic metabolism. Plenum Press, New 
York, pp 185-207 

Quistorff B, Grunnet N (1987) Dual-digitonin-pulse perfusion. 
Concurrent sampling of periportal and perivenous cytosol of 
rat liver for determination of metabolites and enzyme activities. 
Biochem J 243 : 87-95 

Quistorff B, Grunnet N, Cornell NW (1985) Digitonin perfusion 
of rat liver. A new approach in the study of intra-acinar and 
intra-cellular compartmentation in the liver. Biochem J 
226: 289-297 

Rappaport AM (1976) The microcirculatory acinar concept of nor- 
mal and pathological hepatic structure. Beitr Pathol 
157 : 215-243 

Rappaport AM, Borowy ZJ, Lougheed WM, Lotto WN (1954) 
Subdivision of hexagonal liver lobules into a structural and 
functional unit. Anat Rec 119:11-33 

Severson AR, Hubbard DD, Gibson DM (1973) Changes in distri- 
bution of lipid, glucose-6-phosphate-dehydrogenase and malate 
enzyme within the liver lobule of the rat during adaptive hyper- 
lipogenesis. Anat Rec 175:231-242 

Sherman IA, Fisher MM (1986) Hepatic transport of fluorescent 
molecules: In vivo studies using intravital TV microscopy. He- 
patology 6 : 444-449 

Tanahashi K, Hori S (1980) Immunohistochemical location of hex- 
ose 6-phosphate dehydrogenase in various organs of the rat. 
J Histochem Cytochem 28:1175-1182 

Teutsch HF (1984) Sex-specific regionality of liver metabolism dur- 
ing starvation; with special reference to heterogeneity of the 
lobular periphery. Histochemistry 81:87-92 

Teutsch HF (1986) A new sample isolation procedure for micro- 
chemical analysis of functional liver cell heterogeneity. J Histo- 
chem Cytochem 34: 263-267 

Welsh FA (1972) Changes in distribution of enzymes within the 
liver lobute during adaptive increases. J Histochem Cytochem 
20:107-111 

Zuurendonk PF, Tager J (1974) Rapid separation of particulate 
components and soluble cytoplasm of isolated rat-liver cells. 
Biochim Biophys Acta 333:393-399 


