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FOREWORD

The liver has been an organ of mystery for centuries. Slowly but surely its secrets have been disclosed
by both basic research and clinically oriented investigators whose current concepts have been brought
together in this book by authors from five different countries.

Three major groups with many subgroups have made inroads into our better understanding of the liver.
The first of these comprises the basic scientists whose study of single hepatocytes may provide the key to
comprehension of mechanisms that will lead eventually to improvement in the morbidity and mortality
associated with a variety of hepatic disorders.

The second group has been concerned with studies in depth of the liver’s response to a variety of
hormones, drugs, viruses, and infections. Both early and late results are their concern in the diagnosis and
treatment of the individual patient.

A third group comprises the surgeons who have become increasingly aggressive in the removal of one or
more segments of the liver. They have increased the scope of hepatic resection as a result of a better
understanding gained from studies of various segments of the liver. They have accepted the term,
segmentectomy, and have extended feasible procedures to include trisegmentectomy. Indeed, trans-
plantation of the liver has been successfully accomplished.

The clinician has become increasingly reliant on the roentgenologist for assistance in localizing tumors of
the liver and providing information with regard to its blood supply by angiogram. Fewer hepatic common
ducts require surgical reexploration since calculi can be removed technically by the roentgenologist,
absorbed by the new solvents, or removed via an incised ampulla of Vater with use of a special flexible
scope passed orally.

Those interested in basic research should be aware of the problems encountered by the clinician. It is just
as important for the clinician to be knowledgeable regarding basic science studies on the individual liver
cell. Such-studies are often the cornerstone of subsequent developments in the successful diagnosis and
treatment of patients.

Such a multifaceted organ as the liver doubtless has many more unsolved mysteries that continue to
challenge the basic scientist, but the combined efforts of all these groups have begun to bring long-time
liver problems under control.

The authors have succeeded together in building a storehouse of current knowledge about the liver. The
basic scientist as well as the clinician should find this book invaluable.

Robert M. Zollinger, M.D.
Professor and Chairman Emeritus
The Department of Surgery

The Ohio State University
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PREFACE

Recent technological and scientific advances from the subcellular to the macroscopic levels of organization
discussed during the Symposium of the Pan American Congress of Anatomy, held in Sdo Paulo, Brazil, in
1977, were the primum movens that prompted the editors to present in this monograph the major basic
achievements and clinical applications of new knowledge on hepatology. Although limited by the relatively
concise text, this comprehensive approach corresponds to what may be called modern hepatology, as the
subject matter in each chapter concentrates on innovations and recent contributions as well as on pure and
applied data based on theoretical, practical, and even speculative aspects of recent knowledge of the liver.
Experimental details, case reports, and controversial interpretations have been avoided to give place to new
findings that have gained acceptance by the majority of investigators and practitioners dealing with
hepatology.

Basic and Clinical Hepatology is intended to serve general practitioners, surgeons, specialists, investi-
gators, and students. This publication compiles data from scientific articles, review papers, and textbooks.
We have attempted to summarize basic, clinical, and surgical information and, at the same time, point out
gaps in present knowledge as well as the need for further research. This approach favors the presentation of
new trends in the study of the liver and has consequently led to the exclusion of traditional well-established
information. Contributions obtained by means of new techniques utilized in transmission and scanning
electron microscopy, with or without freeze-fracture, as well as those made with the remarkable tools that
have been developed for use in radiology have been included. These techniques have enabled pathologists
and clinicians to better understand the anatomy and physiology of the liver, both normal and diseased;
to help with interpretation of clinical and experimental findings; and to offer a sound basis for surgical
treatment of ailments of the human liver.

Although the use of the Nomina Anatomica, Nomina Embriologica, and Nomina Histologica was
recommended, there are some departures from the official nomenclature, and in these instances the
terminological change is justified.

We are grateful to Mr. John Flukas for his skillful editorial cooperation, and to Dr. Silvia Correr who
offered many constructive suggestions while checking and carefully reading most of the text. Special
thanks are due to Mr. Jeffrey K. Smith for his effort and encouragement during all the stages of the
preparation of this volume.

We regret to add a sad note relating to the deaths of Prof. Renato Locchi and Prof. Dr. J.-C. Wanson, in
whose memories this book is dedicated.

Finally, we would like to mention the pioneering interest of Prof. Z. Fumagalli in the modern correlation
between basic and applied study on the liver, as evidenced by his sponsorship of special reports on the
subject during the Italian Congress of Anatomy in Messina (1958).

In a publication of this magnitude and diversity, some errors and omissions may be found. The editors
ask the reader’s indulgence and, additionally, hope that corrections and comments will be forwarded to
them.

P.M. . Motta (Rome, Italy)
L.J.A. DiDio (Toledo, Ohio, USA)



1. SEGMENTS OF THE LIVER:
THE ANATOMICAL BASIS FOR PARTIAL HEPATECTOMY

L.J.A. DiDI1o

1. THE CONCEPT OF ANATOMICOSURGICAL
SEGMENTS OF THE LIVER

The etymology of the word segment gives an in-
dication of the cause for the confusion that has
surrounded subdivision of the liver, and may help in
the understanding of the concept of anatomical and
surgical territories of viscera.

The term segment originates from the Latin
segmentum (a section, a piece cut off, a fragment, a
cutting) and it is related to secare (to cut).

In biology, segment designates any of the por-
tions, divisions, sections, or territories into which a
body, an organ, or a viscus is separable by imagin-
ary, natural, artificial, or arbitrarily estab-
lished boundaries. In geometry, it is a part
of a figure; for example, a circle or sphere,
marked off by a line or plane, as a part of an
area limited by an arc and its chord. It is also
defined as a piece cut along the radii of a circular
area. In embryology, segments may mean meta-
meres or serially homologous structures, such as the
repetition of similar parts of annelids, somites, or
myotomes. In spite of there being good reasons to
use the word zone instead of segment [1] worldwide
adoption of the latter overrides any possible change.

In anatomy and in surgery, a segment is defined
as a territory of an organ or viscus having an
independent function, supply, or drainage, and as
susceptible to anatomical identification and sur-
gical separation or removal.

The best-known examples are the bronchopul-
monary, the renal [2-5], the splenic [6—-12] segments
and, more recently, the gastric [13] and the cardiac
segments [14].

Anatomicosurgical visceral segments are inde-
pendent territories of parenchymatous organs, now
extended to hollow organs, that provide the natural

and essential background for systematic surgical
removal of portions of anatomical structures. Re-
cognized, classified, and described in the lungs,
kidneys, spleen, liver, stomach, and heart, among
other viscera, the anatomicosurgical segments have
a common denominator and organ differences.

The common denominator is the complete, or
almost complete, independence in certain divisions
or subdivisions of each organ of their blood supply
and drainage as well as their ducts or canals (or
bronchi, for example), where present. The vascular
and ductal elements constitute the segmental pe-
dicle analogous to that of each lobe (lobar pedicle)
and that of the entire viscus. At least in some
organs, the lymph drainage and nerve supply also
follow the other components of the segmental
pedicle. The independence between segments can be
complete or incomplete, the latter being related to
the presence of anastomoses between vessels of
adjacent segments. These anastomoses are, how-
ever, small in size and/or in number, and are located
at the limits between segments. These intersegmen-
tal limits are recognizable as avascular or pauci-
vascular zones, i.e., areas or lines, at which level
surgical incisions are made for removal of the
segment. Segmental independence can be perma-
nent or temporary. Temporary independence, which
is observed for example as lines or zones of ischemia
when the blood supply is cut, need be sufficiently
long for the performance of the segmentectomy.
The normal, dynamic anatomy of the segment is
modified and eventually altered by the surgical
reduction or obliteration of the blood supply,
drainage, or the flow of the contents of bronchi,
renal calyces, or bile ducts, as the case may be, and
thus facilitates the removal of a portion of the
organ.

The differences among the organs stem from the

P.M. Motta and L.J.A. DiDio (eds.), Basic and clinical hepatology, pp. 1-14. All rights reserved.
Copyright © 1982 Martinus Nijhoff Publishers, The Hague|Boston|London.



morphological and functional features of each vis-
cus. Accordingly, the ‘segmenta hepatis’ differ mor-
phologically from the segments of other viscera but,
similar to these, they constitute the anatomical
basis for partial resection of the organ.

2. PORTO-BILIO-ARTERIAL (PORTAL)
SEGMENTS AND HEPATIC (DRAINAGE)
VENOUS SEGMENTS

The segments of the liver are defined as subdivisions
of its parenchyma, based on the arterial and portal
supply as well as on the biliary and venous drain-
age. The segments, however, are not separated by
septa of connective tissue.

The historical background of the segments of the
liver is relatively short. In fact, the anatomy of the
segments has been known for many years but
application of this knowledge for surgical purpose
is recent, especially in comparison to the chronol-
ogy of the identification and classification of seg-
ments in other organs. Although known for a long
time, it is obvious that the practical importance of
the anatomy of the segments depended upon ad-
vances in the technology related to surgery and
pathology.

Traditional division and nomenclature of the
liver were based on its surface morphology and
anatomical relationships, and were directed by
descriptive guidelines: right, left, quadrate, and
caudate lobes, the latter comprising in turn the
caudate and papillary processes.

The new or segmental division of the liver takes
into account primarily the tridimensional arrange-
ment of vascular (blood supply and drainage,
lymph drainage) and ductal (biliary drainage) com-
ponents as well as the nerve supply of the surgically
removable independent territories of the liver. The
hepatic angio-architecture shows very well that
these segments are separate, supplied by isolated
pedicles, and their independence allows for the
performance of partial hepatectomy [15].

The characteristics of the segmental division of
the liver are (a) the individual supply and drainage
of each territory, (b) the constant pattern in the
arrangement of vascular, ductal, and nerve ele-
ments, (c) the presence of eight porto-bilio-arterial
segments intertwined with four hepatic segments,

(d) the hepatic veins bridging the limits between
porto-bilio-arterial segments, and (e) the permanent
or temporary independence of the segments and,
when temporary, at least of sufficient duration for
the performance of the surgical procedure, such as
partial hepatectomy, single or multiple segment-
ectomy.

The most demonstrable background for recog-
nition of liver segments was found in the intra-
parenchymatous distribution of the portal vein, of
the hepatic artery, of lymph vessels and nerves, and
of the arrangement of the biliary ducts, which
happen to run together (ordinarily an element
representative of each component). On the other
hand, the rootlets and roots of the hepatic veins, as
expected, follow a course separate from the men-
tioned elements. The major trunks of the hepatic
veins occupy intersegmental positions and each
drains adjacent porto-bilio-arterial segments.

3. HEPATON, LOBULE, SEGMENT, LOBE

For practical and mnemonic purposes, the seg-
mental arrangement of the liver can be considered
as the magnification of the oversimplified classic
liver lobule. This lobule is, according to Elias, an
ephemeral expression of a field of pressure gradient
[16]. In addition, one can extrapolate the topog-
raphy of the vascular, ductal, and nerve elements of
the hepaton (the supracellular morphological and
functional unit of the liver) to the entire organ in
order to better understand the framework in which
the segments and their pedicles are arranged.
(Analogous to nephron, neuron, and osteon, a he-
paton represents the minimum amount of paren-
chyma able to function as the entire liver.) In fact, a
section through a hepatic lobule or acinus as well as
a stereoscopic diagram of hepatic structure show
that (a) branches of the portal vein, (b) radicles of
the biliary tree, (c) branches of the hepatic artery,
(d) lymphatic vessels, and (e) nerve elements run
together in angles of each polyhedral lobule; where-
as the small central vein, a rootlet or a tributary of
the hepatic (formerly called suprahepatic) vein,
occupies the center (as implied in the name), the
core, or the axis of the lobule (Fig. 1).
Considering the elements (artery and bile duct)
that are located in the angles of the hepatic lobule as



Figure 1. Simplified diagram of three liver lobules that illustrate
portal triads (T), the elements of which unite and lead ultimately
to the porta hepatis (P.H.), while the central veins (C) join and
lead ultimately to the inferior vena cava (I.V.C.). The location of
the triads and of the central veins reminds one of the different
arrangement of porto-bilio-arterial (portal) segments and of
hepatic venous segments as well as their interdigitation.

satellites or ‘comitantes’ of the portal branches, the
name portal triad (or tetrad or pentad, if one also
counts the lymphatic and/or nervous elements) can
be applied. Disregarding for purposes of simplifi-
cation the lymphatic and nervous components, the
portial triadis made up of a branch of the portal vein
(representative of vasa publica), a branch of the
hepatic artery (representative of vasa privata), and a
rootlet of the bile ducts (the interlobular bile
ductule). A comprehensive name for all these struc-
tures could, therefore, be ‘porto-bilio-arterial’ ele-
ments (the so-called Glissonian system) or, simply,
‘portal’ elements, as they seem to follow, or to be
followed by, the portal ramification or distribution
in the parenchyma of the liver.

It is apparent that the arrangement of the porto-
bilio-arterial elements does not coincide with that of
the hepatic venous elements. In fact, these two sets
of elements interdigitate, an arrangement that ex-
plains why the hepatic veins are intersegmental,
that is, located on the boundaries of the porto-bilio-
arterial segments, draining adjacent segments.

By comparing the liver (portal and hepatic)
segments and other known visceral segments, one
notices that to a certain extent the position of the
central veins (or their corresponding larger vessels)
is equivalent to that of the intersegmental veins of
the lungs and of the kidney while the segmental
pedicles of the spleen stand alone by not resembling
the other parenchymatous organs in this respect.
Another exclusive feature of liver segmentation
resides in the different location of the segmental
pedicles; the porto-bilio-arterial segments have pe-
dicles at the level of the hilum or porta hepatis,
whereas the hepatic venous segments are drained by
veins directed toward the inferior vena cava. Final-

ly, one or more segments are contained in the
traditional lobes of the liver.

Carrying the microscopic image to the entire liver
and primarily utilizing plastic injection and corro-
sion specimens, it is easy to visualize and under-
stand the different topography of the porto-bilio-
arterial elements and of the hepatic venous ele-
ments. As pointed out, this difference leads to the
identification of ‘portal’ (porto-bilio-arterial) seg-
ments and ‘hepatic venous’ segments, and to the
recognition that the segmental pedicles do not
contain all the elements relating to each segment:
the porto-bilio-arterial elements of a segment have
to be reached from the hepatic hilum, while the
hepatic vein(s) draining the segment will be found
at the limit between segments, which can be better
identified when one (or more) vascular element(s)
of the segmental pedicle is temporarily or per-
manently ligated.

4. HISTORICAL BACKGROUND OF
SEGMENTATION OF THE LIVER

A brief survey of the literature shows that several
descriptions, implicit or explicit, of the segments of
the liver have been published with a number of
classifications and variable nomenclature, and with
the use of a wide variety of techniques that have
given rather consistent results. The most commonly
known are contained in papers, theses, books, or
monographs [1, 15, 17-19, 20-45].

Comparison between the descriptions of liver
segmentation presented by the authors mentioned
above indicated that the variations, oscillating
around a medium, which is the most frequent type,
can be explained by observation of different sam-
ples of the population. The average pattern, how-
ever, was found and can be utilized as a basis for
study and practical application [1], especially in
surgery and pathology.

5. NOMENCLATURE AND NUMBERING OF
THE SEGMENTS OF THE LIVER

The variable terminology used by the investigators
is explained by the fact that the segments were
studied in situ, in the isolated liver, in the ana-
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tomical position for description, or in another
position, considering the middle of the organ or the
sagittal plane of the human body as the major
reference.

The International Anatomical Nomenclature
Committee [46] recognized that there is not yet
complete agreement among authorities on segmen-
tation. It is hoped that a recommendation will be
prepared by the committee for adoption of a
terminology that will satisfy the majority. Toward
this goal, the following nomenclature, numbering
of segments, and naming of fissural planes and
elements of segmental pedicles will serve as a
subsidy to the Committee.

Previous excellent contributions on the subject by
several authors, already quoted, were compared
and correlated, and were again compared and
correlated with the traditional morphological di-
vision. It was found that the correlations were
conducive to an average or prevailing pattern in
the intrahepatic distribution of the elements of the
hepatic pedicle and of the venous drainage of the
liver toward the inferior vena cava. In fact, it
became evident that Couinaud’s system of liver
segmentation was the natural culmination of the
pioneering work done or developed by the investi-
gators mentioned above, as is demonstrated in his
comprehensive monograph [33]. This conclusion
was drawn on the basis of the confirmation of
Couinaud’s system of division and subdivision of
the liver by several authors [1, 30, 35, 36, 39, 44, 45,
47, 48].

In our former department of anatomy (Faculty
of Medicine, University of Minas Gerais, Belo
Horizonte, Brazil), Nogueira [35, 36] was able to
duplicate Couinaud’s findings in 52 specimens and
we reproduced his results in eight preparations in
the department of anatomy of the Medical College
of Ohio [45]. Based on our own experience and on
the data of other investigators, we recommend the
adoption of Couinaud’s classification with slight
modification and a few additions to the terminol-
ogy and numbering of the hepatic venous segments
(Fig. 2).

The portal (porto-bilio-arterial) segments are
numbered clockwise with Roman numerals from I
to VIII. The hepatic venous segments (venous
drainage segments) interdigitate with the portal
segments and are numbered clockwise in Arabic

Figure 2. Diagram of the diaphragmatic aspect of the human
liver showing the division into halves, sectors, and segments,
based on the porto-bilio-arterial or, simply, portal distribution,
according to Couinaud [33]. M-cystic fossa and P-fossa of the
inferior vena cava, united by a line — MP — indicating the median
fissural plane, on the surface of the liver; R and Pm, posterior
and anterior extremities of the right paramedian fissural plane
(broken line, long dashes — RPm); L and Pm, posterior and
anterior ends of the left paramedian fissural plane (broken line,
long dashes — LPm); dotted lines indicate intersegmental fissural
planes. The limits of the sectors are indicated by broken lines
(small dashes), external to the periphery of the liver. RPmMP,
right medial sector; LPmMP, left medial sector. The dorsal
segment (1 or I) is not visible.

numerals from 1 to 4, looking at the diaphragmatic
aspect of the liver in situ from an anterosuperior
view (the numbering is counterclockwise when look-
ing at the visceral aspect of the liver).

The portal segmentation ordinarily presents the
following pattern. The liver is divided into halves,
that is, right hemiliver and left hemiliver, by a middle
plane that runs from the middle of the cystic fossa
to the left side of the fossa of the interior vena cava,
except for the caudate lobe or dorsal sector, which
remains undivided to constitute a segment (Fig. 3).
Each hemiliver is subdivided into sectors by para-
median planes. (The adjective paramedian is used in

Figure 3. Diagram of the visceral aspect of the liver, reflected
superiorly, to show the location of the dorsal segment I of the
porto-bilio-arterial segmentation or dorsal segment 1 of the
hepatic venous drainage segmentation (the territory is the same
in either subdivision) and corresponds to the former caudate
lobe.



relation to the isolated liver and not in relation to
the median sagittal, or simply sagittal, plane of the
body.) Each sector is further subdivided into eight
portal segments by certain planes of separation, as
illustrated (Figs. 2 and 3).

The hepatic venous segments correspond to the
four independent territories drained by the hepatic
veins into the inferior vena cava and are separated
by fissural planes (Fig. 4).

The segment that is represented by the traditional
caudate lobe is the only one where there is coinci-
dence and not interdigitation of the two systems
(Figs. 3 and 4). It is called the dorsal segment and is
the only territory that corresponds at the same time
to a portal segment (I) and to a hepatic venous
segment (1).

The segments of the liver (Figs. 2-5) may be
classified, named, and numbered as shown in Table 1.

Figure 4. Diagram of the diaphragmatic aspect of the liver,
showing the boundaries between the four hepatic venous seg-
ments (of blood drainage). The dorsal segment | is seen by
transparency. The broken lines indicate the fissural planes:
dorsal, to separate the homonymous sector and segment (cau-
date lobe); left (SL), and right (DR) fissural plane.

Table 1.

Figure 5. Diagram of the diaphragmatic aspect of the liver
showing all the segments except dorsal segment 1 or L. The portal
segments (II-VIII) are superimposed on the hepatic venous
segments (2, 3, 4) or vice versa, to show their interdigitation and
other relationships.

6. FISSURAL PLANES

The planes of separation, incision, or cleavage are
called fissural planes because they are seen after
vascular injection of a plastic substance, followed
by corrosion, or after permanent or temporary
surgical obliteration of a vessel. While a fissure,
therefore, is a cleft (anatomically visible), a fissural
plane is a cleavage or a potential plane of separa-
tion that may correspond to a limit or boundary of
pathological lesions and may be artificially made.

The fissural planes of portal segmentation are (Figs.
2-4):

1) Median, main, or principal fissural plane
between the hemilivers. The term median could be
replaced by central if one wishes to avoid possible
confusion with the median plane of the body. This

A. Portal (porto-bilio-arterial) segmentation

Dorsal sector” ...
Left lateral sector” ...
Left medial sector ...

Left hemiliver

Right hemiliver Right medial sector ...

Right lateral sector ...

B. Hepatic venous segments (segments for blood drainage)

Dorsal hepatic venous segment (1)

Left hepatic venous segment (2)
Intermediate hepatic venous segment (3)
Right hepatic venous segment (4)

dorsal segment (I): invisible on the diaphragmatic aspect
left lateral segment (II)

left anterior segment (IT1)

left medial segment (IV)

right anterior medial segment (V)

right posterior medial segment (VIII): invisible on the visceral aspect

right anterior lateral segment (VI)
right posterior lateral segment (VII)

¢ Unisegmental sectors; the other sectors are bisegmental.



plane makes a 60° angle with the horizontal (open-

ing toward the left).

2) Right and left paramedian, to separate the
medial and lateral sectors, in each hemiliver. If the
word central were chosen, then the term para-
median should be substituted by paracentral. The
terms medial and lateral refer again to the middle of
the isolated liver and not to the (median) sagittal
plane of the body. The right paramedian plane has
the anterior extremity at a point in the inferior
margin of the liver situated between the median
fissural plane and the right hepatic ‘angle’ (one-
third from the latter). From this point, the plane
runs 6 cm from and parallel to the right liver
margin, then curves toward the left and ends at its
posterior extremity (behind the termination of the
right hepatic vein, on the right side of the inferior
vena cava). This plane makes a 50° angle with the
horizontal (opening toward the right). The /eft
paramedian plane has the anterior extremity at a
point in the inferior margin of the liver located
midway between the round ligament and the left
hepatic ‘angle’. Its posterior extremity is situated to
the left of the termination of the left hepatic vein.
This plane almost transversely cuts the left lobe of
the liver since it is curved, having the concavity
toward the left and posteriorly; it has a transverse
anterior portion and a sagittal posterior portion.

3) Dorsal, to separate the dorsal sector, which
constitutes the segment (I) that corresponds to the
traditional caudate lobe.

4) Intersegmental, between the following seg-
ments:

a) Left lateral segment (II) and left anterior seg-
ment (IIT) separated by the intersegmental plane,
represented by the transverse portion of the left
paramedian fissural plane (which is curved and
not straight as the right paramedian fissural
plane).

b) Left lateral segment (II) and left medial segment
(IV), separated by the sagittal portion of left
paramedian fissural plane.

c) Left anterior segment (111) and left medial seg-
ment (IV), separated by the left intersegmental
fissural plane, which is the anterior continuation
of the sagittal portion of the left paramedian
fissural plane.

d) Left medial segment (IV) and right anterior
medial segment (V), separated by the anterior

portion of the median fissural plane.

e) Left medial segment (IV) and right posterior
medial segment (VIII), separated by the inter-
segmental plane, represented by the posterior
portion of the median fissural plane.

f) Right anterior medial segment (V) and right
anterior lateral segment (VI), separated by the
anterior portion of the right paramedian fissural
plane.

g) Right anterior medial segment (V) and right
posterior medial segment (VIII), separated by
the medial portion of the transversal inter-
segmental fissural plane.

h) Right anterior lateral segment (VI) and right
posterior lateral segment (VII), separated by the
lateral portion of the transversal intersegmental
fissural plane.

i) Right posterior lateral segment (VII) and right
posterior medial segment (VIII), separated by
the intersegmental fissural plane, represented by
the posterior portion of the right paramedian
fissural planes.

The four hepatic venous segments are separated by
hepatic venous fissural planes (Fig. 4), which are the
right, the left, and the dorsal:

a) The dorsal, to separate from the remaining liver
the dorsal segment (1) that coincides with the
portal segment (I).

b) The left, between the left hepatic venous segment
(2) and the intermediate hepatic venous segment
(3).

c) The right, between the intermediate hepatic
venous segment (3) and the right hepatic venous
segment (4).

The dorsal fissural plane can be divided into a right
and a left portion as it separates the dorsal segment
from the right and the left hemiliver.

The left hepatic fissural plane corresponds to the
insertion of the falciform ligament on the dia-
phragmatic aspect and to the left longitudinal
sulcus of the visceral aspect of the liver. Its anterior
and posterior extremities correspond, respectively,
to the insertion of the round ligament and to the
dorsal termination of the sulcus of the ductus
venosus. It is perpendicular to the visceral aspect of
the liver, separates the left hepatic venous segment



(traditional left lobe) from the intermediate hepatic
venous segment, and is located midway between the
left and the intermediate hepatic veins.

The right hepatic fissural plane, situated midway
between the intermediate and the right hepatic
veins, separates the intermediate from the right
hepatic venous segment. It is slightly curved with
the concavity toward the left. Its posterior extrem-
ity is found between the terminations, in the inferior
vena cava, of the right and intermediate hepatic
veins. Its anterior extremity corresponds most fre-
quently to a point midway between the cystic fossa
and the right anterior angle of the liver or, in other
words, it is located between the anterior extremities
of the median and the right paramedian fissural
plane.

7. DESCRIPTION OF THE SEGMENTS
AND SEGMENTAL PEDICLES

7.1. Portal segmentation (Fig. 6)

T) The dorsal segment is seen only on the visceral
aspect of the liver. It corresponds to the caudate
lobe and includes the deep hepatic parenchyma,
behind the hilum; that is, between the portal vein
and the inferior vena cava. It has boundaries with
the left medial (IV), right posterior medial (VIII),
and right posterior lateral (VII) segments. The old
caudate lobe constitutes at the same time a portal
segment (I) and a hepatic venous segment (1) from
the standpoint of vascularization. The elements
of its segmental pedicle are (a) three veins
from the left branch of the portal vein; (b) one
or two arteries from the left branch of the hepatic
artery; (c) biliary ducts leading to the right and left
roots of the hepatic duct; and (d) dorsal hepatic
veins draining into the inferior vena cava, in the
intermediate or in the left hepatic vein.

IT) The left lateral segment is seen as an oval
territory on visceral and diaphragmatic aspects of
the liver in the extreme left of the organ. The pedicle
of the left lateral segment is made up of (a) the
homonymous vein (or angular vein) of the portal
vein; (b) the homonymous artery, originating with
the artery of segment III from a common trunk
given off by the left branch of the hepatic artery; (c)
the segmental biliary duct, which joins that of

segment III to form a large duct that in turn
becomes the left root of the hepatic duct; (d)
segmental veins that drain into the left hepatic vein.

I11) The left anterior segment, triangular in shape,
appears on both aspects of the liver. Its pedicle is
formed by (a) two branches of the vein of the left
medial segment (IV) from the portal vein (left
branch); (b) the segmental artery, from the left
branch of the hepatic artery; (c) the segmental
biliary duct that leads into the left root of the
hepatic duct; (d) segmental veins draining into the
left hepatic vein.

IV) The left medial segment, rectangular in
shape, appears on both aspects of the liver, but is
seen only partially in the visceral aspect since the
posterior half is covered by segment 1. Its pedicle
contains (a) several branches of the vein of the left
medial segment (IV), in turn a branch of the portal
vein (left branch); (b) the segmental artery, a
collateral given off by the left branch of the hepatic
artery; (c) the segmental biliary duct empties in the
trunk formed by the confluence of the ducts of
segments I and II; (d) the left root of the inter-
mediate hepatic vein and its affluents.

V) The right anterior medial segment is seen in
both aspects of the liver as a quadrangular terri-
tory. Its pedicle comprises (a) a group of veins,
which are the anterior branches of the vein of the
right medial sector, in turn a branch of the portal
vein (right branch); (b) the segmental arteries orig-
inated from the artery of the right medial sector; (c)
the biliary ducts that lead to the biliary duct of the
right medial sector; (d) segmental veins that drain
into the right root of the intermediate hepatic vein
and a few that are tributaries of the right hepatic
vein.

VI) The right anterior lateral segment is visible on
both aspects of the right anterior ‘angle’ of the liver.
Its pedicle consists of (a) one or more branches of
the vein of the right lateral sector, a branch of the
portal vein (right branch); (b) segmental arteries
originated from the artery of the right lateral sector;
(c) segmental biliary ducts which join those of
segment VII to form the biliary duct of the right
lateral sector; (d) the roots and affluents of the right
hepatic vein. In 209 of the cases, Nogueira [35]
observed that the right root of the intermediate
hepatic vein contributes to the drainage of this
segment.



Figure 6. 1deal diagrams of the sectors and segments of the liver in transparent colors to give their approximate arrangement. In
diagrams 4-C, colors indicate the following: blue, dorsal sector, segment 1 or I or caudate lobe; yellow, left lateral sector or segment
II; brown, left medial sector, made up of segments I1I and IV (left anterior and left medial, respectively); red, right medial sector, made
up of segments V and VIII (right anterior medial and right posterior medial, respectively); green, right lateral sector, made up of
segments VI and VII (right anterior lateral and right posterior lateral, respectively). The sectors are made up of one or more segments.



In diagram D, colors indicate the following: yellow, left lateral sector; light blue, left medial sector; red, right medial sector; green, right
lateral sector; dark blue, inferior vena cava and hepatic veins (left, intermediate, and right). The hepatic veins are intersegmental and
drain adjacent portal segments. Portal segments interdigitate with hepatic venous segments. Courtesy of Professors J.G. Dangelo,
C.A. Fattini, and C.E.D. Nogueira, Federal University of Minas Gerais, School of Medicine, Belo Horizonte, Minas Gerais, Brazil.
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VII) The right posterior lateral segment occupies
the right posterior ‘angle’ of the liver and is visible
on both aspects. Its pedicle is made up of (a) a
branch that continues the vein of the right lateral
sector, which is in turn originated from the right
branch of the portal vein; (b) a segmental artery,
from the hepatic artery; (c) biliary ducts that join
those of segment VI to constitute the duct of the
right posterior sector; (d) veins that are tributary of
the right hepatic vein and a few accessory veins
draining directly into the inferior vena cava.

VIII) The right posterior medial segment is a
roughly quadrangular territory, seen only on the
diaphragmatic aspect of the liver. Its pedicle com-
prises (a) posterior branches of the vein of the right
medial sector, which is in turn a vessel of the right
branch of the portal vein; (b) segmental branches of
the artery of the right posterior sector; (c) segmental
biliary ducts that join those of the right anterior
medial segment (V) to form the biliary duct of the
right medial sector; (d) segmental veins that drain
into the intermediate hepatic vein and into the right
hepatic vein.

7.2. Hepatic venous segmentation (Fig. 6)

The hepatic venous segments are the territories
drained by the homonymous veins.

1) The dorsal hepatic venous segment (1) is the
same as the dorsal segment (I) of the portal seg-
mentation. It is the only segment in which the
vascular elements coincide and do not interdigitate.
It is not visible on the diaphragmatic aspect of the
liver. Its veins are small and, in most cases, one vein
drains into the inferior vena cava.

2) The left hepatic venous segment corresponds to
the old left lobe. The left hepatic vein is formed by
two roots (right and left) at the level of the left
lateral segment (III). This vein drains the tradi-
tional left lobe, which includes segments II and III,
and part of segment I'V. The left hepatic vein or its
roots cross the left paramedian fissural plane,
instead of following the plane, and cannot be used as
a landmark. Contrary to this vein, the right and
intermediate hepatic veins are the main reference
for the recognition of the respective fissural plane.

3) The intermediate hepatic venous segment is
separated from the left and right hepatic venous

segments by means of the left and right fissural
planes. It is drained by the intermediate hepatic
vein, the two roots of which show a confluence in
the median fissural plane. This vein drains two-
thirds of the right medial sector (right anterior
medial segment V and right posterior medial seg-
ment VIII, and part of the left medial segment IV).

4) The right hepatic venous segment is located in
the right one-third portion of the liver. It is drained
by the right hepatic vein, which is made up of
several small roots. The confluence of these rootlets
takes place in the right paramedian fissural plane,
where most of the right hepatic vein follows its
course. This vein drains the blood of the right
lateral sector (right anterior lateral segment VI and
right posterior lateral segment VIII), and at least
one-third of the right medial sector (right anterior
medial segment V and right posterior medial seg-
ment VIII).

8. COMPARISON BETWEEN THE
MORPHOLOGICAL AND THE SEGMENTAL
DIVISIONS OF THE LIVER AND THEIR
FISSURAL PLANES

In comparing the boundaries of the traditional
morphological lobes of the liver and portal seg-
ments, one observes that:

a) The formerly designated left hepatic lobe cor-
responds to the left lateral sector (left lateral seg-
ment II) plus a portion of the left medial sector (left
anterior segment III), i1.e., segments II and III.

b) The former right lobe corresponds to the right
hemiliver (four segments) plus a portion of the left
medial sector (segment IV). In other words, the
former right lobe includes segments VIII, VII, VI,
V, and IV, except for the portion of segment IV that
corresponds to the former quadrate lobe.

¢) The former caudate lobe corresponds to the
dorsal sector; that is, the dorsal segment (I and 1).

d) The former quadrate lobe, as mentioned above,
corresponds to a portion of the left medial sector or
of the left medial segment (IV), seen from the
visceral aspect.

The comparison between the hepatic venous seg-
ments and the portal sectors or segments can be



made on each aspect of the liver.

a) Diaphragmatic aspect (Fig. 5). The left hepatic
venous segment (segment 2) comprises the left
lateral sector (segment II) and the left anterior
segment (segment I1I) of the left medial sector.

The intermediate hepatic venous segment (seg-
ment 3) contains part of the left medial sector (that
is, only segment IV of the latter), plus part of the
right medial sector (that is, the medial portions of
the right medial anterior segment V and of the right
medial posterior segment VIII).

The right hepatic venous segment (segment 4)
corresponds to a portion of the right medial sector
(lateral portions of the right medial anterior seg-
ment V and of the right medial posterior segment
VIII), plus the entire right lateral sector (segment VI
plus segment VII).

In summary, the right and left hepatic venous
segments include the entire respective portal sector
plus segments of other sectors, whereas the inter-
mediate hepatic venous segment corresponds only
to portal segments.

b) Visceral aspect. Segment 1 corresponds to the
dorsal sector, which is the dorsal segment I. Seg-
ment 2 has the same extension as described for the
diaphragmatic aspect. Segment 3 corresponds to a
portion of the right medial sector (part of segment
V) and to a part of the left medial sector (segment
IV). Segment 4 includes the right lateral sector
(segments VI and VII) and part of the right medial
sector (part of segment V).

Comparison between the old hepatic lobes and the
hepatic venous segments shows that:

a) The caudate lobe corresponds to the dorsal
segment 1.

b) The old left lobe is represented by segment 2.

¢) The old right lobe contains segments 3 and 4.

d) The quadrate lobe includes less than the left half
of segment 3.

Comparison between the fissural planes of the
portal and hepatic venous segments indicates that
the dorsal fissural plane is the same in both types of
segmentation: it separates the dorsal sector (seg-
ment 1 or segment I) from the rest of the liver.
According to Couinaud [33] and Couinaud and
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Nogueira [37], on the diaphragmatic aspect of the
liver, the left hepatic fissural plane coincides only
partially with the left paramedian fissural plane. The
coincidence occurs in the sagittal tract of the left
paramedian fissural plane; that is, in the posterior
sagittal intersegmental fissural plane, which sepa-
rates segment II and the posterior portion of
segment IV. Anteriorly, the left hepatic fissural
plane coincides with the left anterior sagittal inter-
segmental fissural plane (between segments III and
V).

The right hepatic fissural plane is located midway
between the right paramedian and the medial fis-
sural plane.

On the visceral aspect, the left hepatic fissural
plane coincides with the anterior and posterior left
sagittal intersegmental fissural planes; it corres-
ponds to the left longitudinal sulcus, between seg-
ments II and III on one side and segment IV on the
other.

In the visceral aspect, the right hepatic fissural
plane is situated between the right paramedian and
the median fissural plane.

9. APPLIED ANATOMY OF THE SEGMENTATION
OF THE LIVER

Since the liver is uniform in structure and function,
its segmentation is less relevant physiologically than
pathologically, clinically, and surgically. A suc-
cessful hepatectomy [49], which included removal
of the right hemiliver and a portion of the left
hemiliver (segment IV), performed after several
isolated reported cases [50], provided evidence that
such a large resection of the liver was compatible
with human survival. Up to 80% of the parenchyma
can be removed with little alteration in hepatic
function [51].

Circumscribed pathological processes, or those
incipient lesions that can be diagnosed early, may
be eliminated by ablation of the segment or seg-
ments in which they are localized, thus preserving
the healthy portion of the hepatic parenchyma.
Knowledge of the segmental localization of lesions
ultimately leads to conservative surgical repair
instead of mutilating surgery, restricting resection
as much as possible to the limits of the lesion and
maximally respecting the function of the organ with
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minimum sacrifice of parenchyma.

In subsegmental hepatectomy, a wedge re-
section (that is, removal of a portion of the
parenchyma smaller than a segment and without
anatomic dissection planes) can be performed for
biopsy and in cases of benign tumors or cysts [50].

Preferential localization of pathological process-
es in the liver had been known for a long time and
related, for instance, to the streams of blood in the
portal vein leading more to the left or to the right
lobe (of the old division). More specifically, de-
generation of hepatic lobes limited to a territory of
the main branches of the portal vein had been
observed [52]. This relationship was experimentally
confirmed [53] by injecting radioactive phosphorus
in various tributaries of the portal vein and in the
jugular vein of animals.

Recognition of segments, based on the intra-
parenchymatous distribution of vessels and biliary
ducts in independent territories having their own
pedicles, led to the performance of typical or
‘réglées’ segmentectomies [54].

Hemostasis is produced by preventive ligation of
the pedicle of the segments to be removed. In one
case of resection of the left lobe (segments II and
III) because of a malignant cholangioma, Alves [55]
had to keep the entire hepatic pedicle ligated for 9
min without causing any damage to the patient.

After segmental pedicle ligation, the liver is
sectioned along the fissural planes. At the level of
the fissural planes, there is change in color and the
incision along the margin of discoloration, resulting
from the occlusion of the hepatic artery, is practic-
ally bloodless. The corresponding hepatic veins or
tributaries that cross the limits of the segments are
clamped and ligated. The denuded surface of the
liver can be covered, when possible, by a flap of the
falciform ligament [50].

Resection of the liver may follow the portal, the
hepatic venous segmentation, or both. Ligation of
vessels precedes parenchyma resection.

9.1. Partial hepatectomy based on portal (porto-
bilio-arterial) segmentation can be performed by
using hilar or fissural via to approach the pedicle.
The hilar access is the most usual except to ap-
proach the pedicle of the right medial sector (seg-
ments V and VIII). In this case, and in those
showing tumors and adhesions that make access

difficult, the fissural approach is the alternate route.
The cleavage line follows, for example, the median
fissural plane, allowing direct access to the portal
pedicle that is to be ligated.

The fissural planes between portal segments are
practically avascular, from the surgical standpoint,
except for the presence of the hepatic veins deep in
the parenchyma. The latter must naturally be pre-
served, limiting ligation to their tributaries belong-
ing to the segment intended for removal.

As examples of surgical interventions that are
based on portal segmentation, one can cite

a) Right or left hemihepatectomy.
b) Sectoriectomy, which comprises one or more of
the following:
right lateral,
right medial,
left medial,
left lateral and dorsal.
¢) Segmentectomy: of the eight segments, accord-
ing to Couinaud, only the right anterior medial
(V), the right posterior medial (VIII), and the
right posterior lateral (VII) cannot be individu-
ally resected, and are thus anatomical units and
not anatomicosurgical units.
d) Intermediate hepatectomy: ablation of both me-
dial sectors, considered impractical.
e) Extended hemihepatectomy: hemihepatectomy
plus ablation of a sector of the opposite side.
f) Extended sectoriectomy: resection of a sector
plus an adjacent segment.
g) Associated segmentectomy: resection of two seg-
ments belonging to different sectors.

9.2. Partial resection of the liver based on the hepatic
venous segmentation is divided into simple and
multiple segmentectomies.

Simple segmentectomies are (a) dorsal hepatic
venous segmentectomy (ablation of segment 1): (b)
left hepatic venous segmentectomy — corresponding
to the ‘left lobectomy’ of the old terminology, to
associate segmentectomy (II and III), the first that
was performed (segment 2); (c) intermediate hepatic
venous segmentectomy (resection of segment 3);
(d) right hepatic venous segmentectomy (ablation
of segment 4).

Multiple segmentectomies are those in which
more than one segment is removed.



9.3. Mixed hepatectomies correspond to resection
of a liver territory following a portal fissural plane
and a hepatic venous fissural plane.

The limitations imposed on surgery and the
application of the views from medical practice show
that partial hepatectomy can be performed in a
number of anatomicosurgical segments that are less
than the described anatomical segments.
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2. FINE STRUCTURE OF HUMAN LIVER CELLS

F.G. CaraMIA, M. PiccoLl, A. MODESTI, M.R. Torrisi, and L. FRATI

I. INTRODUCTION

Electron-microscopic investigation of the liver is a
subject of more than ordinary interest and there are
still numerous studies regarding the functions
and morphology of the hepatocyte. The cellular
components that have received the most attention,
however, in the last decade have been the surface
areas of the hepatic membranes and the Golgi
apparatus.

By combining morphological and chemical tech-
niques, Bolender et al. [1] have reported that the ER
(endoplasmic reticulum) membranes show differ-
ences with respect to the amount of marker-enzyme
activity. Thus, the generally accepted hypothesis
that the liver lobule consists of heterogenous hepa-
tocytes with respect to their structure and function
has been confirmed. The Golgi apparatus has been
extensively studied with the electron microscope
and several detailed observations of cytochemical
activity on isolated Golgi fractions have been pre-
sented. These investigations show, for example, that
the Golgi apparatus participates in the secretion of
most of the serum proteins; they provide evidence
for a sequential progress of secretory products
through the various components of the Golgi ap-
paratus.

The nonparenchymal cells of the liver also pos-
sess characteristics that suggest different functional
roles. Recently it has been reported that Kupffer
and endothelial cells bind and internalize rapidly
different iodinated glycoproteins; thus, endothelial
cells are more active than Kupffer cells, and endo-
thelial cells recognize a different set of glycoproteins
than do the hepatocytes.

The liver consists of at least foui different cell
types of which the hepatocytes represent the major
component (70%). The hepatocytes, all basically

similar in their appearance, have a polygonal shape
with five or more surfaces structurally and func-
tionally different (Figs. 1, 2, and 8) [2]. The hepato-
cyte surfaces show two distinct regions: (1) Those
exposed to the perivascular Disse space and there to
the lumen of bile canaliculi, both studded with
numerous microvilli (see also chapter 3). (2) The
bile canaliculus is separated by remainder of the
surface of adjoining hepatocytes by two bands of
tight junctions that segregate the canaliculus con-
tent from the narrow intercellular cleft and from the
perisinusoidal space of Disse (Figs. 8 and 9). In
addition to the parenchymal cells, three categories
of nonparenchymal cells have been described: the
lining endothelial cells, the Kupffer cells, and the
fat-storing cells.

2. HEPATOCYTES

2.1. Nucleus

The nucleus of the liver cell is generally a spheroid
body within the cell (Fig. 1). It is delimited by a thin
membrane consisting of two layers (outer and inner
membranes) with an internal space of 100 A. The
membrane is largely fenestrated, and gaps (pores)
of 40-100 um in size are suitable for rapid ex-
changes between nucleoplasm and cytoplasm. Vari-
ous opinions can be found on the function of these
gaps and, because of the presence or absence of an
occlusive pore’s material, the function of exchange
can be stressed or not. Actually there is no evidence
of any identified macromolecular compound that
crosses preferentially out of the nucleus through
these gaps. Occasionally, RNA-containing material
has been observed as granules crossing the pores.

The outer leaflet of the membrance is closely

P.M. Motta and L.J.A. DiDio (eds.), Basic and clinical hepatology, pp. 15-30. All rights reserved.
Copyright © 1982 Martinus Nijhoff Publishers, The Hague/Boston|London.
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Figure 1. Low-power micrograph of part of a human hepatic lobule. The polygonal liver cells show five or six sides, of which either
one or two contact the Disse space around visible sinusoids (S). Most of the remaining sides are in contact, along part of their length,
with the extensions of the Disse space, interrupted at intervals by bile canaliculi; x 2800.
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Figure 2. Human liver cells bordering on a sinusoid (S). Numerous irregularly oriented microvilli extend into the perisinusoidal
space of Disse (SD). The perivascular space itself contains microvilli and reticular fibers. A fat-storing cell (arrow) in the Disse space
and a sinusoid-lining cell (endothelial cell) (Ec) are also shown; L, lipid; x 6000.
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related to the cytoplasmic membranes and an ex-
change between the perinuclear space and the
endoplasmic reticulum is thus made.

Large intranuclear glycogen bodies were found in
both diabetic and nondiabetic patients [3]. Peri-
portal hepatocytes in biopsies can show rounded
glycogen bodies, of monoparticulate type, without
a limiting membrane [4].

2.2. Nucleolus

Usually eccentrically placed in the nucleus, the
nucleolus of liver cells has a regular spherical or
oval shape and varies greatly in size and density
from one hepatocyte to another (Fig. 1). It is
recognized to be the site of the synthesis of ribo-
somal RNA. Electron-microscopic studies have
shown that the nucleolus is made up of four
principal parts: the fibrillar and granular compo-
nents, the nucleolar chromatin, and the amorphous
matrix [5]. At high magnification, the fibrillar and
granular components (nucleolonema) form a net-
work of anastomosing strands in which condensed
chromatin can be present to coalesce with the
chromatin located adjacent to the nuclear envelope.
In the meshes of the nucleolonema, a fibrillar
substance of somewhat lower density called amor-
phous matrix is frequently associated with the fi-
brillar or granular components. Such material va-
ries in density from very low to great, and is stained
less intensely after pepsin digestion [6]. The sucrose
density gradient sedimentation analysis has reveal-
ed that the fibrillar and granular components of the
nucleolus contain 6S and 28S RNA [7].

2.3. Cytoplasmic inclusions

Inclusions, such as glycogen, pigments, and iron-
containing granules, can be observed in the cyto-
plasm. The glycogen (Figs. 3 and 5-7) is usually in
the form of isodiametric particles, rather irregular
in outline, occurring individually or in aggregates
(a-rosettes) of smaller units (f-particles). In the
liver, the glycogen is very abundant, scattered in
rosettes or small clusters of various sizes through-
out the cytoplasm, and stains more intensely than
other particulate cytoplasmic components. In the
human liver, it is noteworthy that glycogen aggre-
gates, which seem to vary with animal species,

appear as uniform small rosettes (a-particles) inter-
spersed between membranes of the SER. Although
studies on the biosynthesis of glycogen have not
definitively established which cytoplasmic organel-
les are involved, the close morphological relation-
ship with smooth membranes suggests that the SER
may be of importance in regulating the glycogen
metabolism, especially during periods of active
synthesis [8].

Actually in the cytoplasm of hepatocytes, many
metabolic events can be evidenced by the ultra-
structural analysis. For example, lipoprotein par-
ticles (i.e., very low density lipoproteins, VLDL),
which are packaged by the Golgi apparatus into
vacuoles, move to the cell membrane and are
secreted (exocytosis) into the Disse space [9, 10].

The morphological identification of such com-
ponents in the cytoplasm can explain the metabolic
pathways and their compartmentalization. In fact it
was recently seen that lipoproteins may undergo
transformations inside the GERL (Golgi endo-
plasmic reticulum lysosome system), an organelle
considered a specialized hydrolase-rich region of
the endoplasmic reticulum that forms secretory
vacuoles to be transported to the Disse space [11].

2.4. Plasma membranes

The plasma membranes of liver cells, besides the
normal function of cell-delimiting membranes,
exert the specific function of hepatocytes, such as
exchanges with bile canaliculi or with plasma space.
Recent studies have revealed specific biochemical
functions of plasma membranes, and the use of
appropriate staining methods have shown differ-
ences between the sinusoidal and bile canalicular
membranes, which are stained for nucleoside phos-
phatase and alkaline phosphatase (AMP and glyco-
phosphate as substrates) or for nucleoside phopha-
tase (ATP substrate), respectively. Because plasma
membranes contact either bile canaliculi, inter-
cellular Disse spaces, or related extensions (plasma
spaces), attention has been drawn to the ultra-
structural aspects of hepatocytes toward various
functional spaces.

Numerous and tortuous microvilli are present in
both sinusoidal and bile canalicular membranes,
thus increasing the surface for the various functions
(uptake or secretion) (Figs. 8, 9, and 11). Pino-
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Figure 3a and b. Glycogen in the human liver is usually in the form of rosettes of uniform size. They can be found isolated (alpha-
particles) in close relation with the agranular endoplasmic reticulum or concentrated in large masses from which other cytoplasmic
organelles are excluded. N, nucleus; G, glycogen; m, mitochondria; S, sinusoid; (@) x 5000; (b) x 19,500.
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Figure 4. Part of two adjacent cells. In close proximity to the intercellular space, tubular elements of granular reticulum (RER)
roughly parallel to one another can be seen. It consists of thin ribosome-associated membranes enclosing a narrow central space, the
cisternae. The mitochondria (m) in the liver cells tend to be close to the areas of RER. Human liver; x 34,000. .

cytotic invaginations on the sinusoidal border and
microfilaments around bile canalicular membranes
can be evidenced just near the cell border. This
latter image, first described by Biava [12], re-
presents the fine dissolution of SER and Golgi
vesicles into the material related to bile secretions.
The lateral surface, except for the part delimiting
the bile canaliculi, is smooth and an intercellular
space of about 100-250 A is generally observed.
Adjacent hepatocytes possess tight junctions near
the bile canaliculi; external leaflets of neighboring
plasma membranes are here fused, whereas inter-
mediate junctions are often observed next to the
tight junctions. An intercellular space, in which is
present a hepatocyte secretory material, is delimited
by the adjacent plasma membranes, which are wavy
or continue in a parallel and straight configuration,
forming desmosomes [13]. Parallel layers of cyto-
plasmic condensed material and fine fibrils com-
plete the classic desmosome structure. Sternlieb [14]
has described mitochondrion—desmosome complex-
es in human hepatocytes, with a mitochondrion

placed on either side of the desmosome (mirror-
like).

2.5. Mitochondria

In the hepatocytes, they are spherical or rod-shaped
organelles provided with numerous cristae, which
play an essential role in generating energy from
substrates that can be oxidized. Liver mitochondria
usually near the endoplasmic reticulum or the
nucleus can be concentrated along the sinusoidal
surface and should be considered as structures
functionally related to the energetic processes (Figs.
3, 7, and 8) [15]. Extranuclear circular DNA and
procaryotic-type ribosomes (70S) have been recent-
ly found in the mitochondrial matrix, thus indicat-
ing an autonomous genetic control of protein syn-
thesis. This finding is suggestive of a few autono-
mous functions of these organelles, which participate
in the life of the cell, but can respond with self-
conditioned reactions to an outer stimulus. Ultra-
structural findings seem to support the occurrence



Figure 5. Agranular endoplasmic reticulum concentrated in areas of glycogen. In this micrograph, it appears as isolated circular and
short segments of branching tubules, much more extensive than usual. Most of them have light centers similar to the long cisternal

profiles of the granular form. Human liver; x 14,500.

of mitochondria multiplication not dependent on
cell division. Giant mitochondria [4] and isolated
rod-shaped mitochondria can show a narrowing
that seems to prepare a division of the organelle.
Because both the biochemical studies and the ultra-
structural findings on the duplication of mito-
chondrial DNA up to now are not conclusive, the
question is still unresolved.

In human hepatocytes, mitochondria are larger
and more numerous in the periportal zone, whereas
in centrolobular hepatocytes they are less numerous
than in the peripheral area [4, 15].

2.6. Endoplasmic reticulum

Endoplasmic reticulum appears as a network of
membranes, which can be organized in vesicles,
sacs, and cisternae with or without ribosomes in the
outer surface. Both the rough endoplasmic reti-
culum (RER) and the smooth one (SER) are often
in continuity (Figs. 4-7). RER predominates in
periportal hepatocytes, whereas centrolobular cells

show SER more developed than RER [16].

Near mitochondria and along the sinusoidal
surface, the RER is often disposed in parallel
arrays. Its lumen is slightly electron dense and no
particles, except ribosomes, are evidenced. How-
ever, endoplasmic reticulum can increase many fold
in response to any external stimulation, and during
phenobarbital treatment a twentyfold membrane
accumulation has been described [1, 17].

This phenomenon reverses itself after the end of
treatment, at a rate similar to that found during the
induction. These data suggest a great mobility in
the dimension of both RER and SER, in response
to different metabolic situations. In the developing
human liver, proliferation of membranes is re-
gulated by growth functional demands: initially an
increase in membrane density in each hepatocyte
occurs, and cell size also increases. The endoplasmic
reticulum proliferation is accompanied by develop-
ment of enzyme activity and ribosome accumu-
lation. Actually, ribosomes, which can be well
observed as free ribosomes in cytoplasm or attach-
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Figure 6. The mitochondria (m) of human liver cells have usually an oval or round shape with few cristae in a homogeneous matrix
that contains two or three mitochondrial granules. Tubular profiles of the granular reticulum frequently wrap around mitochondria,
but at all points stand off from its surface at a uniform distance; x 51,500.

ed to the outer membranes of ER, consist of large
and small subunits (60S and 30S, respectively). The
large subunit is attached to the ER, whereas the
small one is assembled following mRNA engage-
ment. When mRNA is engaged and protein syn-
thesis starts, polysomes can be observed. In vitro
studies of protein synthesis by following sedimen-
tation on sucrose gradients of both ribosomes and
polysomes have shown a close relationship between
the start of the process and the conversion of
ribosomes in larger complexes.

It is now clear that synthesis of hepatic proteins,
such as albumin, occurs in rough endoplasmic
reticulum and that the ultrastructural findings of
ribosomes in the transition area between RER and
SER cannot modify this general opinion. On the
other hand, SER function is related to the storage
of proteins and to their secretion; in fact a moder-
ately electron dense material is evidenced in the
lumen of SER, which is more enlarged and abun-
dant in the centrolobular than in the periportal
cells. Depending on the functional state of the cell,

SER appears in cross sections as a tubular structure
interposed among glycogen rosettes; in the stimu-
lated liver, vesicles take the place of tubules and
rounded invaginations are observed in longitudinal
sections.

Enzymes involved in the metabolism of lipids and
carbohydrates, and in the transformation of drugs,
hormones, etc., have been found in the SER;
bilirubin, glucuronide transferase, glucose-6-phos-
phatase, drug-metabolizing enzymes, and lipid-syn-
thesis-related enzymatic activities are located in the
SER.

2.7. Golgi apparatus

In liver cells, the Golgi apparatus is situated around
the bile canaliculi and in the perinuclear area (Fig.
9). The Golgi complex usually shows three or four
cisternae or saccules roughly disposed in a parallel
array with the slightly concave form of a disk. The
saccules are constantly dilated at their lateral ex-
tremities. They may contain a finely granular ma-
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Figure 7. This cytoplasmic area of a human hepatocyte shows the typical appearance of microbodies (P). Smaller than mitochondria,
these organelles are surrounded by a single membrane and display a matrix of medium density. G, glycogen; m, mitochondria;

% 16,000.

terial that has been considered to be very low
density lipoprotein (VLDL). The inner or concave
aspect is full of vesicles or anastomosing tubules of
various sizes that are more electron opaque than the
‘VLDL particles. This area of the Golgi apparatus is
considered a special system of endoplasmic reticulum
(ER), called GERL by Novikoff [18]. GERL ele-
ments can also be dilated with lipoprotein (LP)
particles, which show a greater electron opacity
than the VLDL particles seen in the dilated element
of the Golgi apparatus. LP-filled dilatations of
GERL appear to be continuous with the smooth
membranes of ER that, in turn, continue with
rough ER [11].

Cytochemical studies in rat hepatocytes have
shown that all components of GERL and the other
LP-containing vacuoles display AcPase activity,
whereas the VLDL-containing vacuoles show no
AcPase activity but do display TPPase activity.
These observations demonstrate that the liver cells,
like other cell types, possess two different popula-
tions of lipoprotein-containing vacuoles such as the

VLDL packaged in the Golgi zone and the LP
particles found in the dilated regions of GERL.

2.8. Lysosomes

Lysosomes can be well evidenced in both hepato-
cytes (Figs. 8 and 9) and Kupffer cells (Fig. 10), and
different enzymatic activities have been recognized
by using biochemical methods. The enzymes of
lysosomes (hydrolytic acid enzymes) have been
characterized also by either histochemical (light-
microscopic) or electron-microscopic analysis. Only
four enzymatic activities have been found with this
latter method: acid phosphatase, aryl-sulfatase,
esterase, and f-glucuronidase. Glucosaminidase-
activity staining is positive in Kupffer cells, but not
in hepatocytes; acid phosphatase and f-glucuroni-
dase activities are higher in periportal than in
centrolobular hepatocytes [4]. This more intense
enzymatic activity is related to enlarged bodies
similar to those found in Kupffer cells.
Lysosomes are delimited by a single membrane
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Figure 8. Pericanalicular regions of three opposing human hepatocytes. Two bile canaliculi (bc) are filled with microvillous profiles in
more or less random directions from the surface of the hepatic cells. The lumen is separated from the narrow intercellular space by a
junctional complex (maculae occludentes, zonulae adhaerentes, and desmosomes) at each lateral margin of a canaliculus (arrow).
Around the canaliculi, typically a Golgi complex, membrane-bound dense bodies identified as lysosomes (Ly) and microbodies (P)
can be seen. They are irregular in shape and consist of an agglomeration of large or small dense granules dispersed in a fine granular
matrix of lower density. Others may contain concentrically arranged membranes intermingled with dense spherical granules of
various sizes; x 19,000. .
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Figure 9. Two Golgi complexes (GA) adjacent to the bile canaliculus (bc). They consist of curved parallel arrays of saccules forming
stacks. Many vesicles of various sizes are present on both concave and convex surfaces. The arrows indicate four apparent vacuoles
containing LP particles related to the Golgi complex. Ly, lysosome. Human liver; x 19,500.
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and contain a moderately electron dense material
(primary lysosomes). Secondary lysosomes (lipo-
fucsin-positive granules), autophagic vacuoles, as
well as multivesicular bodies are normally found in
hepatocytes.

Lipofucsin-positive lysosomes are membrane-li-
mited bodies with clumps of high-density material,
globules of lipid material and, as the third com-
ponent, an amorphous and light-density matrix.
These residual bodies seem to be related to the heme
oxidation and are more abundant in the peribiliary
area. Heterophagocytosis can be observed in the
cell area facing the Disse space, especially when
foreign material is assumed and phagosomes are
fused with lysosomes to form heterolysosomes.
Residual bodies are more frequently eliminated in
the area of the Disse space, but iron particles are
reused by the hepatocyte or liberated into the bile
canaliculus or the blood [15].

Hemosiderin granules with iron-core particles of
about 70 A are probably residual bodies derived by
proteolytic digestion of ferritin proteins, digestion
which can be incomplete because of the low speci-
ficity of lysosome hydrolases. Biopsies frequently
show autophagic vacuoles, which contain cyto-
plasmic organelles, such as mitochondria, endo-
plasmic reticulum, glycogen, and ferritin. Because
autophagic vacuoles increase in number after ad-
ministration of glucagon, cAMP, and epinephrine
[19], and these substances, such as cAMP, are
related to genetic expression, this phenomenon
could be associated with a metamorphosis [15].

Autophagic vacuoles are often double-membrane
limited, thus indicating that they are derived from
the endoplasmic reticulum. Only after the fusion
with lysosomes and the hydrolase activation do
autophagic vacuoles appear surrounded by a single
membrane (Fig. 8).

Multivesicular bodies (MVB) are membrane-
limited bodies of uncertain origin, similar to those
seen near the Golgi apparatus, but distributed in all
cytoplasm. They are characterized by the presence
of a light electron-dense material having a texture
and small vesicles or smooth tubular structures. No
data are available on the nature of their content,
except that they are acid phosphatase positive.

2.9. Microbodies

Smaller than mitochondria, this class of cyto-
plasmic organelles was first described in the prox-
imal convoluted tubule of the kidney [20] and later
in liver cells, where they are rather numerous [21].
They consist of a moderately electron opaque,
finely granular matrix limited by a single smooth
membrane (Fig. 7). Their size and shape varies
considerably within the same cell. In normal cells,
most microbodies are circular or ovoid and are
commonly located at the boundary between granu-
lar endoplasmic reticulum and areas containing
agranular reticulum or glycogen.

Unlike the hepatic cells of different species of
animals, the microbodies of human liver cells lack a
distinct dense core or nucleoid. The microbodies are
more abundant during fetal and early postnatal
development, in the regenerating liver, and after the
administration of certain chemical agents (chlofi-
brate). Microbodies are rich in several enzymes
such as uricase and catalase, an enzyme capable of
reducing H,O, to water [21-23]. They may also
contain d-amino acids and hydroxyacid oxidase.
The origin of these organelles have not yet been
completely defined. The observation that different
cell organelles, including the endoplasmic reticulum
and the Golgi apparatus, are found in a close
spatial relationship with microbodies led some
authors to suggest that these organelles originate
from other membranous elements [24, 25].

3. KUPFFER CELLS

Between the endothelial cells lining the sinusoidal
wall and hepatocytes, Kupffer cells are found to
have a variable and stellate shape, with a surface
characterized by amoeboid protrusions (Fig. 10).
They have the same relation to parenchymal cells as
endothelial cells, but are not continuous with their
fenestrated sinusoidal wall and lack basement mem-
brane.

The Kupffer cells have an elongated cytoplasm
that in some instances may extend into the peri-
sinusoidal Disse space or between two adjacent
hepatocytes, but often span the sinusoidal lumen
[2]. Their exact topographical relationship has been
clarified by scanning electron microscopy (see
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Figure 10. Two Kupffer cells (Kc) with numerous elongated cytoplasmic processes of variable thickness and length protruding into
the lumen of a sinusoid (S). Their microvilli are apparently intermingled with those of the parenchymal cells. The nuclei are large and
irregularly shaped with a prominent nucleolus. In the abundant cytoplasm, phagocytosed materials (asterisk) and dense bodies
(lysosomes) (Ly) are noted. A lymphocyte (L) is also present in the sinusoid. Human liver; x 7800.
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Figure 11. Disse space containing a fat-storing cell (fsc). It is closely related to both sinusoidal lining and parenchymal cells. Its
cytoplasm contains a single large drop of lipid with a clear center surrounded by a dense band and dilated RER cisternae. Ec,
endothelial cell; S, sinusoid; E, erythrocyte. Human liver; x 5000.



chapter 3). They differ from the endothelial-lining
cells into which they have an irregular and elon-
gated nucleus with prominent nucleolus, and their
cytoplasm possesses numerous mitochondria and a
large endoplasmic reticulum. Kupffer cells may
contain particulate material, lysosomes, lucent va-
cuoles, and phagocytotic material but do not show
fat droplets, as do the fat-storing cells.

Cytochemical studies have shown the presence in
Kupffer cells of acid phosphatase and of a peroxy-
datic activity, making them members of the reti-
culolendothelial system [26]. In addition, recent
studies provide evidence that these hepatic cells are
not self-sustaining, but derive from a bone marrow
precursor [27].

4. FAT-STORING CELLS

Named ‘Sternzellen’ by von Kupffer [28], fat-stor-
ing cells by Ito and Nemoto [29], interstitial cells by
Suzuki [30, 31], and lipocytes by Bronfenmajer et al.
[32], these cells are found predominantly in the
peripheral zone of the lobule outside the sinusoid,
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3. SCANNING ELECTRON MICROSCOPY OF THE
MAMMALIAN LIVER

P.M. MortTta, T. Fusita, and M. NisHI

1. INTRODUCTION

Scanning electron microscopy (SEM) is a necessary
complementary approach for any biomedical study
having a morphological basis [1-3]. Correlated
with the use of conventional electron microscopy
(TEM), SEM not only enables the examination of
different cell surfaces, but also provides clear in-
formation of the actual three-dimensional micro-
organization of tissues and organs [3-5].

Refinements in SEM have progressed sufficiently
to provide readily interpretable and reproducible
images of three-dimensional features and spatial
arrangements of single cells within tissues, and even
parenchymal organs, such as the liver, can be easily
prepared and studied by correlated SEM and TEM
[6, 7.

This chapter reviews the fine surface morpholo-
gical characteristics of liver components. The in-
formation presented is based mainly on the livers of
laboratory mammals. Human liver tissues, arising
from surgical and/or biopsy specimens, were used
only when histological examination indicated nor-
mal morphology.

In addition, other specimens (experimental and
pathological) obtained from animals and human
biopsies were observed by using SEM and corre-
lated with normal results in order to determine
whether or not they could be of value in routine
diagnostic problems.

Detailed descriptions of methods used for pre-
paring liver tissues can be readily obtained from
recently published research papers [6-10].

2. MICROARCHITECTURE OF THE LIVER:
LIVER LOBULES

The rich vascular supply of the liver, with its
nutritive (hepatic arteries) and functional (portal
veins) components, forms a complex three-dimen-
sional glandular architecture that is arranged in
liver units called lobules and/or acini [11-13]. The
smallest portion of liver tissue capable of autono-
mous function appears to be the so-called acinus
hepaticus [13].

Liver acini cannot be easily defined by any
anatomical mark. Acini are irregular hepatic areas
supplied by a terminal branch of the hepatic artery
and portal vein, and are drained by a terminal
branch of the bile duct. In some cases the territory
of an acinus may overlap zones belonging to
adjacent acini [13].

The hepatic lobules previously considered to be
the classic liver glandular units are more easily
detected and by morphology represent portions of
liver parenchyma clustered around a central vein
(lobule of Kiernan) [11] or portal triad (lobule of
Mall) [12] (Fig. 1a).

When the perfused liver parenchyma is sectioned
with a razor blade or is gently fractured with
jeweler’s forceps after critical-point drying, the
SEM reveals good images of the three-dimensional
microarchitecture of lobules and/or acini [6, 7].

Because the liver tissues are somewhat plastic and
dependent upon portohepatic pressure gradients
[14], liver lobules can be more easily studied by
using SEM in hepatic tissues where experimental
and/or physiopathological conditions are more
accurately retained [6, 7]. Further, in these situa-
tions, SEM observations of blood vascular casts
add significantly to the elucidation of some confus-
ing aspects of the microangio-architecture of the
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Figure 1. (a) Cat liver parenchyma showing hepatic laminae and sinusoids arranged around a central vein (CV). A portal area contains
a branch of: portal vein (PV) and biliary duct (BD). SBV, sublobular vein; x 210. From Motta et al. (1978) The liver. An atlas of SEM.
Courtesy of Igaku-Shoin, Tokyo/New York [7]. (b) Rat liver cirrhosis. The vascular casts clearly show the sinusoidal mass forming
the (pseudo)lobules of Laennec (L). The areas of fibrotic invasion appear as dark zones within the lobules; x 180. Courtesy of Prof.

T. Murakami and Igaku-Shoin, Tokyo.



liver in normal and pathological conditions [15] (see
also chapter 6).

For example, typical “pseudolobules” of Laen-
nec are revealed by vascular casts of cirrhotic liver
that has been experimentally induced in the rat after
treatment for half a year with a diet containing
small amounts of CCl; [47]. The pseudolobules
formed during the cirrhotic stage are apparent in
the vascular casts after removal of the fibrotic liver
parenchyma as irregularly rounded masses of dilat-
ed arterioles-and sinusoids (Fig. 1b).

3. HEPATIC LAMINAE AND LIVER CELLS

The three-dimensional reconstruction of mamma-
lian liver architecture reported in the classic histo-
logical studies by Elias 30 years ago [14] are readily
verified by SEM. In fact, by SEM, the hepatic tissue
consists of a continuous mass of polyhedral cells
(hepatocytes) arranged in unicellular laminae (Fig.
la).

The liver laminae are interconnected in a complex
epithelial network (muralium) that encloses tunnels
or spaces (lacunae) containing a meshwork of di-
lated capillaries (sinusoids) (Fig. 1a). Therefore, the
perisinusoidal and perihepatocytic spaces form a
labyrinth in which are contained circulating fluids
the distribution of which in normal and patholog-
ical conditions can be easily evaluated by using
SEM [6, 16].

One advantage of the SEM technique in the study
of the liver is that when perfused liver fragments are
dissociated with jeweler’s forceps, or cut into thin
slices with a razor blade, the hepatocytes often
separate from one another along their common
surfaces [8]. Other methods, such as fixing tissues in
0s0, followed by soaking in a 19} solution of boric
acid [17] or even reducing critical-point-dried liver
specimens to a powderlike material by sandwiching
them between two glass slides, also offer the possi-
bility of obtaining fully isolated liver cells that can
be then studied by using SEM (Fig. 2a).

As a consequence of such chemical and/or me-
chanical dissociation, hepatocytes tend to preserve
their original shape and size, as when they were part
of liver lobules. Therefore the surface heterogeneity
displayed by isolated hepatocytes in SEM pre-
parations, despite slight alterations produced dur-
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ing preparation, essentially reflects the original
position of single cells in hepatic tissue. This is likely
the result of mechanical and functional factors [14].

SEM observations of single cells correlate well
with the findings of quantitative stereological meth-
ods in which the structural heterogeneity of a
population of liver cells is related to functional
differences with respect to the topographical loca-
lization of the cells in the lobule [18].

Recently, the techniques of elutriation (counter-
flow centrifugation) developed by Wanson et al.
[19, 20] have enabled the separation of hepatocytes
into intact subpopulations of different sizes, which
can then be easily studied by using SEM [21] (see
chapter 5). Rat hepatocytes after isolation from
pure fractions by elutriation and subsequent culture
reveal important surface ultrastructural details. By
these methods, in fact, different steps in cell dis-
sociation can be distinguished and the reaggrega-
tion of hepatocytes into liver plates in vitro can be
followed. Observations obtained from such cul-
tured hepatocytes provide good reproducible im-
ages that correlate well with TEM and biochemical
results [19, 20]. Similarly, SEM observations of
isolated hepatocytes derived from liver tissues of
known pathological and experimental conditions
might offer considerable advantages in the analysis
of the cell surface properties as related to ab-
sorption and/or secretion (see chapter 5).

Hepatocytes are polyhedral cells presenting a
sinusoidal face that is exposed to the blood filtrate
and an intercellular face that contains a portion of a
bile channel (Fig. 2). The sinusoidal face is provided
with numerous and short microvilli, pits, and oc-
casional larger microprojections [6, 8, 16]. SEM
enables a topographical evaluation of the distri-
bution of such surface features in various experi-
mental and pathological conditions [6, 7].

In normal situations, microvilli are often present
on the hepatocytic sides where the subendothelial
Disse space extends into intercellular spaces to form
narrow recesses. These recesses are actually part of
a continuous microlabyrinth of lacunae in which
the hepatocytes project their rich microvillous sur-
faces. As a consequence of this, the total hepato-
cytic surface exposed to the blood filtrate circulat-
ing in the lacunar system of Disse is greatly en-
hanced. In this regard, it is interesting to note that
when liver cells are isolated also the smooth sides
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Figure 2. (a) Isolated liver cell showing smooth (asterisks) and microvillous (m) surfaces corresponding respectively to intercellular
and tissue space facets. Half bile channels (arrows) are also evident. Rat; x 4000. (b) Bile channel (bc) on the smooth surface of a liver
cell. The microvilli (m) populate the surface exposed to the blood filtratre (Disse space). Rat; x 8700.



that correspond to remnants of their intercellular
faces are rapidly covered with microvilli while, by
contrast, bile canaliculi totally disappear [21].

In cirrhotic liver, the portion of the hepatocyte
surface covered by microvilli is greatly increased.
The increased number of microvilli is paralleled by
a corresponding reduction in the area occupied by
the smooth-surfaced, narrow, intercellular spaces
(Fig. 3a). Similarly, the microextensions occasion-
ally noted in normal liver appear to increase ac-
cording to the same increase noted in the connective
tissue [22].

Collectively these results demonstrate that micro-
villi populating the hepatocytic surface are a tem-
porary expression of a functional mechanism that is
related to the free exposure of the cell surface to its
environment.

The interhepatocytic surface is, as a rule, oc-
cupied in its center by a hemicanaliculus. Although
only a single bile channel is present in the hepa-
tocyte face, in other situations it may bifurcate into
two or more ramifications on the same side of the
cell. Some of these end blindly near the sinusoidal
surfaces together with other short branches and/or
lateral sacculations that may be present; thus the
bile canaliculus is transformed into a tortuous
channel. Although the tips of canalicular branches
come close to the Disse space, a direct connection
between these two channels is never observed [6, 8,
16] (Fig. 2).

Hemicanaliculi within the lobule measure about
0.1 um in width, with the exception of those located
in the portal ends of the liver plates [16, 23].

Microvilli obscure the interior of the narrow
canaliculi, but appear to be clearly concentrated at
the lateral margins in the larger channels [8, 24].

The interior wall of opened canaliculi often
reveals small holes and pits [25]. Also bordered by
microvilli are ramifications and lateral sacculations
of the bile channels. Some of these, as seen in
stereoscopic pair pictures, appear to arise from the
subjacent cortical areas of the hepatocyte cyto-
plasm and can be interpreted as intracellular biliary
branches [295].

The intercellular face of hepatocytes laterally
bordering the bile canaliculus is rather smooth and
contains only a few short microvilli, stubby pro-
trusions, and numerous small pits (Fig. 2).

Although these smooth surfaces contain junc-
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tional complexes, as revealed by correlated freeze-
etching and TEM preparations, their details cannot
be revealed by using SEM alone. The numerous pits
and holes in these areas indicate an intense traffic of
fluids and other materials. The largest holes and
protrusions most likely correspond to the stud
processes described by TEM that are thought to
have a role in cellular attachment [26, 27].

The smoothest part of the interhepatocytic sur-
faces is often a very narrow band running along the
bile channel and measuring about 0.1 ym in width.
These areas generally mark the intercellular spaces
between adjacent hepatocytes and are the zones
where the Disse spaces, with their recesses, come in
closest contact, but not in open continuity, with the
bile canaliculi. Such areas of minimal distance often
appear in topographical SEM preparations [25]
and, as indicated from reconstructions of serial thin
sections [28], may serve as the sites of simple
diffusion of substances having the same concen-
trations in the bile as in the blood [29].

Furthermore, these narrow zones may represent
‘loci minoris resistentiae’. SEM studies of choles-
tatic liver obtained after choledocal ligation in the
rat indicate open connections between Disse spaces
and bile channels at the sites where such thin septa
were previously present [7, 30].

Alterations of the liver cell facets bordering
bile channels caused by different types of choles-
tasis are obviously suitable objects of SEM studies
and freeze-etching preparations [31] (see also chap-
ter 4).

The second day after ligation of the extrahepatic
bile duct of adult rats, bile canaliculi appear more
dilated, have lost their microvilli, and take a
tortuous course presenting numerous and large
smooth-surfaced saccular diverticula [32, 33]. Con-
troversial results have been recently reported con-
cerning the permeability of tight junctions after bile
duct ligation in the rat [31-33]. Rat bile canaliculi,
after infusion of various cholestatic agents (primari-
ly bile acids) [34, 35], display comparable changes in
bile channels when compared with those present
after experimental ligation of the common bile duct.
Variation in severity of ultrastructural changes
produced by infusions of different chemicals prob-
ably results from the accumulation of bile salts in
greater concentrations in hepatocytes near the por-
tal triads [35]. Images showing very tortuous bile
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Figure 3 (a) Liver plates and sinusoids obtained from a patient diagnosed with primary biliary cirrhosis. The hepatocytic surfaces
covered with microvilli (m) appear greatly increased; x 1350. (b) Biopsy sample of intrahepatic cholestasis. The bile channel (bc) is
enlarged and amorphous material is present in the recesses of Disse (arrows) that are very close to the biliary wall. Human; x 5500.
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Figure 4a and b. The figures show hepatocytic surfaces populated by numerous irregular microvilli and microprojections on the facets
provided with enlarged bile canaliculi (bc). These features together with possible free communication between the space of Disse (SD)
and the wall of the bile channel (arrows) may, in this type of intrahepatic cholestasis, represent zones of regurgitation of the bile
product (asterisk). Human, primary biliary cirrhosis; x 8500; x 14,000.
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channels, with frequent lateral dilatations and loss
of microvilli (Fig. 6a), may also be seen in labora-
tory mammals and in human obstructive jaundice,
as well as in other nonobstructive intrahepatic
cholestatic situations that arise in drug-induced
hepatitis, viral hepatitis, pregnancy, and primary
biliary cirrhosis. In many of these cases, SEM
results indicate an increased accumulation of blebs
and other irregular laminar extensions both within
the lumen of the bile channels and also on their
margins that are in association with the Disse space.
Furthermore, the lumen of dilated bile channels
may be occupied by large and free amorphous
deposits that are also observed on the lateral
surfaces of hepatocytes (Figs. 3 and 4) [36]. These
surface features are probably an expression of both
reabsorption of bile components through the wall
of the biliary channel (transhepatocytic regurgita-
tion) and/or through communication of the bile
canaliculus with the Disse space. [30, 37].
Correlated TEM and SEM studies are a valuable
approach to a systematic study of these morpho-
dynamic aspects in pathology [30, 31, 33, 36, 38].

4. BILE DUCTS

Opened bile channels near portal zones are gener-
ally wider (1-2.5 um) than those close to the central
areas of the lobule (0.5-1um). The microvilli of the
wider peripheral bile canaliculi are less numerous
and often appear in association with intralobular
ductules (of Hering), which are always lined by
small cuboidal epithelial cells that are clearly dif-
ferent from hepatocytes.

The large peripheral bile channels are connected
to the epithelial ducts of Hering through irregular
diverticula of their wall (Fig, 5a). This intercalary
tract is also termed the ampullar region or, more
simply, ampulla and is lined by epithelial cells and
hepatocytes, and corresponds to the canaliculo-
ductular junction described in the TEM literature
[23]. Finally, some bile canaliculi may open directly
into the larger bile portal ducts without inter-
position of the canaliculoductular junction [23].

The luminal surface of ductular and duct tracts is
covered by a number of short microvilli and single
long cilia measuring about 0.2 um in thickness and
5 um in length [39]. In the wider bile ducts, the cilia

are more numerous and may be so long as to curve
and twist, as in the process of crossing adjacent cilia
within the ductal lumen (Fig. 5b). TEM examin-
ation shows that these cilia often possess a 9+2
microtubular pattern, and the possibility cannot be
excluded that they have some functional motile or
chemoreceptive role [6, 39]. Other features of the
luminal surface of both intercalary tracts and bile
ductules are numerous surface evaginations such as
blebs, ruffles, and larger laminar extensions (Fig.
5). Such structures, together with masses of un-
known material, are in the lumen of these regions
and are probably an expression of sequestration
(endocytosis) and/or secretion (exocytosis) of epi-
thelial ductular cells [23]. Similar surface features in
fact are observed in other epithelia where such
activity occurs [40-42]. The above SEM findings
suggest that the biliary ductules and ducts may have
arole in an active process of reabsorption of biliary
products [6].

In addition, the proliferation of bile ductules and
preductules, canalicular dilatation, and the increas-
ed number of cilia present in cholestatic livers of
rats subjected to ligation of the common bile ducts
can all be easily followed by using SEM [7, 33, 38].

Generally, in primary biliary cirrhosis, the large
(interlobular) bile ducts are altered by a remarkable
fibrosis of their wall, with coupled intense lympho-
cyte infiltration. If observed by using correlated
TEM and SEM, these ducts reveal a very thick
basal lamina possessing various layers of collagen
fibrils on the external surface, and a characteristic
undulated and honeycomblike luminal surface, to
which adhere epithelial cells [36]. The highly un-
dulated lateral surfaces of these cells contain num-
erous lamellar projections and blebs that appear
to be similar to structures present on epithelial cells
that line the gallbladder during an intense process
of material reabsorption (Fig. 6b).

5. VESSELS

The portal tract can be easily observed in fractured
liver specimens and offers the potential of analyz-
ing, in great detail, differences between hepatic
arterial and venous vessels (ramifications of the
hepatic artery and portal vein, respectively) (Fig.
la). The luminal wall of hepatic arterial vessels is
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Figure 5a and b. Portal areas containing branches of canaliculoductular junction (CDJ) with the ampullar enlargement (A), bile
ductule (Bd), and wide interlobular bile duct (IBD) showing numerous long cilia into the lumen (arrows). Co, collagen fibers;
microvilli, blebs, and ruffles (m) populate the ductular lumen. Pig; x 1000; x 15,000.
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Figure 6. (a) Rat obstructive jaundice obtained seven days after ligation of the common duct. Bile canaliculi (BC) have a tortuous
course and their marginal ridges show a ‘wavy line’ (W) provided with many diverticula. Apparent free communications between bile
channels and spaces of Disse (SD) are noted (arrows). S, sinusoids; Kc, Kupffer cell; x 2600. From M. Nishi (1978) Arch. Histol. Jpn.
41:411 [30]. (b) Human primary biliary cirrhosis. Epithelial cells (Ep) covering the lumen of a large interlobular biliary duct. In this
preparation the basal lamina (BL) surrounding the duct is very thickened and to it adhere numerous collagen fibers (Co); x 900.



frequently undulated and possesses longitudinal
ridges that probably result from the contraction of
the underlying muscular layer. The endothelial cells
have a fusiform shape and are provided with few
microvilli. In comparison with hepatic arteries, the
luminal wall of the portal-vein ramifications shows
a flattened and smooth endothelial coat. Microvilli
are very rare and pits, together with small fenestra-
tions, can be observed. A connective tissue rich in
collagenous fibers surrounds these vessels and
forms the support to all elements of the portal triad.
The connective tissue of this area rapidly increases
during liver fibrosis.

Liver sinusoids are special capillaries having a
tortuous course. They form a radial and continuous
network that connects the perilobular vessels with
the central vein (Fig. 7a). As a consequence of this
architecture, the wall of the central vein shows
numerous small openings corresponding to the
sinusoidal lumina (Fig. 7a). Under the SEM, the
caliber of some of these openings appears so small
that blood cells can be stopped. Not infrequently
their sinusoidal lumen is also occupied by the
bulging body of a Kupffer cell (Fig. 7c).

The endothelial wall of the central vein is very
thin and has a few scattered microvilli, and flat-
tened extensions provided with a number of small
fenestrations similar to those of the sinusoids.
Sinusoids are lined by very flattened endothelial
cells showing scarce microvilli and isolated pits.
Overlapping of thin endothelial extensions and
zones of close cellular attachment can be observed
when high-resolution SEM is employed [10]. The
endothelial cell body, with the exception of the
nuclear region bulging into the lumen, possesses
very thin cytoplasmic expansions having two types
of fenestrations. Some, very small (0.1-0.2 um) are
generally arranged in clusters (‘sieve plates’) while
others are larger (~ 1 um) and often subdivided by
slender strands of cytoplasm [8, 24, 37, 43-47]. The
small fenestrations are generally located intracel-
lularly. The larger ones may be either intracellular
or, more often, intercellular, as they actually occur
between two cell margins [8-10].

A variety of causes probably infuences the size of
endothelial fenestrations in normal as well in pa-
thological conditions (hypoxia, cirrhosis, cholestasis,
etc.). The larger gaps seem to arise by coalescence of
the small ones [43, 48, 49]. As observed by using
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SEM, Kupffer cells always display marked mor-
phological differences from endothelial cells, and
no transitional forms can be noted between either
cell type in either adult or fetal liver [9, 44, 49-51).
In fact, Kupffer cells of different mammals and
humans show an irregular and voluminous cell
body provided with a variety of surface features
such as blebs, microridges, holes, ruffles, lamelli-
podia, and filopodia (Fig. 7b) [7, 9, 10, 50, 52].
Three-dimensional analysis by SEM reveals that, as
a rule, the Kupffer cells are located within the
sinusoidal lumen and their cell body may lie on the
luminal surface of the endothelial wall (Figs. 7 and
8).

In other situations, where large lamellipodia or
long filopodia arise from the Kupffer cells, these
projections clearly overlap thin endothelial exten-
sions and contribute with these extensions to form a
very delicate lining of the sinusoidal wall. These
findings demonstrate that the overlapping of en-
dothelial cells generally described in early TEM
papers (for references see [37, 53]) can be, in several
cases, due to Kupffer cell laminar extensions (lamel-
lipodia). Junctional complexes are never found
between Kupffer and endothelial cells. These two
cell types are in close relationship, but do not
attach to each other [7, 45]. On the basis of the
above SEM results, it seems logical to suggest that
Kupffer cells ‘in vivo’ are generally located within
the sinusoidal lumen. When phagocytotic activity is
particularly high (several physiopathological and
experimental conditions), they may assume tran-
sitory interactions with the subjacent endothelial
wall. These continuous and dynamic processes
could generate the impression (when only sections
by light microscopy and TEM are observed) that
Kupffer and endothelial cells are a permanent
component of the capillary wall [54, 55].

Furthermore, Kupffer cells are distributed not
only in the sinusoids, but occasionally in the lumen
of terminal hepatic and sublobular veins [52, 55]. In
small vessels and capillaries, Kupffer cells bulge
into the lumen such that their voluminous cell body
and long cellular extensions thus reduce the caliber
of the vessels and slow the blood flow, acting as a
sort of sinusoidal sphincter [50, 52, 56].

In other cases the extensions of Kupffer cells
(mainly filopodia and lamellipodia) are in prox-
imity to endothelial fenestrations, or appear to



42

Figure 7. (a) Liver parenchyma showing a section of a central vein (CV) with numerous small openings corresponding to radiating
lobular sinusoids (arrows). Cat; x 320. (b) An isolated Kupffer cell with numerous ruffles (R), blebs, microvilli (m), and filopodia (F)
on its surface. (¢) An activated Kupffer cell (Kc) within the lumen of a fenestrated liver sinusoid. Note the relationship between the

surface features of the Kupffer cell (filopodia and lamellipodia) and the endothelial gaps (arrows). DS, Disse space. (b) Rat; x 6800.
(¢) Human, primary biliary cirrhosis; x 6200.
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Figure 8. (a) This picture shows a highly fenestrated endothelium and an activated (phagocytosis) Kupffer cell (Kc) with numerous
filopodia (arrows) and lamellar extensions (L) within the lumen of a sinusoid. Human; x 7500. (b) Kupffer cell (Kc) 5 min after portal
infusion of glutaraldehyde-treated erythrocytes (E). The liplike extensions (arrows) of the Kupffer cell are covered with a number of
granular precipitates, likely corresponding to cell coat substances. The phagocytosis of red cells by Kupffer cell extensions is shown in
this figure. Rat; x 9500.
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penetrate through them (Figs. 7 and 8). Although
the possibility cannot be excluded that the ap-
pearance of larger endothelial gaps might be arti-
factual, the topographical relationship between
Kupffer cell expansions and endothelial wall fenes-
trations, observable in the intact state only by SEM,
should be considered when the delicate and perfo-
rated wall of the liver sinusoids is studied.

These observations suggest that the larger en-
dothelial gaps (both intracellular and extracellular)
always noted in liver sinusoids by different ultra-
structural methods (TEM, freeze-etching, SEM)
might depend upon a local activation of Kupffer
cells (that actually are macrophages) [54, 55]. A
similar dependence of large endothelial fenes-
trations upon the activation of Kupffer cells is also
apparent in some SEM studies in which phago-
cytosis of Kupffer cells is experimentally induced in
the rat by: (a) administration of drawing ink [57],
or (b) introduction, via portal vein, of homologous
red blood cells with chemically or immunologically
modified surfaces (Fig. 8).

The results of these experiments demonstrate that
erythrocytes are initially detected and then attached
by one or more filopodia of Kupffer cells. The
erythrocytes are subsequently attracted toward the
cell body where they are finally engulfed by liplike
projections of the Kupffer cells (Fig. 8). The capture
and internalization of chemically treated eryth-
rocytes occurs more vigorously and more rapidly
than with antibody-coated cells [58].

In such experiments, the endothelial cells of the
sinusoids are never involved in the process of
phagocytosis [57-59]. Severe sinusoidal alterations
are observed in SEM preparations of human liver
pathology such as primary biliary cirrhosis and
Banti syndrome, as well as in experimental condi-
tions such as acute and chronic intoxication of the
liver induced by various toxic chemicals (CCl, for
example) [7] and estrogen treatment [60]. In some of
these cases, the Kupffer cells may appear more
active in phagocytosis. In these cases the endo-
thelial wall is also provided with very large fenes-
trations, and displays wide interruptions along its
surface (Figs. 7 and 8).

6. THE DISSE SPACE AND ITS CONTENTS

The Disse space, which is located between the
hepatocytes and the cells lining the sinusoids, can be
fully appreciated by using SEM techniques in ade-
quately fixed and fractured preparations [8]. Under
SEM, the Disse spaces form a continuous three-
dimensional network of pericapillary and intercel-
lular spaces in which sinusoids and liver cells are
suspended. As seen topographically (mainly using
stereo-views), the extensions of the Disse space are
larger than was generally evident from TEM pre-
parations alone. These ramifications extend out
from adjacent hepatocytes and often form narrow
intercellular channels connecting two or more ad-
jacent pericapillary spaces. Because these recesses
and channels are interrupted only where two hepa-
tocytes are closely attached to form a bile cana-
liculus, they actually extend the subendothelial
Disse spaces into a continuous labyrinthine system
of intercellular spaces [61].

Into the Disse spaces are projected the hepa-
tocyte microvilli. They contain a variable amount
of fine collagen fibers there isolated or associated in
bundles. In normal conditions, fat-storing cells
(cells of Ito and Nemoto) and other pericytes
(fibroblasts/fibrocytes) are occasionally encoun-
tered on the tissue side of the endothelium from
where they extend their slender projections into the
Disse irecesses (Fig. 9).

The perisinusoidal fibers and/or nerve endings
described 1\n a number of recent TEM and histo-
chemical studies [62-65] cannot be recognized by
using only SEM methods [6, 66].

The Disse spaces have been observed in only a
few experimental and pathological conditions, but
the findings demonstrate that the alteration of this
space can be of great diagnostic importance in a
more exact topographical evaluation of its exten-
sions and conterits (collagen fibers and fibrocytes in
cholestatis, fibrosis, cirrhosis; fat-storing cells and
vitamin A effects, etc.) (Fig. 10) [7, 22, 30, 32,
36-38, 60].

7. THE LIVER SURFACE

The liver is provided with an investment of con-
nective tissue that is rich in collagenous and elastic
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Figure 9. (a) Perisinusoidal space of Disse containing the.cell body of a fat-storing cell (cell of Ito and Nemoto) (FS). Co, collagen
fibers; microvilli and cellular extensions arising from the fat-storing cell (arrows). Rat; x 16,000. From Motta et al. (1978) The liver.
An atlas of SEM. Courtesy of Igaku-Shoin Tokyo/New York [7]. (b) Probable subendothelial processes (p) of a large fat-storing cell

(FS). The microvilli (m) belong to a subjacent hepatocyte; the fenestrated aspect of the sinusoidal endothelium is also evident (S). Rat;
x 15,000.
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Figure 10a and b. The pictures show the space of Disse (SD) in a patient diagnosed with a primary biliary cirrhosis. Thick bundles of
collagen fibers (Co) and irregularly shaped fibroblasts (F) are evident in these areas. The wall of the sinusoid is very thick (S) and the

surface of the hepatocytes (H) is covered with numerous microvilli and irregular cell projections to which are attached collagen fibers
(arrows). Human; x 8500; x 8200.
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fibers and is covered by a continuous layer of able with rutenium red reacting material (glico-
serosal cells (Fig. 11). Serosa are flattened and/or calix).

cuboidal elements heavily populated by microvilli It has been suggested that mesothelial microvilli
having a variable length. The microvilli surface is may function as a ‘slippery cushion’ capable of
covered with fine strands of material highly color- protecting the delicate serosa from surface friction

Figure 11. Capsular surface of liver. The serosal cells are covered with numerous microvilli and an isolated cilium (arrow). Cat;
% 9500.
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damage [67]. In other cases the serosal cells are
devoid of microvilli and show rather smooth sur-
faces. Isolated cilia of various lengths, and numer-
ous pinocytotic vesicles are on the free surface of
these cells [68]. Furthermore, intercellular invagi-
nations occasionally occur in these as well in other
serosa layers, and probably correspond to the so-
called stomata originally noted by von Reckling-
hausen [69] and more recently carefully described
by using correlated SEM and TEM [68, 70].

The numerous pinocytotic vesicles on the serosal
surface are related to a high exchange of fluids
between the liver parenchyma and the peritoneal
cavity in normal conditions. In fact, as it is known,
the tissue spaces beneath the serosa contain fluids
arising from the labyrinthine system of Disse spa-
ces, which can be considered to be transformed
lymphatic lacunae. The free flow of plasma sub-
stances from the fenestrated sinusoids to the Disse
spaces, and from there to the area subjacent to the
serosal layer, explains the importance of the hepatic
capsule as source of ascites during liver cirrhosis.

In cirrhotic rats with ascites, the mesothelial cells
covering the liver are thickened and show numerous
vacuoles and intercellular fluid-filled dilatations
[37]. These findings demonstrate a probable in-
crease in intrahepatic hydrostatic pressure of the
lymph and provide reason for increased ascitic fluid
transudates on the liver surfaces [37]. Scanning
SEM has not been used to study the altered liver
surface during cirrhosis and it seems to be an
appropriate approach to investigate dynamics of
ascites fluids.
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4. FREEZE-FRACTURE OF HEPATIC FINE STRUCTURE UNDER
NORMAL AND EXPERIMENTAL CONDITIONS

J. METZ

1. INTRODUCTION

The freeze-fracture method is a special preparatory
procedure that is utilized in ultrastructural studies
and has been applied to biological and medical
investigations for more than twenty years. The
historical development as well as theoretical aspects
of the method have been reviewed in several pre-
vious publications [1-3]. Since its inception, the
method has been widely used and continuously
improved. A particularly impressive current de-
velopment is quick freezing whereby tissue can be
solidified without perceptible structural changes,
allowing electron-microscopic specimen analysis
close to or resembling that of the ‘in vivo con-
ditions’ [4].

The liver was one of the first organs on which
ultrastructural investigations were carried out by
using the freeze-fracture method [5]. In practice,
tissue is chemically fixed by using routine tech-
niques of electron microscopy [6, 7]. Prior to
cryofixation, antifreeze agents are applied and the
tissue is rapidly brought to liquid nitrogen tempera-
ture. In a vacuum apparatus, internal faces of the
frozen tissue are exposed to temperatures between
—90°C and —115°C either by means of a micro-
tome (freeze-cleaving) or a fracture device (freeze-
fracturing). A replica of the exposed surface is
made by an evaporation of platinum—carbon. In
standard shadow-cast replicas, a three-dimensional
image is obtained by directing the platinum
shadowing at an angle of 45°. For transmission
electron microscopy, the replica is removed from
the fractured specimen. The resolution by using this
method is in the range of 25 A.

In combination with standard thin section and
negative staining methods, freeze-fracturing offers
additional advantages not only in exposing cellular

membranes, and their geometry, but also providing
further information concerning their associated
processes. Structural details of membranous com-
ponents, such as intramembranous protein par-
ticles, can be analyzed as well. In the last few years
the study of intercellular connections has captured
the attention of numerous investigators, which was
particularly facilitated by the development of this
method.

Misinterpretations stemming from the develop-
ment of the freeze-fracture method primarily con-
cerned the fracture levels in membranes, which were
also evident in liver tissue [5, 8, 9] and have since
been corrected [10, 11]. According to these data,
fracture levels, which run along a membrane, usu-
ally follow the central hydrophobic plane of the
lipid bilayer. Thus, the inner faces of membranes
are exposed in the freeze-fracture procedure. Ac-
cording to the nomenclature that was established in
1975[12], the part of the bilayer which is adjacent to
the cytoplasm is called the P-face, while the E-face
is the part directed to the extracellular space.

In the following review, major emphasis will be
given to the presentation of membrane architecture
and membrane-associated processes of the liver
parenchyma, which has mainly been investigated
with the freeze-fracture method.

2. LIVER PARENCHYMA

The typical arrangement of liver tissue is captured
in a three-dimensional view upon observation by
freeze-fracture replicas. The ultrastructure of cel-
lular elements, intercellular structures, and com-
partments can be clearly differentiated. Further-
more, the principal cell types that are present within
the parenchyma, such as hepatocytes, endothelial

P.M. Motta and L.J.A. DiDio (eds.), Basic and clinical hepatology, pp. 51-68. All rights reserved.
Copyright © 1982 Martinus Nijhoff Publishers, The Hague|Boston|London.
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Figure 1. Rat liver. The wall of an interlobular branch of the portal vein is fractured stepwise: Endothelial cells (E) with pinocytotic
activity, a basal lamina (B), and pericytes (PC) are identified. A sinusoid (S) runs in the direction of the parenchyma. H, hepatocytes;
X 5200.

Figure 2. Rat liver. Endothelial cell (E) fractured along the interendothelial membrane region. Particulate tight junctional strands
(arrows) are discontinuously arranged on the P-face, of the endothelial membrane. H, hepatocyte; L, lumen; x 37,000.



cells, and Kupffer cells, can be readily recognized in
the replicas from characteristic morphological fea-
tures. Cells within the liver are fractured either
crosswise, revealing cytoplasm and cell organelles,
or intramembranously, exposing faces of the plas-
malemma at variable degrees. In addition, cross-
sectional fractures reveal information concerning
the membranes of cell organelles, such as the
endoplasmic reticulum or the Golgi apparatus.
Problems do arise, however, in identifying cell
organelles that possess similar forms and sizes and
whose inner structure is not adequately exposed.
These structures include microbodies, lysosomes,
and vacuoles.

2.1. Liver sinusoid

The sinusoids originate from interlobular branches
of the portal vein (Fig. 1) and constitute a rich
intralobular vascular network that converges from
the lobular periphery in the direction of the central
veins. The walls of the sinusoids consist primarily of
flat endothelial cells (Fig. 2). Kupffer cells, fat-
storing cells, and pit cells are not as numerous.
Endothelial cells are located in the strategically
important area between the blood and the hepa-
tocytes. Their inner surfaces delineate the blood
space, while the outer surfaces border on the
perisinusoid Disse space, into which countless
microvillous processes of the hepatocytes project
(Figs. 3 and 4).

In most mammals, endothelial cells form a con-
tinuous wall that displays numerous openings. Nar-
row clefts between processes of neighboring en-
dothelial cells are irregularly closed by a few or
single strands (Fig. 2) that are considered as ma-
cular types of tight junctions. Often no more than
single junctional particles provide punctate contacts
between both membranes [13]. The intercellular
connections seem to possess only minor importance
with respect to a permeability barrier for blood
plasma substances. Numerous fenestrations are
typically seen in endothelial cells (Fig. 3), although
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there is as yet no exact information available on
their number, size, geometry, or location [69]. The
fenestrations vary in size, but it appears that blood
cells down to the level of thrombocytes are re-
stricted from passage, as well as chylomicrons,
which appear unable to proceed readily into the
perisinusoidal space [14]. Serotonin apparently has
a constrictive effect on the diameter of the fenes-
trations [14], while high perfusion pressure [15]
results in their enlargement.

The Kupffer cells can easily be differentiated
from the endothelial cells by their irregular surface
structure. Long cellular processes frequently reach
through the fenestrations into the perisinusoidal
space. Numerous membrane-enclosed vesicles,
which are mainly lysosomes, are present within
these cells.

2.2. Hepatocyte

2.2.1. Cytoplasm. Special attention is drawn to a
few characteristics of individual cell organelles that
in comparison with other methods are seen to better
advantage in freeze-fracture replicas [16].

Within the large, polyhedral hepatocytes, one or
two round nuclei are generally centrally located.
Characteristic pores between the outer and inner
membranes are distributed randomly over the nu-
clear surface (Fig. 7). Freeze-fracture results indicate
that the pore system comprises about 8% of the
total nuclear surface [17], while sectioned material
give smaller values [18]. The outer membrane of the
nuclear envelope is smooth, whereas the inner
membrane shows numerous associated particles.
Mitochondria exhibit relatively smooth external
membrane (E-) faces, while their inner (P-) faces are
occupied by numerous particles (Figs. 5 and 6). The
interior arrangement of crosswise-fractured mito-
chondria is clearly distinguishable only in deeply
etched specimens. Cisternae of rough endoplasmic
reticulum are slightly curved and appear as parallel
lamellae that often exhibit typical fenestrations
(Figs. 5 and 6). Anastomosing tubular and caveolar

Figure 3. Rat liver. P-face of endothelial cells facing the perisinusoidal side. Numerous fenestrations interrupt the cellular continuity.
In the interspaces are located fractured microvillous structures of hepatocytes: x 30,000.
Figure 4. Rat liver. P-faces of the perisinusoidal membrane area of hepatocytes exhibit numerous transversely fractured microvillous

structures; x 64,000.



54

Figure 5. Rat liver. Within the transversely exposed hepatocytic cytoplasm mitochondria (M), cisternae of the granular endoplasmic
reticulum (GER), and smooth endoplasmic reticulum (SER) are situated. The inner (P-)face of the mitochondrial membrane is
scattered by many particles; x 38,000.

Figure 6. Rat liver. A Golgi region (G) near the bile canalicular area (arrow), mitochondria (M), smooth (SER) and granular
endoplasmic reticulum (GER), and vesicular structures (V) are localized with the hepatocytic cytoplasm; x 23,000.



structures are prominent in smooth endoplasmic
reticulum, building an irregular, intricate network.
The Golgi complex is found in the area of the bile
canaliculi and consists of closely packed, parallel,
membranous lamellar structures that exhibit lateral
enlargements (Fig. 6). Faces of their membranes
possess numerous vesicles that probably are under-
going transfer. Numerous corpuscular structures in
the range of 0.2-2.0 gm, which are distributed
throughout the cytoplasm of the hepatocytes, repre-
sent lysosomes, fat droplets, or vacuoles.

2.2.2. Plasmalemma. Differences in the surface
structure and the selective arrangement of spe-
cialized membrane connections indicate a func-
tional polarization of the hepatocytes. Depending
on the arrangement and location of the hepatocytes
in the lobule, at least three principal membrane
areas (domains) on the cell surface can be differen-
tiated: (1) membrane surfaces that are in interhepa-
tocytic contact (lateral hepatocyte membrane)
(Figs. 8,9, 11, and"12); (2) membrane surfaces that
limit the bile canaliculi (bile canalicular hepatocyte
membrane) (Fig. 12); and (3) membrane surfaces
that border the perisinusoidal Disse space (basal or
perisinusoidal hepatocyte membrane) (Fig. 4).
These membrane areas exist on most hepatocytes.
In addition, there are special membrane areas that
are found in only a limited number of cells, for
example those areas that contact portal connective
tissue (Fig. 1).

2.2.2.1. Lateral hepatocyte membrane. The plas-
malemma of adjacent hepatocytes exhibits in-
frequent interdigitations. Large, bulky microvilli
are present on the juxtasinusoidal (basolateral)
transitions of the cell surface. Various types of
membrane specializations are observed in mediolat-
eral and juxtabiliary areas. Extensive species va-
riations exist in the structure of gap junctions
(nexus) and desmosomes (maculae adherentes).
Tight junctions are situated on the demarcation of
the bile canaliculi.

Numerous membrane-associated particles occur

55

on the P-face of the hepatocyte membrane (Figs. 8,
9, and 13). They range in size from 60 to 120 A and
are randomly distributed. Fewer particles are gene-
rally found on the E-face (Fig. 12). Experimental
evidence indicates that the particles are protein
components of membrane, while the smooth areas
between the particles represent lipid molecules. The
unequal relation of the particles suggests membrane
asymmetry, but as yet there is no information as to
the location of specific membrane proteins.

2.2.2.1.1. Gap junction (nexus, macula communi-
cans). Unlike the randomly distributed particles
seen on the P- and E-faces of the hepatocyte
membrane, particle aggregations are found only
on the P-face of interhepatocytic membranes [10,
19] (Figs. 8, 9, 12, and 13). Situated between the
juxtabiliary and the juxtasinusoidal regions, these
structures have been found in all animal species
examined, including the human [17]. Particle aggre-
gations are irregularly formed macular arrays that
are not associated preferentially with depressions or
protrusions of the membrane. The course of the
fracture plane occasionally runs across the in-
tercellular space from one cell to the next (Figs. 8
and 10); areas of pits on the E-face correspond to
the intramembranous particles on the P-face of the
membrane (Fig. 10). A particulate-free area that is
found around the particle aggregations in other
organs is relatively narrow or absent in hepatocyte
membranes. Particle aggregations situated within
juxtabiliary membrane regions are often closely
associated with tight junctional strands. Clusters of
a few particles, seen as small particle aggregations,
are usually integrated between the anastomosing
and intersecting strands (Fig. 13). There is general
agreement that large particle aggregations on the
lateral hepatocyte membranes correspond to the
gap junctions that are observed in ultrathin sections
[9, 20] (Fig. 11).

The formation of gap junctions between cells was
investigated in embryonic tissue (Fig. 9) [17, 21] and
in cell cultures [22]. According to these studies,
‘large’ precursor particles appear within formation
plaques on the plasmalemma. They assemble in
progressively enlarging polygonal arrangements of

Figure 7. Rat liver. A nucleus of a hepatocyte exhibits numerous pores, the inner (P-) and outer (E-) membrane faces of the nuclear

envelope; x29,000.
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Figure 8. Rat liver. Particle aggregation on the P-face and pits on the E-face of the lateral hepatocyte membrane; x 80,000.
Figure 9. Fetal human liver. Developing particle aggregation on the P-face of the lateral hepatocyte membrane. ‘Large’ precursor
particles (arrows) of the junction are intermingled within the randomly distributed particles and assemble (double arrow) toward the

aggregation; x 80,000.



junctional particles, which seem to be smaller than
the precursor particles. Similar results are obtained
as will be reported later, in hepatectomized [23] or
cholestatic animals [24], where disappearance and
reconstitution of gap junctions were studied.

The number and size of the particle aggregations
vary extensively among species. In preliminary
studies of a 22-week-old human fetus, less than
0.5% of the total hepatocyte membrane surface was
occupied by these structures [17]. They showed no
specific localization on the lateral hepatocyte mem-
brane when observed in the juxtabiliary as well as
juxtasinusoidal regions. In Tupaia belangeri, rab-
bits, and guinea pigs, similar amounts are present
[17]. Particle aggregations within the tight junc-
tional strands are rarely seen in these species. In rats
and mice, however, significantly more particle ag-
gregations occupy the lateral hepatocyte membrane
[23, 24]. These are frequently much larger (from 0.7
to 1.0 um?) and account for about 1.5%; of the total
hepatocyte membrane or 2.9%-3.6% of the lateral
membrane area [23, 24]. Particle aggregations that
range in size 0.002-0.02 um? are integrated into or
are frequently associated with the tight junctional
strands. The species differences in the structure of
particle aggregations are possibly due, at least in
part, to differences in the innervation of the hepa-
tocytes [17]. Remarkably, the liver parenchymal
cells of species with little innervation [25], such as
the rat or mouse, have more particle aggregations
than humans, Tupaia belangeri and guinea pigs,
which are highly innervated [25, 26], but contain
only a few particle aggregations.

Among different specimens analyzed in the elec-
tron microscope, there is considerable variation in
the lattice constant and the center-to-center dis-
tance between the particles. Evidence suggests that
these parameters can vary depending on the pre-
parative procedure. In the mouse liver, which is
fixed with aldehydes, most junctional particles are
irregularly packed with average center-to-center
spacing of about 9-10 nm [9]. On the P-face the
particle arrangement is usually disordered, but on

57

the E-face the lattice of pits often exhibits long-
range regularity similar to the hexagonal patterns
seen with Lanthanum [20] and in negative stain
[27-29]. Small areas of fairly regularly arranged
hexagonal packings of particles exhibit an average
particle spacing of 9.2-9.5 nm [29, 30]. On the other
hand, following extended glutaraldehyde fixation,
tight packing (8.5 nm) of junctional particles is
observed. When tissues are quick frozen with no
chemical fixation or cryoprotective agents, inter-
particular distances of 10 nm and more are mea-
sured [31]. In cases where chemical fixation is
inadequate, annulate forms occur [32]. Structural
changes of the particle aggregations are also seen
after specific uncoupling procedures [30, 33]. In
hypoxic liver, the junctional particles form regular
hexagonal packings in which the average center-to-
center particle spacing is about 8.5 nm. Similar
changes are seen in specimens treated with 2.4
dinitrophenol (DNP). In liver perfused with hyper-
tonic disaccharide solutions, most junctions dis-
sociate [34]. The separate junctional membranes
then contain particles which are also regularly
arranged and tightly packed.

X-ray diffraction and electron-microscopic ana-
lyses on isolated gap junctions show constant pat-
terns with the interparticular distance varying be-
tween 80 and 90 A [35-37]. Furthermore, biochemi-
cal studies indicate that gap junctions are com-
prised of units called connexons that are hexa-
gonally arranged in the pair of connected cell
membranes [35]. Connexons span double mem-
branes like hollow cylinders with a length of about
75 A, an outer diameter of 60 A, and an inner
diameter of 20 A [36, 37]. Apparently, these are
protein-lined hydrophilic channels that transverse
adjacent cell membranes [28, 29, 36, 37].

Gap junctions are specialized membrane regions
of intercellular contact that can serve as the path-
way for cell-to-cell communication [28, 38-40].
Experimentally, communication can be defined as
the intercellular transfer of ions, metabolites, or
both. Thus, communicating cells may be referred to

Figure 10. Rat liver. Macular array of pits on the E-face of the lateral hepatocyte membrane. In a small area (X), corresponding

particles on the P-face of the adjacent cell are exposed: x 80,000.

Figure 11. Fetal human liver. Gap junction between two hepatocytes; x 76,000.
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as electrotonically or metabolically coupled. Al-
though the intercellular passage of porcion yellow
between hepatocytes has been demonstrated [17,
41], it is not possible to predict on the basis of
routine freeze-fracture studies to which degree all
particle aggregations are coupled, since gap junc-
tions uncouple during aldehyde fixation [42].

2.2.2.1.2. Tight junction (zonula occludens). The
tight junctional complex represents a specialized
area in the juxtabiliary region of the hepato-
cyte membrane and modifies the intercellular
space before broadening into the bile canaliculus.
Generally found on two sides of the bile cana-
liculus, the tight junction forms a continuous zone
of intimate contact between the membranes of
neighboring liver cells. No apparent structural dif-
ferences are seen between species, at least those
studied in humans (Fig. 12), Tupaia belangeri,
guinea pigs, rats (Fig. 13) and mice. In freeze-
fracture replicas, the junctional structure is re-
gularly confined to narrow belt-like arrays and
usually consists of 3-5 continuous strands on the P-
face of the membrane. The lumen is lined by an
uninterrupted strand, in which anastomoses extend
laterally to other parallelly arranged strands. Aggre-
gations of particles are occasionally seen where the
strands intersect. Often grooves or pits correspond-
ing either to the strands or to the particle aggre-
gations can be identified on the E-face of the
membrane (Fig. 12). On the blind originations of
the bile canaliculi, strands are more numerous and
perpendicularly arranged with longer extensions
reaching the lateral hepatocyte membrane. Si-
milarly, at points where three hepatocytes abut, the
tight junctional meshwork is also modified (Fig.
13). On the P-face, horizontally arranged strands
extend at various levels from a thick, perpendi-
cularly running strand and connect in a ladder-like
fashion to other vertical elements.

Varying conditions of fixation lead to character-
istic modifications in the arrangements of particles
on both the E-face and the P-face of the mem-
brane [43, 44]. Glutaraldehyde appears to crosslink
and polymerize tight junctional substructures ef-
fecting a lateral binding of junctional protein par-
ticles which give rise to the formation of strands, as
well as a fixation of the strands to the protein-rich
inner cytoplasmic side of the membrane. In chemi-
cally unfixed or lightly fixed tissue, the junctional

particles are found predominantly on the E-face of
the membrane. However, following long fixation,
strands appear mainly on the P-face.

Particle aggregations that are intercalated be-
tween strands are regarded as gap junctions [19, 23].
Data indicate that these structures can arise in the
juxtabiliary region under experimental conditions
[23, 24, 32]. They are also considered as part of a
pool of unorganized structural subunits of tight
junctional strands [24, 45, 46]. Difficulty in identifi-
cation arises where these junctional structures are
mixed.

The formation of the tight junctions is similar to
that in other organs. In embryonic liver, tight
junctions appear around the newly developing bile
canaliculi [21]. The junctional structures grow by
aligning particles within the presumptive perican-
alicular region of the plasmalemma. After sub-
sequent fusion into beaded ridges, they in turn
become confluent and transform into smooth un-
broken lines. Multiple chains often are arranged in
discontinuous networks and are characteristically
associated with small clusters of tightly packed
particles that probably represent developing or
mature gap junctions.

In cultured explants of fetal liver, tight junctios
develop both in the bile canalicular region and in
the processes of cells at the free surface [47].
Individual particles and rows of particles appear in
preexistent lines of the lipid matrix and these
eventually develop into continuous strands that are
normally seen in glutaraldehyde-fixed tissue. To-
gether with observations made under other experi-
mental conditions (Fig. 15) [17, 23, 48], it may be
concluded that the capability of the hepatocyte
membrane in establishing junctional specializations
is not restricted to the pericanalicular region.

In cell cultures of isolated adult rat hepatocytes, a
broad range of tight junction-like structures ap-
pears in typical locations near the bile canaliculi
[49]. These differ, however, from the corresponding
in vivo structures in that they have an atypical
length. Only a few particulate proximal strands are
transformed into ridges that build the definite tight
junctional barrier around the bile canaliculi, while
the remaining, more peripheral regions or particles
probably regress or serve as precursors of other
types of junctions.

Functionally, tight junctions around the bile
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Figure 12. Fetal human liver. Bile canalicular membrane (BCM) with microvilli are seen as well as tight junctions at the E-face and the
P-face of the juxtabiliary area of a hepatocyte. The tight junctional structures (TJ) exhibit grooves on the E-face and strands on the P-
face. Desmosomes (X) and small particle aggregations (arrows) are observed as well; x 35,000.

Figure 13. Rat liver. Bile canalicular membrane (BCM) and accompanying tight junctional strands with the formation of a triple
junction (arrows) are exposed on the P-face of a hepatocyte membrane. Small particle aggregations are intermixed within the
meshwork of strands. Large particle aggregations are situated on the lateral membrane area; x 45,000.
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Figure 14. Rat liver after bile duct ligation. The bile canalicular membrane (BCM) is lined by 1-2 irregularly arranged and
discontinuous strands. Fragments (F) of strands exhibit a particular substructure on the P-face; x 80,000.

Figure 15. Rat liver after bile duct ligation. Proliferation of tight junctional strands on the P-face of the lateral hepatocyte membrane.
BC, bile canaliculus; x 34,000.

Figure 16. Rat liver after bile duct ligation. The lateral hepatocyte membrane area is free of gap junctions. The number of strands is

reduced and single extended strands (arrows) migrate toward the lateral area. Membrane-associated particles are less numerous in the
close vicinity of the strands; x 35,000.



canaliculi appear to build a permeabilify barrier
between the biliary and interhepatocytic compart-
ments, restricting paracellular transfer. This was
shown in studies where electron-dense tracers were
applied via the blood circulation [46, 50, 51].
Functional conclusions based solely on the freeze-
fracture image of the tight junctional arrangement
can be made only with reservation, since the nature
of intercellular sealing is still unsolved.

2.2.2.1.3. Desmosome (macula adherens). Des-
mosomes are found in variable amounts at the
lateral hepatocytic membrane of several species. In
humans, they are frequently found located pre-
dominantly in the proximal regions of the bile
canaliculi. The freeze-fracture image exhibits nu-
merous granules and short segments of filaments on
the E- and P-faces (Fig. 12).

In isolated adult rat hepatocytes, hemidesmo-
somes develop within 4 h of incubation and induce
the differentiation of symmetric structures in neigh-
boring, intimately associated cells [49].

2.2.2.2. Bile canaliculus. The canaliculi are small
bile spaces that arise as blind branches between
hepatocytes and continue into larger canalicular
structures. They have a diameter of 0.5-1.5 ym and
are often located centrally between neighboring
parenchyma cells. Microvilli and larger protrusions
project from the wall into the lumen (Figs. 12 and
13). The membrane of the bile canaliculi is smooth.
Vacuoles (0.1-1.0um in size) are sometimes seen in
the lumen. Occasionally only a small distance exists
between the Disse space and the bile canaliculus,
though always separated by tight junctions.

2.2.2.3. Perisinusoidal (basal) hepatocyte mem-
brane. Hepatocyte membranes that extend toward
the perisinusoidal space exhibit numerous microvil-
lous and irregularly shaped cytoplasmic protrusions
(Fig. 4). Collagen bundles and nerve fibers are
located within the perisinusoidal space. The nerve
fibers, which are parasympathetic and sympathetic,
often end in small swellings on the hepatocyte cell
membrane.
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3. LIVER CELLS UNDER EXPERIMENTAL AND
PATHOLOGICAL CONDITIONS

3.1. Cholestasis

Many studies examining the pathological changes
occurring within the liver during cholestasis have
been carried out. These have been performed either
by obstructing the bile duct system (extrahepatic
cholestasis) or by administering drugs (intrahepatic
cholestasis). Freeze-fracture has been utilized by
only a few authors to delineate membrane alte-
rations [24, 46, 52, 53] that occur following these
procedures.

3.1.1. Extrahepatic cholestasis. Obstructive syn-
dromes of the bile duct system involve changes of
the bile canaliculi and cholestasis with regurgitation
of bile constituents into the blood (e.g. [54]). Freeze-
fracture studies initially indicated that congested
bile reaches the blood space directly via altered tight
junctions between hepatocytes [46]. Additional con-
firmation was obtained by tracer experiments and
biochemical analyses [46]. Freeze-fracture reveals
gradual changes in the geometry of tight junctional
structures that occur in the vicinity of the bile
canaliculi of rats shortly after ligation of the com-
mon bile duct. The number of strands occasionally
becomes reduced and their continuity appears in-
terrupted. Although the strands exhibit a parti-
culate substructure, particle aggregations are sel-
dom associated with the zonula occludens. With pro-
gressing cholestasis, the number of strands and
anastomosing branches in tight junctions concom-
itantly decrease. There are increasing interruptions
in formerly intact strands on the P-face (Fig. 14)
that are accompanied by a disappearance of the
grooves on the E-face of the membrane. These
alterations probably represent changes that occur
when tight junctions become leaky and then contri-
bute to a breakdown of the bile-blood barrier.
Electron-dense tracers support this idea [46]. Under
the supposition of continuous bile secretion into the
canaliculi after ligation of the common duct, elev-
ated intracanalicular pressure could well promote
plastic deformation of walls of the bile compart-
ment involving alterations of the integrity of the
zonula occludens. The amount of regurgitation
should depend primarily on the extent of blockage
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in bile flow within the canaliculi. Changes in junc-
tional structures apparently occur before the in-
tegrity of the plasmalemma is compromised, which
is in agreement with other experimental approaches
[55-57]. Contrary to these early changes, an in-
crease in junctional depth has been reported after
one to three weeks [53]. However, freeze-fracture
and tracer studies were carried out on a small
number of immersion-fixed specimens in which
intracanalicular pressure was reduced before and
during the experiment.

Besides changes of the tight junctional meshwork
and arrangement within the juxtabiliary region,
proliferation of tight junctional structures on the
lateral hepatocyte membrane is rarely observed
after bile duct ligation (Fig. 15). Similar processes
have been found in fetal liver explants [47], in
regenerating liver [23], or after phalloidin appli-
cation [48].

Changes in gap junctions occur at the same time
that the hepatocytic membrane is altered during
experimental cholestasis [46]; 48 h after ligation of
the common bile duct, gap junctions are reduced
from control values of 3.6% of the lateral hepa-
tocyte membrane area to less than 0.029] (Fig. 16).
Removal of the gap junctions from the cell surface,
for example, by an uptake into lysosomes [58] or the
formation of annulate gap junctions [59], could be
ruled out. The junctional particles are apparently
not merely dispersed, since isolated larger particles
are not seen between the smaller randomly distri-
buted membrane particles. It is conceivable that the
junctional particles are dispersed into smaller sub-
units that probably mix with the other intramem-
branous particles. Biochemical and biophysical
experiments indeed reveal substructures of gap
junctions on control hepatocytes [35, 37], lending
support to this hypothesis. The disappearance of
gap junctions could contribute to imbalances in
metabolic activity within the liver, a possibility that
requires additional investigation.

When ligatures are released and the common bile
duct successfully rechannels, membrane as well as
junctional structures of the biliary tree reestablish
their original configurations within 72-90 h [24].

Reformation of tight junctions begins immedi-
ately (Fig. 17). Small clusters of particles within the
intersections of strands appear to contribute to
their reconstitution (Fig. 18). The strands become

continuous, increase in number, and irregularities
in their structure disappear. Although bilirubin
values return to normal within 24 h after re-
channeling, the geometry of the tight junctions is
similar to that in control animals only after 72-96 h.
The first stages of gap junction reformation are
characterized by aggregations of single particles,
which progessively assemble into clusters and
groups (Figs. 18 and 19). Since these structures
appear within the tight junctional meshwork, in the
juxtabiliary region as well as in the area of the
lateral hepatocyte membrane, it is probable that
reformation occurs at more than one site [24]. Gap
junctions appear in excess at least temporarily in the
juxtacanalicular area, suggesting that they form
predominantly in this region. After 72-96 h, how-
ever, the distribution and appearance of gap junc-
tions on the hepatocytes is again similar to controls.
It is clear from this experimental model that
freeze-fracture can potentially provide significant
information concerning the behavior of intercel-
lular junctions and this may contribute to a better
understanding of human pathology.

3.1.2. Intrahepatic cholestasis. Intrahepatic choles-
tasis can be induced by certain drugs and chemicals
[60]. Some pathogenetic mechanisms of these agents
may be similar to those involved in extrahepatic
cholestasis that results from obstruction of the bile
system.

3.1.2.1. Bile salts. After parenteral administra-
tion of litocholates into rats, ultrastructural changes
in the bile canaliculi and in the pericanalicular
regions result, which are probably due to high
concentrations of these substances [61]. Freeze-
fracture studies reveal a transformation of the wall
of the bile canaliculi, especially of the microvilli. A
clear variation in the distribution and concentration
of the intramembranous particles is also present in
the altered areas of the canalicular membrane. It is
concluded that bile substances pass into the inter-
hepatocytic space as a result of increased membrane
permeability [61]. It should be noted, however, that
the structure of the zonulae occludentes was not
analyzed in these studies.

3.1.2.2. ANIT. Cholestasis and hyperbilirubine-
mia can be produced in rats by a single dose of
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Figure 17. Rat liver 45 min after ligature release. A cluster of particles is visible within the meshwork of tight junctional strands (x)
and one is attached to a single strand (double arrow). Small groups of particles are also seen apart from the strands (arrow); x 95,000.
Figure 18. Rat liver 4 h after ligature release. The tight junctions are disarranged. Particle aggregations (arrows) are integrated within
the network on the P-face of the membrane; x 65,000.

Figure 19. Rat liver 24 h after ligature release. Intermediate-sized particle aggregations (x) are localized either in apposition to the
strands or apart on the lateral hepatocyte membrane; x 28,000. ’
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a-naphthylisothiocyanate (ANIT) [60]. In these
animals, tight junctional strands are altered within
12-24 h after oral application of the drug (250 mg/kg
body weight) [62]. Progressive changes occur in the
arrangement and geometry of the strands. The
strands frequently become discontinuous and less
numerous. Increased permeability of the tight junc-
tions is suggested by biochemical assays. Although
the structural changes in the tight junctions seen in
freeze-fracture are similar to those found in ob-
structive cholestasis, the gap junctions on the lateral
side of the hepatocytes are not affected. It appears
then that changes in tight junctions and gap junc-
tions are not necessarily coupled and they occur
independently, varying with the type of primary
liver damage.

3.2. Hepatectomy

Partial hepatectomy has been employed to examine
the plasmalemma in hepatocyte regeneration [23,
32].

An almost complete disappearcnce of gap junc-
tions occurs in the remaining liver tissue within
24-36 h after resection. The tight junctions also
exhibit changes in their geometry and localization
on the plasmalemma. Although the continuity of
the zonulae occludentes along the bile canaliculi is
preserved, many strands of the zonula occludens
disappear from their pericanalicular locations.
Frequently, macular types assume complex con-
figurations on large membrane areas. After 36 h,
the gap junctions reappear in the form of small
particle aggregations that are chiefly associated
with the tight junctional strands. These are local-
ized either in the pericanalicular region or within
macular tight junction formations on the lateral
hepatocyte membrane. Within 44 h after partial
hepatectomy, morphometric analysis shows the
number of gap junctions to be similar to that in
control animals. The cycle of the disappearance and
reappearance of the gap junctions in regenerating
liver was found to be quite reproducible in various
rat strains. It is thought that connexons disperse
within the membrane and intermediary forms are
seen, as that which is seen in obstructive cholestasis
[24, 46]. Phenoxybenzamine, a substance that re-
duces the cAMP concentration in the liver of
partially hepatectomized rats, promotes gap junc-

tional appearance in much higher numbers than in
normal livers [32, 63]. This phenomenon occurs
within the first 28 postoperative hours. Although
the number of gap junctions is increased, the
proportion of the perisinusoidal membrane that is
occupied by gap junctions remains reduced.

3.3. Hepatocyte necrosis

3.3.1. Phalloidin. Parenteral administration of
phalloidin to laboratory animals results in a char-
acteristic hemorrhagic dystrophy of the liver that
leads to death within hours [64]. Previous bio-
chemical and ultrastructural studies indicate that
phalloidin primarily affects the plasma membrane
of the hepatocytes and interferes with actin-like
proteins beneath the inner membrane [65]. After
long-term administration of relatively small doses
of phalloidin to rats, extensive development of tight
junctions is induced, which has been verified in
freeze-fracture studies [48]. The junctional strands
lose their parallel orientation to the canaliculi and
stretch away from the lumen in irregular patterns
that cover large membrane areas apart from the bile
canaliculi. It is probable that these changes result
from both a proliferation and a reorganization of
the junctional elements [48].

3.3.2. Carbon tetrachloride. A single dose of carbon
tetrachloride causes hepatocyte necrosis and is
followed within 3-4 days by a proliferation of tight
junctions in the rat liver [66]. Proliferation occurs
through a de novo formation of junctional elements,
by inclusion of intramembranous particles, and by
reorganization of preexisting junctional ridges. Two
different types of strands are seen on the lateral side
of the hepatocyte plasmalemma. The first exhibits
an almost equal distribution of particles arranged in
rows. The linear chains are derived from discrete
growth centers on the lateral surface. Such strands
have also been described in other developmental
systems. They are regarded as a stage in the process
of de novo formation of junctional strands. The
second type consists of short ‘ridges’ that likely
represent strands derived from fragmented zonulae
occludentes that have migrated laterally. Inter-
mediate stages which run together and form large
macular tight junctions on the lateral face possibly
exist. Five days later these structures are no longer
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Figure 20. Rat liver after galactosamine treatment. The tight junctional strands (TJ) are disarranged, reveal a particulate structure,
and are occasionally dislocated toward the lateral hepatocyte area (LA) or toward the bile canalicular membrane (BCM); x 34,000.
Figure 21. Rat liver after galactosamine treatment. Lamellar formation within the cytoplasm of hepatocyte consists of multiple
membranous layers and contains cytoplasm and organelles; X 14,000.

Figure 22. Rat liver after galactosamine treatment. The nucleus of an hepatocyte exhibits local assemblies of nuclear pores (NP);
% 13,000.
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found, and are therefore regarded as transitory [66].

3.3.3. Galactosamine. After the administration of
the amino sugar D-galactosamine, to rats, a dose-
dependent development of diffuse hepatocellular
injury with focal necrosis and an inflammatory
infiltration of the periportal regions occur [67].
Secondary lesions resulting from an inhibition of
uracil-nucleotide-dependent synthesis of macro-
molecules occur and structural disturbances of cell
organelles, particularly nucleoli, endoplasmic reti-
culum, and plasmalemma are evident [68].

At 24 h after administration of 500 mg/kg of
galactosamine, freeze-fracture replicas reveal large
areas of the liver parenchyma that contain gap
junctions and zonulae occludentes [17]. Focally, the
number of gap junctions is reduced and the tight
junctional meshwork becomes disarranged (Fig.
20). The number of strands is often reduced and the
continuity interrupted, revealing a particulate sub-
structure of the strands. Perpendicularly running
strands appear in a direction toward the lateral
hepatocyte membrane and also toward the canali-
cular membrane area. After application of 1500
mg/kg, however, severely necrotic areas with dis-
integration of parenchymal cell groups are observ-
ed. Gap junctions and zonulae occludentes diminish
and are often absent from their typical location
within the hepatocyte membrane. Separated and
dislocated fragments of zonulae occludentes are
seen on the lateral hepatocyte membrane. Lamellar
structures that consist of whirled membranes are
particularly conspicuous in the cytoplasm of paren-
chymal cells in freeze-fracture replicas (Fig. 21).
Cisternae of the rough endoplasmic reticulum are
frequently continuous with the lamellar structures.
The nuclear pores are diminished in number and
frequently aggregated within groups on the nuclear
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5. MORPHOFUNCTIONAL FEATURES OF CULTURED
LIVER CELLS

J.-C. WaANSONT, D. BERNAERT, R. MOSSELMANS, and W. PENASSE

1. INTRODUCTION

Freshly prepared suspensions of well-preserved
hepatocytes are currently obtained in high yields by
using collagenase perfusion [1-3]. The isolated liver
parenchymal cells have been established in primary
monolayer cultures in an attempt to maintain
during time the phenotypic expression of several
specific metabolic functions occurring in normal
hepatocytes in vivo [4-10]. Morphofunctional pro-
perties of adult rat hepatocytes in short-term pri-
mary cultures depend on the nutrient and hormonal
microenvironment. Addition of various hormones
such as insulin [8, 11], corticosteroids [9, 12], tri-
iodothyronine [13], or glucagon [14], alone or in
combination [15], stimulates individual enzymatic
inductions. Moreover, the use of collagen or col-
lagen gels [16] improves the hormonal regulation of
enzymatic activities and enhances the survival
period of hepatocytes in culture. In this respect, a
prolonged survival of well-differentiated hepato-
cytes was obtained by using symbiotic cultures of
sinusoidal cells and hepatocytes, extracted sepa-
rately from rat livers by appropriated enzymatic
techniques [17, 18].

This chapter illustrates ultrastructural properties
of short-term primary hepatic cultures under the
transmission and scanning electron microscopes.
Adult rat hepatocytes in culture form trabeculae
provided with specific cell membrane differentia-
tions [10, 19], and reconstitute heterogeneous cell
surfaces [20]. The cytochemical analysis of glucose-
6-phosphatase and its biochemical quantification
reveals a homogeneous intracellular distribution of
the enzyme in culture, which slowly decreases with
time. Moreover, albumin synthesis and secretion
confirms the integrity of adult rat hepatocytes in
culture [21] and their ability to constitute, for at least

two to three days, an interesting experimental
model for the study of specific metabolic functions.
Finally, the symbiotic culture that enhances the
survival period of liver parenchymal cells in culture
forms an attractive model whose ultrastructural
characteristics will be described.

2. ADULT RAT PARENCHYMAL CELLS
IN CULTURE

2.1. Isolation and culture conditions

Adult rat hepatocytes were isolated, under sterile
conditions, by continuous recirculating perfusion of
the liver in situ in the presence of 0.1% collagenase
(200 IU/mg) and 0.1%, hyaluronidase (460 IU/mg)
[3, 19, 22]. This treatment results in a collapsed
organ, which contains single hepatocytic cell plates
embedded in a partially digested connective tissue
framework. After disruption of the Glisson cap-
sule, hepatocytic cell plates are liberated into the
suspension by gentle dissociation with a spatula and
later separated into single cells by rolling the cell
suspension in a siliconized flask, using a rotary
evaporator. The hepatocytic cell population is then
filtrated on Perlon (polyamide PA 6) of 63-um pore
size and washed by a 1-g sedimentation for 10 min
at room temperature. Filtration enables purifica-
tion of the liver parenchymal cell suspension by
retaining large cell aggregates on the filter, while
sedimentation eliminates subcellular debris, dam-
aged hepatocytes, and nonparenchymal cells in the
supernatant. Finally, the isolated hepatocytes resus-
pended in an enriched Dulbecco medium are in-
cubated for 30-60 min at room temperature in a gyra-
tory shaker. During this preincubation, hepatocytes
become round and acquire homogeneous cell sur-
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faces covered with uniformly distributed microvilli
[20, 23].

Isolated hepatocytes (3 x 10° cells suspended in 3
ml medium) were plated in 60-mm plastic Petri
dishes, in the presence of Dulbecco medium sup-
plemented with 4 mM glutamine, 5-20 mM glucose,
179 fetal calf serum, and antibiotics. Petri dishes
were incubated under air and CO, (in a ratio of
95:5) at 37°C. The medium was renewed each day.

2.2. Development of hepatic cell cords, provided with
newly formed cell membrane differentiations

This section summarizes some of our ultrastruc-
tural data obtained during the last few years in the
field of hepatocytic cultures. The ultrastructural
and biochemical aspects of the behavior of isolated
liver parenchymal cells were analyzed at different
steps in culture [10, 11, 19, 24]. Hepatocytes re-
aggregate in cell cords and flatten in a bidimen-
sional monolayer ‘within 24 h. As illustrated in
Figure 1, reconstituted cell trabeculae (T) are
spread on the bottom of the Petri dishes. Free cell
surfaces are covered with numerous thin microvilli
(Fig. 1, mv), while interhepatocytic faces are inti-
mately associated and develop specific cell mem-
brane specializations, such as bile canaliculi, tight
junctions and desmosomes. As illustrated in Figure
2, numerous newly formed bile channels are re-
gularly encountered in a string of beads, after 24 h
culture. Successive villous bile canalicular spaces
are distinguished (Fig. 2, BC), separated from each
other by densely stained tight junction-like struc-
tures (Fig. 2, ti). Hemidesmosomes (Fig. 2, HD).
already detectable after 4 h culture, are the precur-
sors of mature desmosomes. Finally, paraplasmatic
smooth cisternae (Fig. 2, pp), totally absent in
1solated cells, reappear symmetrically in both ad-
jacent cytoplasms. Inside the cells, a Golgi biliary
polarity is restored. Numerous Golgi complexes
(Fig. 2, GO), composed of smooth cisternae, micro-
and macrovesicles, regain their classic peripheral
cytoplasmic localization by migrating in the vicinity
of the bile canaliculi. Their role in rehandling and
secretion of bile products is still being debated.

2.3. Cell surface characteristics as revealed by SEM

Hepatocytes in culture were fixed overnight in 2.59

cacodylate-buffered glutaraldehyde at room tem-
perature. After brief washings, pieces of the Petri
dishes were dehydrated in a graded series of al-
cohols and critical-point dried in a Sorvall ap-
paratus by using CO,. Specimens coated with a 20-
nm-thick layer of gold were examined in a Jeol
JSM 35 scanning electron microscopé at 35 kV.
Figure 3 illustrates the high degree of flattening
of 24-h-cultured hepatocytes. Polyhedral cells
spread on the bottom of the dishes and are re-
covered by spherical, damaged hepatocytes. We
furthermore notice, in this micrograph, the presence
of a network of filamentous structures, which could
correspond to secretory proteins (Fig. 3, fi). The
liver parenchymal cells established in cell cords are-
separated from each other by large fractures (Fig. 3,
arrows). These artifactual fractures that occur be-
tween adjacent hepatocytes result from the critical-
point-drying procedure and enable the visualization
of the interhepatocytic cell surfaces. At higher
magnification, as shown in Figure 4, the cell surface
properties of free (Fig. 4, FS) and interhepatocytic
faces (Fig. 4, IHS) are well differentiated, which
confirms the recovery by cultured hepatocytes of a
specific cell surface heterogeneity. The free surfaces
display numerous microvilli (Fig. 4, mv) while
interhepatocytic areas offer villous bile canalicular
regions (Fig. 4, BC) separated by smooth surfaces
(Fig. 4, asterisk). In conclusion, the artifact of
shrinkage due to retraction of the biological ma-
terial, during the preparation for SEM, reveals
interhepatocytic faces that display similar char-
acteristics to those observed in situ [20, 25].

3. CYTOCHEMICAL DISTRIBUTION OF
G-6-PASE IN MONOLAYER CULTURES

The cytochemical localization of G-6-Pase was
analyzed in parenchymal cell cultures. Monolayers
of adult rat hepatocytes were fixed for 1 min in 2.5%
cacodylate-buffered glutaraldehyde, briefly washed
and quickly frozen in liquid nitrogen in order to
allow a homogeneous penetration of the substrate.
The cells were then incubated in Wachstein-Meisel
medium, slightly modified according to Hugon [26],
at 37°C for 30 min. Hepatocytes were later rinsed,
postfixed, dehydrated, and embedded in Epon.
Parallelly, biochemical determinations were carried



71

Figure 1. Hepatocytes cultured for 24 h, sectioned in a plane parallel to the bottom of the Petri dish. Cell trabeculae (T) are
reconstituted, provided with newly formed bile canaliculi (BC). Microvilli (mv) are detected on the free cell surfaces.
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Figure 2. High-magnification view of 24-h-cultured hepatocytes. Golgi complexes (GO) are polarized toward newly formed villous
bile canaliculi (BC), endowed with tight junctions (ti). HD, hemidesmosome; pp, paraplasmatic cisternae.
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Figure 3. 24-h-cultured hepatocytes. Cells offer a high degree of flattening and present granular damaged round cells on their upper

surface. Arrows point to artifactual fractures inbetween adjacent hepatocytes. A network of filamentous structures (fi) is frequently
encountered.
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Figure 4. High-magnification view of hepatocytic surfaces of 24-h-cultured parenchymal cells. Free cell surfaces (FS) exhibit
numerous microvilli (mv) while interhepatocytic faces (IHS) show newly formed villous bile canaliculi (BC), separated by smooth
areas (asterisk).



out after 24, 48, and 72 h culture, according to a
method previously described [23].

After 24 h culture, adult rat hepatocytes reveal a
homogeneous distribution of G-6-Pase. Figure 5
illustrates a low-magnification view of positively
reacting parenchymal cells, intimately reassociated
in cell cords. Heavy lead-phosphate deposits are
regularly observed within the cisternae of the
smooth (SER) and rough (RER) endoplasmic reti-
culum and in the nuclear envelope (NE). No lead
precipitates are encountered on the plasma mem-
brane. At higher magnification (Fig. 6), the en-
zymatic localization is clearly detected in the
smooth and rough ER (Fig. 6, SER and RER). In
the peripheral cytoplasm, the smooth ER frequent-
ly constitutes a well-developed network of anastom-
osed tubules, closely connected to the rough ER.
The latter is composed either of stacks of numerous
parallel-running cisternae or of single cisternal units
intimately related to mitochondria. G-6-Pase ap-
pears uniformly distributed in these two different
topographical arrangements of the RER.

After 48 h culture, hepatocytes are more flattened
and present thin cytoplasmic extensions. They still
display a positive, but less intense, G-6-Pase cyto-
chemical reaction, as illustrated in Figure 7. Lead-
phosphate precipitates offer a regular and continu-
ous distribution in the previously described cell
organelles, i.e., SER, RER, and nuclear envelope
(NE). Hepatocytes exhibit specific membrane dif-
ferentiations, such as bile canaliculi (Fig. 7, BC)
that are maintained for several days in culture.
Moreover, we notice an increased amount of cyto-
lysosomes (Fig. 7, CYL) containing cell debris at
different stages of degradation. As confirmed by
our biochemical data, the G-6-Pase specific activity
decreases progressively in culture. In isolated pa-
renchymal cells, the enzymatic activity reaches the
mean value of 116.9 4+ 4.3 nmol P/min/mg pro-
teins. After 24 h and 48 h culture, the G-6-Pase
activity represents, respectively, about 709 and
50% of the values of the original isolated cell
population. The partial loss of enzymatic activity
could be attributed either to the high glucose
concentration present in the incubation medium or
to an important lysosomal degradation rate, which
can be suspected by the increased number of cyto-
lysosomes in cultured cells, as revealed by our
electron micrographs.
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4. SYMBIOTIC CULTURES OF SINUSOIDAL
CELLS AND HEPATOCYTES

4.1. Behavior and ultrastructure of parenchymal and
nonparenchymal cells in culture

The experimental model of cocultures between
parenchymal and nonparenchymal cells was intro-
duced three years ago, thanks to a fruitful colla-
boration established between the group of Dick
Knook in Rijswijk (The Netherlands) and our
group in Brussels. Our aim was to reconstitute in
vitro, through the association of both cell types, a
situation close to that existing in situ. Adult rat
hepatocytes were isolated by collagenase perfusion
and sinusoidal cells were extracted from the liver
parenchyma by pronase digestion [27]. Cocultiva-
tion was started by adding 3 x 10° hepatocytes per
60-mm Falcon Petri dish to 107 sinusoidal cells,
previously cultured for 24 h in Dulbecco medium
supplemented with 179 fetal calf serum.

The ultrastructural properties of isolated and
cocultured cells, their behavior, and viability have
been described in detail in previous publications
[17, 18, 28-30]. Briefly, transmission electron-
microscopic studies of the cocultured cell popula-
tions have shown the potentialities of both cell
types to recover and to maintain specific cell
properties for several days in culture. Hepatocytes
reassociate in cell cords and recover their cell
surface specializations. Inside the cell, Golgi com-
plexes and lysosomes are polarized toward newly
formed bile canaliculi after 24 h culture. Hepa-
tocytes remain well differentiated for more than one
week in coculture, i.e., they still retain large areas of
smooth endoplasmic reticulum, glycogen particles
of the a- and p-types, localized inbetween the
network of anastomosed tubules, numerous pe-
roxysomes, and stacks of rough endoplasmic cis-
ternae. Endothelial cells and Kupffer cells in culture
develop ultrastructural features that make them
clearly recognizable, and exhibit specific functional
properties such as endocytosis and phagocytosis.
The isolated round-shaped endothelial cells, which
remain unattached in single cultures, present a
higher degree of cell spreading on the bottom of the
collagen-coated Petri dishes after the addition of
hepatocytes. They flatten in close relation with the
parenchymal cells and progressively lose their



76

Figure 5. 24-h-cultured hepatocytes incubated for 30 min in the modified Wachstein-Meisel medium for the detection of G-6-Pase.
The reaction product is homogeneously distributed in the lumen of the smooth (SER) and rough (RER) endoplasmic reticulum and in
the nuclear envelope (NE).
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Figure 6. High-magnification view of 24-h-cultured hepatocytes incubated 30 min for G-6-Pase activity. An intense cytochemical
reaction is present in the smooth (SER) and rough (RER) endoplasmic reticulum.
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Figure 7. Cytochemical distribution of G-6-Pase activity in 48-h-cliltured hepatocytes. A homogeneous but decreased enzymatic
activity is observed. SER, smooth ER; RER, rough ER; NE, nuclear envelope; CYL, cytolysosomes; BC, bile canaliculi.



fenestrae. Endothelial cells display numerous
micro- and macropinocytic vacuoles, giving evi-
dence of intense endocytic activity. Kupffer cells, on
the other hand, rapidly adhere to and spread on the
plastic in a few hours. They offer numerous diges-
tive vacuoles containing fat globules, glycogen par-
ticles, and membranes of various organelles at
different stages of degradation. Phagocytosis of
foreign material was clearly demonstrated by the
uptake in culture of latex particles, 0.8 um in
diameter, or the engulfing of damaged hepatocytes
or red blood cells. Kupffer cells in culture recover
specific cell membrane differentiations, such as
microvilli, bristle-coated micropinocytic vacuoles,
and wormlike structures [30, 31]. These latter struc-
tures, visualized after 24 h culture, correspond to
invaginations of the cell surface, containing a dense
midline of fuzzy-coat material. Finally, few pit cells
and few fat-storing cells were detected by trans-
mission electron microscopy in our preparations.
The coculture enables an important improvement
of the survival period of hepatocytes in culture.
This prolonged survival seems to be related either to
the high phagocytic activity of Kupffer cells or to
the intercellular cooperation that would exist be-
tween both cell types.

4.2. Cell surface properties of sinusoidal cells and
hepatocytes in single and cocultures

Single and symbiotic cultures of sinusoidal cells and
hepatocytes were prepared for scanning electron
microscopy (SEM) as previously described in sec-
tion 2.2. This technique offers the advantage of
enabling the estimation of the proportion of the
different sinusoidal cell types collected after iso-
lation, and the analysis their behavior in culture.
Starting from a population of isolated spherical
cells, it is interesting to recognize, in single and
cocultures, the various sinusoidal cells through
specific and reproducible cell surface characteris-
tics.

Three sinusoidal cell types, at least, were distin-
guished by using SEM after 24 h culture: (a) Kupffer
cells, which represent the majority of cells, attach to
the bottom of the dishes. They develop, as illus-
trated in Figure 8a and b, cytoplasmic extensions
varying in number and size and in degree of
flattening (K). Despite their variety in shape and
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form, Kupffer cells still remain recognizable by the
presence of ruffles and lamellipodia covering their
free surfaces. (b) Fat-storing cells (Ito cells) are
regularly detected after 24 h culture. They appear as
oblong and fusiform cells, which offer a cell body
dressed with numerous thin, closely apposed micro-
villi (Fig. 8a, FSC). These spindle-shaped cells
frequently have smooth, elongated cytoplasmic ex-
tensions that end in goose-foot structures (Fig. 8a,
arrows). These cells, examined under the trans-
mission electron microscope, are particularly rich in
fat droplets. Their fibroblastic behavior in culture
and their lack of uptake of latex particles constitute
additional arguments in favor of the definitive
diagnosis of fat-storing cell [31, 32]. (c) Endothelial
cells are less frequent in single cultures. They
remain round shaped and adhere to the collagen-
coated dishes by short cytoplasmic extensions (Fig.
8b, E).

In cocultures, the three sinusoidal cell types are
regularly encountered and display the same mor-
phological features. Endothelial cells and fat-
storing cells appear intimately related to hepa-
tocytes. Figure 9 illustrates, under the scanning
electron microscope, the cell surface properties of
sinusoidal cells cultured for 48 h, associated with
hepatocytes incubated for 24 h. Liver parenchymal
cells reform cell cords (Fig. 9, H) and exhibit villous
free surfaces, clearly distinguished in this micro-
graph (Fig. 9, mv). Sinusoidal cells, in particular
endothelial cells (Fig. 9, E) and Kupffer cells (Fig.
9, K), establish loose contacts with hepatocytes.
Kupffer cells are responsible for the high degree of
cleanliness observed in cocultures.

In conclusion, endothelial cells, Kupffer cells,
and fat-storing cells exhibit, in single cultures and
cocultures, specific and different cell surface prop-
erties and behavior that enable an accurate differ-
ential diagnosis of each cell type.

5. CONCLUSIONS AND PERSPECTIVES

It appears from our actual ultrastructural and
biochemical data that the 24- to 48-h hepatocytic
cultures constitute an appropriate experimental
model that is close to the situation in situ. We
would like to stress the advantages of our experi-
mental models in the future development of various
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Figure 8a and b. Single cultures of 24-h-cultured sinusoidal cells. Kupffer cells (K), dressed with ruffles and lamellipodia, adhere to the
collagen-coated dishes and form numerous cytoplasmic extensions. Fat-storing cells (FSC) appear as spindle-shaped cells. Their cell
body is covered with numerous thin, closely apposed microvilli while their peripheral cytoplasmic extensions appear smooth and end
in goose-foot structures (arrows). Endothelial cells (E) remain round-shaped and are poorly adhering cells.
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Figure 9. Cocultures of 24-h-cultured hepatocytes and 48-h-cultured sinusoidal cells. Hepatocytes reform cell cords and exhibit villous
free surfaces (mv). Endothelial cells (E) and Kupffer cells (K) establish loose cell contacts with hepatocytes (H).



82

types of metabolic studies. Physiological processes
such as endocytosis and exocytosis, the fate of
plasma membranes, i.e., retrieval and intracellular
redistribution, can be successfully analyzed in vitro.
Preliminary cinetic studies of fixation and inter-
nalization of cationized ferritin were performed in
vitro under the conditions proposed by Farquhar
[33]. Fusions between coated vesicles and Golgi-
condensing vacuoles were frequently observed,
which suggests that plasma liver parenchymal cell
membranes interiorized by endocytosis may recycle
back to the cell surface without transit through the
lysosomal compartment [34].

Turnover of specific plasma membrane enzy-
matic activities, i.e., 5'nucleotidase (5'NT), Mg"*
dependent ATPase, or adenylate cyclase, can be
followed in situ. The first important problem con-
sists in defining the relative proportion of enzymes
bound to the cell surface and localized inside the
cell. In the particular case of 5'NT, our recent
cytochemical results show that the enzyme is ho-
mogeneously distributed on the cell surface of
isolated and cultured hepatocytes, and is detected
inside the cells, in micropinocytic-coated vesicles
and in cytolysosomes, at different stages of develop-
ment [35]. Finally, the presence of galactose and
fucose receptors was demonstrated on adult rat
hepatocytes established in primary monolayer cul-
tures [36, 37]. These highly specific receptors play
an important role in the hepatic clearance of galac-
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6. MICROCIRCULATION OF THE LIVER, WITH SPECIAL
REFERENCE TO THE PERIBILIARY
PORTAL SYSTEM

O. OuTANI, T. MURAKAMI, and A.L. JONES

1. INTRODUCTION

Methods have been developed for making an
injection replica for visualization of minute vessels
by scanning electron microscopy. These methods
have been useful for producing clear three-dimen-
sional images of the vasculature of many organs,
including the liver [1-3]. This chapter briefly de-
scribes the method and reviews the liver findings in
man and in monkey and some other animals [4-6].
Emphasis will be placed on the peribiliary plexus
and its connecting vessels. This plexus may have
special functional significance in the control of
liver microcirculation and bile secretory activity.

2. MATERIALS AND METHODS

The human liver was obtained by necropsy from a
Japanese individual who had suffered from chronic
renal failure and had been treated with artificial
dialysis. Routine H-E stained light microscopy of
the tissue demonstrated that the liver had no
pathological changes. Monkey (rhesus), rabbit, and
rat were killed under anesthesia and portions of
their livers were removed. These livers were also
found to be normal on light-microscopic examin-
ation. In the human liver, catheters were inserted
into the hepatic artery and the portal vein. Ringer’s
solution was perfused through these cannulated
vessels to remove as much blood as possible from
the liver. Following this procedure, a laboratory-
prepared or commercially available low-viscosity
methacrylate-resin injection medium (Mercox,
Oken-Shoji, Tokyo, Japan) [4, 5] was injected
through the cannulated vessels until the hepatic
vein was filled with the injected resin. In the
animals, the Ringer perfusion and successive resin

injection were performed through the thoracic
aorta. The resin-injected livers were then placed for
several hours in a warm-water bath, corroded
overnight in warm 109, NaOH solution, and wash-
ed for 8 h or longer in running tap water.

The blood vascular casts thus obtained were
frozen in water, cut into appropriate blocks, and
air-dried. The dried specimens were mounted on
metal specimen stubs, microdissected with sharpen-
ed needles and forceps under a binocular stereo-
light microscope, coated with a thin layer of gold by
evaporation, and observed in a scanning electron
microscope with an acceleration voltage of 5 kV. A
procedure of dissection followed by scanning elec-
tron microscopy was repeated until the most in-
teresting structures were sufficiently exposed.

The resin injection as described produced excel-
lent casts of even the smallest vessels, including the
fine capillaries, of the peribiliary plexus, and within
the portal canal as well as the hepatic sinusoids. The
repeated microdissection and scanning electron
microscopy of the vascular casts enabled the de-
tailed analysis of their distributions and connec-
tions. The results are described below.

3. GENERAL ASPECTS OF LIVER BLOOD
VASCULATURE

Blood enters the liver through the portal vein and
hepatic artery and leaves via the hepatic vein. The
portal vein runs within the stroma of the portal
canal and its terminal branches supply the hepatic
sinusoids. The hepatic artery runs with the portal
vein in the portal canal, but its terminal branches
end not only in the hepatic sinusoids but also in the
peribiliary and periportal plexuses. These plexuses
drain into the hepatic sinusoids directly or via the
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portal vein. Therefore, both portal vein and hepatic
artery blood flows into the hepatic sinusoids (Table
1 and Fig. 1). Blood in the hepatic sinusoids enters
the hepatic vein via the central veins. As an addi-
tional blood supply, the liver receives some bran-
ches from the subphrenic arteries and veins.

3.1. Portal vein branches and hepatic sinusoids

Terminal branches of the portal vein are classified
into the interlobular and periportal venules (Figs.
1-3 and 7). The interlobular venules run into the
boundaries of the hepatic lobules, i.e., into the final
segments of the portal canal and supply the ad-
jacent two or more lobules. The periportal venules
usually run for varying distances in the portal canal
along with the distributing veins and only supply
the hepatic sinusoids bordering the portal canal.
The system of the periportal venules is less devel-
oped as the portal canal is traced more proximally
toward the liver hilus. Thus, as described by some
investigators [19, 20], the hepatic sinusoids around
the portal canal are poorly supplied by the portal
vein. These sinusoids, however, receive supple-
mentally blood from the periportal and peribiliary
plexuses in the portal canal.

The hepatic sinusoids originate at the margin of
the lobules in the interlobular and periportal ven-
ules. They anastomose freely through the lacunar
spaces of the liver plates. The sinusoids radiate
toward the central veins. Blood entering the central

Table 1. Abbreviations in Figures 1-9

A: hepatic artery branch (distributing artery)
B: bile duct (distributing bile duct)

H: hepatic vein branch (collecting vein)

P: portal vein branch (distributing vein)

CV:  central vein

HS:  hepatic sinusoid

PA:  peribiliary afferent arteriole
SV:  sublobular vein

PES:

peribiliary efferent venule (lobular branch)
PEV: peribiliary efferent venule (prelobular branch)
PbP: peribiliary plexus
PhP: perihepatic plexus
PpP: periportal plexus

ilA:  interlobular arteriole
ppA: periportal arteriole
ilV:  interlobular venule
ppV: periportal venule

vein then goes to the sublobular vein, collecting,
and finally into the hepatic vein (Figs. 1 and 4).

3.2. Arterial branches

Terminal branches of the hepatic artery are classi-
fied into the interlobular, periportal, and peribiliary
arterioles (Figs. 1-3 and 5).

The interlobular arterioles run with the inter-
lobular venules into the final segments of the portal
canal. They are then divided into fine capillaries at
the boundaries of the lobules and merge with the
hepatic sinusoids. In man and monkey, some of the
interlobular arterioles appear with the interlobular
venules on the surface of the liver (Fig. 5). These
capsular arterioles are also divided into fine capil-
laries that flow into the hepatic sinusoids.

The periportal and peribiliary arterioles usually
arise in common trunks, and supply the periportal
and peribiliary plexuses, respectively.

As confirmed by previous authors [7-13], the
interlobular arterioles sometimes give off twigs that
continue directly into the accompanying interlobu-
lar venules or their parent veins (arterioportal
anastomosis) (Figs. 1 and 3). This anastomosis
typically occurs in man and rat, but it is not as clear
in monkey and rabbit. Some authors described an
anastomosis between the branches of hepatic artery
and hepatic vein (arteriohepatic anastomosis) [18],
and other investigators have reported a so-called
intralobular arteriole that penetrates deep into the
lobules and joins the hepatic sinusoids near the
central veins [14-17]. These arteriohepatic anas-
tomosis and intralobular arterioles have not been
demonstrated by our injection replica scanning
electron microscope method.

3.3. Periportal and perihepatic plexuses

The portal canal is provided with its own capillary
network (periportal plexus), which is characteristic-
ally distributed around the branches of the portal
vein throughout the portal canal (Figs. 1 and 6).
The periportal plexus is supplied by the peri-
portal arterioles of the hepatic artery, and drained
at the periphery of the portal canal into the hepatic
sinusoids although it occasionally communicates
with the periportal venules and the peribiliary
efferent vessels. As in the case of the interlobular



Figure 1. Schematic diagram that shows intrahepatic architectures of blood vessels (see text and Table 1).
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Figure 2. A scanning electron micrograph of a freeze-cut and microdissected blood vascular cast of the rabbit liver. The portal vein
branch (P), hepatic artery branch (A), and peribiliary plexus (PbP) run in the portal canal. Note that the portal vein branch gives off
the interlobular (ilV) and periportal (ppV) venules to supply the hepatic sinusoids (HS). Note also that the peribiliary plexus (PbP),
which is supplied by the hepatic artery twig (PA), has both drainages into the sinusoids (PES) and portal vein branch (PEV). CV,
central vein. Bar 100 um (see Table 1). From O. Ohtani (1979) Arch. Histol. Jpn. 42:158 [6].
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Figure 3. A scanning electron micrograph of a freeze-cut and dissected cast of the rat liver. Arterioportal anastomoses are seen
(arrows). A, P, CV, HS, PbP, ppV (see Table 1). Bar 100 um.
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Figure 4. A dissected cast of the rat liver, showing the hepatic venous tree. Hepatic sinusoids (HS) converge into the central veins
(CV), which are collected into the sublobular veins (SV). Note that no vascular network is observed in the hepatic canal (see text). ilV,
interlobular vein. Bar 100 xm.
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Figure 5. A rhesus monkey liver cast viewed from the surface. Note that the interlobular arterioles (ilA) and venules (ilV) emerge on
the surface of the liver. Note also that the terminals of the interlobular arterioles are connected into the liver sinusoids (HS) (arrow).
Bar 100 um. From T. Murakami et al. (1974) Arch. Histol. Jpn. 37:426 [4].
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Figure 6. A freeze-cut cast of the human liver. Hepatic artery branch (A), portal vein branch (P), and peribiliary plexus (PbP) are
surrounded by coarse capillary networks, which form the so-called which ‘periportal plexus’ (arrows). Note the direct connections of
this plexus with the hepatic sinusoids (HS) (lower-left arrow). Note also that the peribiliary plexus is surrounded by the relatively thick
capillaries (outer venous network) (see text). ppV (see Table 1). Bar 100 xm.



arterioles, the periportal arterioles sometimes give
off the anastomosing twigs to the neighboring
periportal venules of the portal vein. This arterio-
portal anastomosis within the portal canal can also
be readily observed in man and rat livers.

Some small branches of the subphrenic arteries
enter into the hepatic canal, and form very coarse
capillary networks that surround the hepatic vein
branches (perihepatic plexus). This perihepatic ple-
xus is distributed only in the large hepatic canal,
and is drained into the branches of the subphrenic
veins.

4. PERIBILIARY PLEXUS OR PERIBILIARY
PORTAL SYSTEM

Perhaps the most interesting vascular architecture
visualized by using the injection replica scanning
electron microscope method is the peribiliary plexus
and its connecting vessels (Figs. 1, 2, and 7-9). As
discovered by Kiernan (1833) and confirmed by
Mall (1906) [21, 22], main branches of the hepatic
artery are destined to become peribiliary arterioles
to form the peribiliary plexus that supplies the
intrahepatic bile ducts.

The large- or medium-sized peribiliary plexus
consists of two layers, an inner layer of fine capil-
laries and an outer layer of venous networks. In this
double-layered plexus, the peribiliary afferent ar-
terioles penetrate deep into the plexus to form the
inner capillary networks, and the outer venous
networks are derived from the inner networks. The
small-sized peribiliary plexus consists of a single
layer of fine capillaries.

The peribiliary plexus emits fairly independent
efferent vessels. In the larger- or medium-sized
plexus, the efferent vessels have rather thick calibers
that are formed by the confluence of the outer
venous networks. In the smaller-sized plexus, the
efferent vessels have thin segments that are derived
from the fine capillaries. In the most distal segments
of the plexus, the peribiliary capillaries become the
efferent vessels directly. Regardless of their thick-
ness or position, the peribiliary efferent vessels
drain either into the hepatic sinusoids or into the
branches of the portal vein branches. We have
designated the former drainage into the sinusoids
as ‘lobular branch,” and the latter ending in the

93

portal vein branches as the ‘prelobular branch’ [6].

Occurrence of the lobular and prelobular bran-
ches of the peribiliary plexus differs in each animal.
In the monkey, the lobular branches occur almost
exclusively with few prelobular branches. In the rat,
the lobular branches are found with much greater
frequency than the prelobular branches. On the
other hand, in man and rabbit, the prelobular and
lobular branches occur with almost the same fre-
quency.

As described above, the peribiliary efferent ves-
sels are often observed as complicated terminations.
At least four differing interpretations of these
terminations have been published by the previous
authors; (a) The peribiliary plexus has a sole drain-
age into the portal vein branches [12, 16, 23-26]. (b)
The plexus drains into only the hepatic sinusoids
[27]. (c) The plexus is provided with both drainages
into the sinusoids and portal vein branches [20, 21].
(d) The plexus receives the afferent vessels from the
portal vein branches, and emits efferent vessels to
the hepatic sinusoids [13, 28]. Our injection replica
scanning electron microscope method provides de-
finitive evidence for the third view of Mall [21] and
Hase and Brim [20].

Although the details of the blood flow patterns
are not completely clear at this time, it is clear that
the peribiliary plexus has an exceedingly rich capil-
lary network whose efferent vessels reenter the
hepatic sinusoids directly or via the portal vein
branches. This route from the peribiliary arterioles
to the hepatic sinusoids via the peribiliary plexus is
a portal system, and is referred to as the ‘peribiliary
portal system’ [4].

Little is known of the functional significance of
the peribiliary portal system. Some studies have
confirmed that the so-called basal-granulated cells
of the biliary epithelium secrete ‘substance P,
which controls the blood flow in the hepatic lobules
[29-32]. Other studies have provided evidence that
the microvilli of the biliary epithelial cells are rich in
ATPase, suggesting reabsorption of bile products
through the bile duct [33]. The peribiliary portal
system may convey these secreted or absorbed
substances to the hepatic sinusoids or cells, to
control the microcirculation or bile secretory activ-
ity in the liver [4, 5, 34].
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Figure 7. A microdissected cast of the rat liver, showing a peribiliary plexus (PbP) and its connecting vessels. Note that efferent vessels
(arrows) join into the portal vein branch (ilV). A, P, ppV, ilV, HS (see Table 1). Bar 100 um.
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Figure 8. A longitudinally cut peribiliary plexus (PbP) of the human liver, which shows the inner layer of fine capillaries. HS, PES
(see Table 1). Bar 100 um.

Figure 9. Terminal segment of human peribiliary plexus (PbP). Note the connection of the plexus with the sinusoids (HS) (arrows).
TA, arterial twig; ilV (see Table 1). Bar 100 um.
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7. LIVER STEREOLOGY

G.C. Bubp

1. INTRODUCTION

Until recently, hepatologists relied on qualitative
descriptions of the histology of the liver in almost
all studies of liver cytoarchitecture. These studies,
while contributing in important ways to our under-
standing of the relationships between liver structure
and function, fail to provide the quantitative data
required for statistical correlation of morphological
and biochemical observations.

Modern stereological techniques have been de-
veloped to provide information about the size and
number of cells and intracellular components of the
liver. As a result, increasing opportunities for quan-
titative correlation of morphological observations
with physiological and pharmacological data are
now available. The application of statistically valid
techniques increases the reliability of conclusions
concerning structure—function relationships at the
cellular and organelle level.

2. STEREOLOGICAL PRINCIPLES
AND METHODS

The methods and underlying principles of stereol-
ogy, or morphometric analysis, in biomedical in-
vestigations have been described in a number of
publications in the last decade [1-6]. Quantitative
information about the three-dimensional structure
of an organ such as the liver can be obtained from
measurements made on two-dimensional slices cut
randomly through the organ. The cross-sectional
area of components in a thin slice can be measured
to provide data for calculating the volume of the
components per unit volume of the organ (volume
density). Similarly, the surface area of. liver cell
membranes per unit volume of liver (surface

density) can be obtained by measuring the profile
length of the membranes in a slice of measured area.

The relationship between objects measured in
two dimensions and their three-dimensional projec-
tions was originally investigated mathematically by
the geologist Delesse [7] and investigated further in
the studies of Rosiwal [8], Glagoleff [9], and
Tomkieff [10].

The application of stereology in biomedicine and
in the quantitation of tissue components in micro-
scopic sections has been illustrated in numerous
books and reviews [4-6, 11-14].

The fundamental basis for stereology was dis-
covered by Delesse [7] when he showed that the
relative area (or areal density) of all the profiles of a
component lying in a random section through a
rock is equivalent to the relative volume (or volume
density) of that component throughout the rock.
Using the notation adopted by the International
Society for Stereology (Table 1), this relationship
can be written:

AA= VV

This relationship has been derived independently
on several occasions. A formal presentation will
serve to illustrate that measurements made on
structures in two dimensions can be extrapolated to
provide three-dimensional data.

It is given that a cube of volume V1 has sides of
length L such that

Vp=L3 (7.1)

The cube contains a number of irregularly shaped
particles (component i) that are randomly distri-
buted within the cube.

Considering a slice through the cube, which has
its largest surface parallel to any face of the cube, if
the slice is of thickness dx its volume d V' will be

P.M. Motta and L.J.A. DiDio (eds.), Basic and clinical hepatology, pp. 97-117. All rights reserved.
Copyright © 1982 Martinus Nijhoff Publishers, The Hague/Boston|London.
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Table 1. Stereological notation®

Definition Symbol Alternatives Dimension
Number of test points P — —
Density of test points on a component (/) in a section (points on (i) per test point) PP,. — —
Number of points in a test grid P, — —
Length of test line L - cm
Length of line on a component (/) per unit length of test line L,. — —
Total length of test line L, — cm
Length of test line per unit area L, — cm/cm?
Area of profiles on a micrograph or section A — cm?
Area density of components (i) on a test 4, — cm?/cm?
Area being analyzed (test area) AL — cm?
Surface area S — cm?
Surface density of component (i) per unit volume Sy — cm?/cm?
Volume of component or structure 14 — cm?
Volume density of a component (i) per unit volume % — cm?/cm?
Volume being analyzed (test volume) VT — cm?
Number of particles or features N — —
Numerical density of a component (/) per unit area N, — cm™?
Numerical density of (i) per unit volume N, — cm?
Number of intersections of test line with profile boundaries 1 P, N, C —
Length of profile boundary B L cm
Boundary density of components (i) on a test area B, — cm/cm?
Diameter of a component D H cm
Mean diameter of components (i) D_I. M cm
Mean volume of a cell v — cm?
Section thickness T t cm

“ Notation based on abbreviations published by Underwood [81] and Weibel [6]. Double symbols (e.g. S) indicate the measured
parameter (e.g., S) referred to a given reference unit (e.g. volume, V) containing the measured parameter.

dVT = dex (72)

If v(x) is the fraction of the volume of this slice that
contains component i, then the volume dV; of
component i in dVr at position (x) in the cube will
be

dV, =dVr-v(x) = L*dx-v(x) (7.3)
If the slice approaches infinite thinness, then

L*v(x) = A;i(x) (7.4)
and

dAi(x) = dx- 4;(x) (7.5)

Aj(x), the fraction of the area of the infinitely thin
slice that contains component i, will vary with the
position (x) of the slice in the cube. The average

fractional area A; (x) between one surface of the
cube and the opposite surface of the cube separated
by a distance L will be

Ay(x) = 2 j L axaio)

0 (7.6)

L

The total volume of component i in the cube (V)
will be given by

L 2 L —
Vi—J‘ OdV,—L J\ OdX'U(X)——

L
J deAi(x) (7.7)
From Egs. 7.6 and 7.7, it follows that
Vi= Aix)-L (7.8)

Dividing both sides of Eq. 7.8 by V1 we obtain

Vi Zi(x)' L _ @

Vil Vi 4r 79

The Egs. 7.1 through 7.9 illustrate that for random-
ly distributed components in a defined volume, the

. . Vi .
volume density of i in the test volume 7’ = Vy,is
T

equivalent to the average area density of i on

Ai(x)

T

sections through the test volume = Z,ﬁ. The



general formula describing this is:

Vii = A (7.10)

This demonstration of the Delesse principle for the
relationship between area density and volume den-
sity can be extrapolated to prove that the surface
density of components in a given volume can also
be obtained from measurements on sections
through the test volume. Further discussion of this
and other basic stereological relationships are pro-
vided in various publications [1, 4-6, 11].

3. STEREOLOGICAL MEASUREMENTS

The acquisition of stereological data requires care-
ful attention to the sampling procedure for obtain-
ing representative sections of the material to be
analyzed. The sections are analyzed by using one or
more measuring techniques to obtain estimates of
volumetric density, surface density, numerical den-
sity, or a combination of these values for the
components of interest. The analytical methods will
be described in general before discussing the sam-
pling procedures that are appropriate for stereo-
logical investigations of the liver.

3.1. Measurement of volumetric density Vy;

The determination of volumetric density requires
measurement of the relative area of the components
of interest in a section.

It is convenient for some investigations to mea-
sure the area of profiles in a section, or a photo-
graph of a section, by tracing around each profile
with a planimeter or a cursor on a digitized tablet.
The planimeter or digitized tablet is used to obtain
the combined area of all the profiles of interest in
the section. The combined area of the profiles
divided by the area of the section is equal to A 4; and
this is equivalent to Vy;. The tracing method is
inconvenient if the test area contains a large number
of small or irregularly shaped profiles of the com-
ponent under investigation.

In the intercept method of Rosiwal [8], test lines
are superimposed on the section or they may be
projected or drawn on a transparent sheet covering
the section. The length of the line segments, L;,
included in the profiles of the components, is
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measured. The length of this intercept is expressed
as a proportion of the total length of the test lines
Ly. Rosiwal showed that

L A

Z;=A~T=AA,'= Vvi (7.11)
The test lines can be placed randomly or in a
narallel series on the test area so that this method is
useful for automatic instruments using the scanning
principle.

A very versatile method of area measurement
introduced by Glagoleff [9], originally applied in
histological studies by Chalkley [14], uses a regular
point lattice superimposed on the section to be
analyzed. It can be shown that the ratio of lattice
points P; occurring within the profiles of the com-
ponent under investigation, compared with the
total number of lattice points on the section P_, is an
expression of A 4;

P;
—— = Ppi= A4 = Vy;

o (7.12)

3.2. Determination of surface density Sy;

To the physiologist or biochemist interested in
correlating morphology with function, it is often
important to measure the surface area of tissue
components. For example, the surface area of the
plasma membrane or inner mitochondrial mem-
brane may be measured and correlated with the
activity of enzymes localized in these membranes.

The surface area of a tissue component, such as a
cell or intracellular organelle, is seen in a thin slice
as a line tracing the edge of the sectioned profile of
the component. The surface area of component S;
contained within a unit volume V' is defined as the
surface density Sy;.

Si

Si=—
|4 VT

(7.13)
On a section through a test volume V', the length of
profile boundaries per unit area of section is pro-
portional to the surface density Sy,.

Using a single line or a set of test lines with a total
length Ly, randomly placed on the section, it can be
shown that the number of intersections of the line
or lines with the profile boundaries /; is pro-
portional to both Ly and Sy;. The relationship
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between I; and Sy; is given by the formula of
Tomkieff [10]:

(7.14)

3.3. Surface-to-volume ratio %

i
The surface-to-volume ratio of cells or organelles is
often of physiological interest since it is a function
of the geometrical shape of the structure and an
indicator of the amount of surface area per unit
volume available for exchange of water and solutes
between the inside and outside of the enclosed
structure.

A multipurpose analytical grid introduced for the
stereology of electron micrographs consists of a set
of short lines of equal length Z, which is super-
imposed on sections of the structure to be analyzed
[12, 15]. The ends of each line are considered as
points to determine P; while simultaneous record-
ing is made of the number of intersections /; of the
test lines with boundary profiles. The surface-
to-volume ratio S;/V; is obtained by combining
the formulae 7.12, 7.13, and 7.14 and substituting

P .
Ly = 7T Z for Ly in formula 7.14.
The absolute volume V; of component i in the
total volume V of the organ is related to the volume
density Vy,; as follows:

Vi=Vy;- V (7.15)
The surface-to-volume ratio is therefore
S; 41;

This formula was derived by Weibel and Knight
[15] from an earlier one developed by Chalkley and
Cornfield [16].

3.4. Determination of numerical density Ny;

The estimation of the number of particles in a unit
volume Ny; from measurements on sections is
imprecise because the number of profiles per unit
area of a random section N,; is dependent on the

shape and the mean diameter D; of the particle. In
addition, if the mean diameter is small, the thick-

ness of the section may influence N ;.

If the particles are all of the same size and shape,

DeHoff and Rhines [11] have shown
NAi

Nyi = =
D;

(7.17)

In practice, Bi is not often easily measured due to
difficulties in estimating shape, and an alternative
method was developed by Weibel and Gomez [18]
that requires only an approximate determination of
the particle shape. In this formula, Ny; is deter-
mined from N4; and Vy; with the addition of a
dimensionless coefficient f that varies with the
shape of the particles. This coefficient, which
depends on the mean profile area-to-volume ratio
of the particles, can be obtained from published
graphs [4, 17]

K Ng*P

Ny;= —. A
v ﬁ V'Vill2

(7.18)
The factor K is dependent of the size distribution of
the particles. It varies from K = 1 when all particles
are of equal size to 1.37 when the size variation is
+50% of the mean. For most biological particles
with a standard deviation of 4+25% of the mean or
less, the value of K will be between 1.07 and 1.00
and therefore can often be ignored. For the nuclei of
normal rat hepatocytes, f has been assumed in
published studies to be spherical with a shape
coefficient f = 1.38. The size distribution K was
found to have a coefficient of variation of 149 and
K =1.03 [18, 19].

3.5. Estimating numerical density and average
volume of hepatocytes

The numerical density of hepatocytes is proportion-
al to the hepatocyte volumetric density and in-
versely proportional to the mean volume of an
hepatocyte. It is therefore possible to predict the
numerical density if the volumetric density and
average hepatocyte volume are given, using the
following formula:

Vi x 1012
= Nyy, (7.19)
Where Vy, = volume fraction of hepatocytes

vh — mean hepatocyte volume (um?)



NVVh
1012

= number of hepatocytes/cm?® liver
= one cm® in ym?

If the volume density and numerical density have
been measured, a modification of formula 7.19 can
be used to estimate the average hepatocyte volume:

(7.20)

A family of curves has been constructed for a range
of hepatocyte volumes occupying a range of hy-
pothetical volume fractions (Fig. 1). Using such a
family of curves it is possible to predict the con-
centration of hepatocytes in the liver if the hepa-
tocyte volume fraction and mean cell volume are
known. Similar predictions can be made for other
types of cells in the liver and for cells in other
tissues.
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Figure 1. Curves relating hepatocyte volume density to mean cell
volume and number of hepatocytes per unit volume in rat liver.

4. STEREOLOGICAL ANALYSIS OF NORMAL
LIVER

4.1. Sampling methods

For stereological data to be significant, it is essen-
tial that the sampling procedure should be repre-
sentative of the material under investigation. Care-
ful random-sampling procedures should be adopted
including the choice of animal or human subjects,
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sampling of the tissue, sectioning of the samples,
and analysis of the sections. Due to uncertain
availability, it is often not possible to obtain ideal
samples when human tissues are analyzed. For this
reason, careful recording of the sampling procedure
1s important.

Experimental comparison of various methods
indicates that systematic random sampling can
result in a smaller standard error than that obtained
with simple random sampling [2]. Following the
simple random sampling of animals from the popu-
lation to be analyzed, the systematic random sam-
pling of tissues requires the collection of primary
tissue samples at equally spaced sites within the
organ. In the sampling of liver tissue, systematic
samples may be gathered by first cutting a thin slice
of tissue from each lobe of the organ. Each slice can
then be placed on plastic sheet enscribed with a
square grid of lines. After cutting the slice into
equal-sized cubes, a set of equally spaced cubes is
removed. Each cube is embedded and one section
from each cube is used for stereological analysis.
Similar sets of cubes may be removed from each of
the other liver lobes. The stereological data obtain-
ed from all of the sections can then be pooled to
provide representative stereological data for the
whole liver. Most published stereological studies of
liver tissue have attempted to describe the average
composition of liver parenchyma. This is acceptable
when the objective is to relate morphological
features of the intact liver to structures present in
subcellular fractions [20, 21] or when comparisons
are to be made between liver samples from animals
of differing age, sex, or species [22-27].

Stereological data that represent average infor-
mation on the liver parenchyma are valuable for
comparing control liver with regenerating liver [28]
or for describing the morphological effects of spe-
cific agents on the liver [29-33].

The stereological analysis of the effects of agents
that induce preferential centrilobular or periportal
changes are likely to require more extensive sam-
pling procedures of the type employed in other studies
[32, 34]. In a comparative study of different zones
within hepatic lobules [34], 1-um-thick sections
were used for locating specific sublobular zones of
hepatic lobules in the blocks of tissue used for
stereological analysis. The position of hepatocytes
relative to the portal triad or to the central vein
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were then tabulated from low-magnification elec-
tron micrographs. Finally, electron micrographs at
higher magnification were used for stereological
quantitation of the general organelle composition
of the hepatocytes. The location of each hepatocyte
within the lobule was tabulated and the same
number of cells was analyzed in each of the periph-
eral, midzonal, and central zones of the hepatic
lobule.

4.2. Stereology of normal rat liver

The liver of the laboratory rat is a convenient
source of base-line stereological data for investi-
gations of the mammalian liver. A number of
published studies have provided quantitative data
on the cellular and organelle composition of the
liver in several strains of rat during postnatal
development, maturation, and aging [25, 27, 31, 35].
The morphological effects of a number of drugs
have also been measured stereologically for cor-
relation with biochemical [30, 36] and histochemical
data [37]. In these investigations, the rat liver has
been used in the development and testing of ste-
reological methods that may be applied in ste-
reological studies of human liver [38, 39], other
species [40], and other organs [41, 42].

A complete quantitative analysis, in which ste-
reological data are related to the whole liver, may

Table 2. Volumetric composition of mammalian liver (%)

be required in comparative studies of animals at
different stages of development, or following ex-
posure to drugs, etc. For such analysis, the liver is
first weighed or its volume is determined by dis-
placement and then samples of the tissue are anal-
yzed at several resolution levels. After the ste-
reological data have been obtained, the volume,
surface, or numerical densities are used together
with the liver volume measurement to obtain the
total amount of each component in the whole liver.
The relative volumes of lobular and extralobular
tissue may be estimated from random sections of
liver embedded in paraffin or in large blocks of
acrylic or epoxy resin and evaluated at 200 X
magnification [19]. The relative volumes of lobular
and extralobular tissue obtained in various studies
by using a square lattice are shown in Table 2.
The average dimensions of hepatocytes and other
cell types and the dimensions and number of nuclei
per unit volume of liver tissue have been obtained in
a number of investigations by using a square lattice
or a linear scanning grid. In these studies, the grid is
placed on light micrographs of 1-um sections of
epoxy-embedded tissue or a square lattice graticule
1s placed in the eyepiece of a light microscope
at 1000x magnification. Data obtained with
measurements made at this resolution (approxi-
mately 0.1-0.25 um point-to-point) are presented in
Table 3. At the same resolution, the size distri-

Component Species”
Rats Dogs Humans
(1) (2) (3) 4) (5) (6) (7)
Hepatocytes 83.1 82.6 82.0 87.0 84.0 70.6 77.0
Nucleus 5.0 5.0 8.0 7.0 5.1 — 4.5
Cytoplasm 77.1 — 74.0 80.0 79.0 — 72.5
Intralobular space 16.9 17.2 18.0 13.0 — —_ 23.0
Sinusoids — — — — 15.0 22.3 —
Bile canaliculi — — — — 0.6 _ _
Extralobular tissue 4.0 — — — — 7.1 —
Portal triads — — — — — 43 —
Portal veins — — — — — 1.8 —
Hepatic arteries — — — - — 0.2 ——
Bile ducts — — — — e 0.3 —
Lymph vessels — — — — — 0.1 —
Connective tissue in portal traids — — — — — 2.0 —_
Central and hepatic veins — — — — —_— 1.4 —
Connective tissue around central and hepatic veins — — — —_ — 1.3 —

“ References: (1) Weibel et al. [19]; (2) Reith [63]; (3) Schmucker et al. [26], young adults; (4) Schmucker et al. [26], retired breeders;
(5) Hess et al. [40], biopsies of liver parenchyma; (6) Hess et al. [40]; (7) Oudea et al. [64], composition of parenchyma.



Table 3. Dimensions of hepatocytes

Species Diameter Volume References
(um)
Rat e 5100-20,100 Iype et al. [65]
— 5100 Wiener et al. [29]
— 5400 Loud [34]
— 4940 Weibel et al. [19]
— 6772-8282 Moses et al. [66]
— 4750 Rohr et al. [67]
e 4791 Riede et al. [68]
19 — Wessel et al. [69]
— 11,800 Reith [63]
— 5107 Riede et al. [70]
— 5511 Riede et al. [71]
— 4207 Sturgess et al. [72]
— 4547 Wanson et al. [73]
(dispersed
cells)
— 6027-6536 Jones and Schmucker [74]
—_ 4787-8784 Schmucker et al. [35]
Cow — 4768 Reith [63]
Human — 4982 De La Iglesia et al. [54]
— 6341 Calc. from Roessner et al. [38]

bution of nuclear profile diameters may be mea-
sured and plotted graphically for comparison with
the expected distribution for spherical structures
[34]. It has generally been assumed that hepatocyte
nuclei are spherical with a shape coefficient = 1.38
[19].

The volumetric and surface density composition
of cytoplasmic components can be measured most
accurately in electron micrographs with at least two
magnifications. Low-magnification electron mic-
rographs (1500-3000x negative magnification)
have been analyzed with a square grid [34] or
combination point grid and line lattice [19] to
obtain both volumetric and surface density data on
the same micrograph [43]. Low-magnification elec-
tron micrographs are suitable for measuring the
volumes of intercellular space, nucleus, and cyto-
plasm as well as the surface area of the plasma
membrane and nuclear envelope.

Higher magnification (7000-10,000 x negative
magnification) is required for measuring most of
the intracellular components. The volumes of
smooth and rough endoplasmic reticulum, mit-
ochondria, peroxisomes, lysosomes, lipid droplets,
and cytoplasmic ground substance, etc., can be
determined within this magnification range and
referred to a unit volume of cytoplasm. The surface
densities of smooth and rough endoplasmic re-
ticulum, inner and outer mitochondrial mem-
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branes, etc., can also be measured at this magnifi-
cation. The third type of measurement includes the
determination of the numerical density of organ-
elles per unit volume of cytoplasm or per unit
surface area of membrane, e.g., the number of
ribosomes attached per unit area of rough en-
doplasmic reticulum.

Care must be taken to ensure that all tissue for
stereological analysis is fixed, dehydrated, infil-
trated, and sectioned under similar, controlled con-
ditions and that all microscopic and photographic
enlargement is calibrated with respect to magnifi-
cation factor. In earlier stereological analyses of
intact rat liver by using both light microscopy and
electron microscopy, the authors concentrated on
collecting data from the hepatocytes, which are the
major cell type in the liver parenchyma [19, 34]. The
parenchyma has been investigated more extensively
with the analysis of the composition of nonhepa-
tocytes and extracellular compartments in addition
to the hepatocytes [21]. In this study, the livers of
five male Sprague-Dawley rats were fixed by in-
traportal infusion of phosphate-buffered 1.5%
glutaraldehyde. After osmication, dehydration, and
infiltration with epoxy resin by standard pro-
cedures, a single section from each of 12 random
tissue blocks from each liver was used to obtain
micrographs for stereological analysis, using a
square double-lattice test system. In all, 2520 elec-
tron micrographs from the five livers were obtained
for analysis. Volumetric and surface densities were
estimated from the points and lines intersecting the
tissue components, utilizing formulae discussed ear-
lier in this chapter. The hepatocytes were found to
occupy 78% of the volume of parenchymal tissue.
The nonhepatocytes occupied 6%, and the extracel-
lular spaces 169, of the parenchymal volume. En-
dothelial cells represented 449;, Kupffer cells 349,
and fat-storing cells (lipocytes) 23%; of the volume
due to nonhepatocyte cells. The extracellular spaces
included the sinusoids, 10.6%,, and Disse space,
4.9%;, of parenchymal volume. The bile canaliculi
represented only 0.4%; of the parenchymal volume.
These data are compared with other published data
in Table 4.

Published data for adult rat hepatocytes, pre-
sented in Table 5, show both consistent and incon-
sistent values when results from different labora-
tories are compared. The data reflect differences in
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Table 4. Volumetric composition of rat liver (%)

Component Volumetric composition® Mean
(1) (2) (3) (4) (5) (6)

Hepatocytes 77.8 82.6 83.1 82.0 82.2 87.0 82.5

Endothelial cells 2.8 — _ _ _ _

Kupffer cells 2.1 — — — — 2.0

Lipocytes 1.4 — — — — —

Disse space 4.9 _ _ _ _

Sinusoids 10.6 — — — — 11

Bile canaliculi 0.4 — — — —

Extrahepatocytic space 22.2 17.2 16.9 18.0 17.7 13.0

¢ References: (1) Blouin et al. [21]; (2) Reith [63]; (3) Weibel et al. [19]; (4) Schmucker et al. [26]; (5) Oudea et al. [64]; (6) Greengard et

al. [75].

fixation procedure, reference volumes, microscopic
procedures and resolution of the analyzed images.
The volumetric densities of mitochondria, lyso-
somes, and peroxisomes seem to vary only slightly
between different investigations. This may be re-
lated to the relative ease with which these structures
can be resolved in electron micrographs over a wide
magnification range. The rough and smooth en-
doplasmic reticulum are resolved more easily at
moderate or high magnification than at low magni-
fication. In addition, the distinction between what
is included or excluded in the endoplasmic re-
ticulum compartments could be interpreted dif-
ferently in different laboratories. In some instances,
the intracisternal space may be included, in others it
may be excluded from these two compartments.
Differences in the volume of the intracisternal
spaces of the rough and smooth endoplasmic re-
ticulum may occur due to diurnal variations or due
to the osmotic effects of different fixative or buffer
solutions to which the cells are exposed [44].
While it is important and relatively easy to obtain
volumetric estimates for liver cells, intercellular
spaces, and subcellular components, the measure-
ment of surface density is of equal or greater value
for linking histological and cytological features
with biochemical data and physiological activity.
Recent estimates of surface density for liver mem-
branes take into account the effects of section
thickness and compression during sectioning and
the effects of electron microscopic magnification on
the resolution of the membranes [20, 21, 45]. Over
929, of the surface area of membranes in liver
parenchyma was found to be contributed by the

hepatocytes. This included the inner and outer
mitochondrial membranes (44%;), and rough and
smooth endoplasmic reticulum (40%,), as well as the
plasma membrane (6.2%;) and the surface area of
other membrane-bound organelles (2.8%;) [21]. This
study reveals that a large part of the total mitochon-
drial and endoplasmic reticulum membranes in the
liver is contained within the hepatocyte. On the
other hand, nonhepatocytes contribute significant
amounts of other membranes. The endothelial and
Kupffer cells contained 19.5% of the plasma mem-
branes, 13.9%, of the Golgi membranes, 31.6%, of
the lysosomal membranes, and 51.9% of the pinocy-
totic membranes. It is apparent that if the pro-
portions of each membrane type are retained in
liver homogenates, then the activity of an enzyme
marker attached to one type of membrane (e.g.,
mitochondrial inner membrane) may reflect the
activity in intact hepatocytes, while the activity of
an enzyme marker on another component (e.g.,
lysosomal membranes) may reflect significant ac-
tivity in nonhepatocytes as well as hepatocytes.
Prior to the studies by Keller [45], published
estimates of the surface density of liver membranes
rarely included corrections for the effects of section
thickness, compression, and resolution. Some au-
thors relate membrane surface area to a unit vo-
lume of cell, liver parenchyma, or whole liver, while
others present the data as estimates of mean surface
area of the measured membrane component per
hepatocyte. Many estimates are presented as the
combined surface area of both sides of the mem-
brane. It is important to realize this when com-
parisons of cell surface area to cell volume are made
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and when stereological data are being compared
with biochemical or other functional data. Current
available estimates of surface density are presented
in Table 6.

4.3. Comparisons of published stereological data on
adult rat liver

Published estimates of the volume density of hepa-
tocytes in adult rat liver are presented in Table 4.
There is good agreement between authors working
with different strains of laboratory rat. The mean
volume density is about 0.83.

Estimates of the mean hepatocyte volume (Fig. 2)
are variable due, in part, to differences between
hepatocytes with a centrilobular, intermediate, or
peripheral location within the liver lobule. There
may also be variability in hepatocyte volume due to
factors that include strain, sex, age, and diet. The
mean volume of an adult rat hepatocyte according

120 x
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Figure 2. Published estimates of the volume of an adult rat
(mononuclear) hepatocyte. References: (1) Iype et al. [65]; (2)
Wiener et al. [29]; (3) Weibel et al. [19]; (4) Moses et al. [66]; (5)
Rohr et al. [67]; (6) Riede et al. [36]; (7) Reith [63]; (8) Riede et al.
[70]; (9) Riede et al. [71]; (10) Sturgess et al. [72]; (11) Wanson et
al. [73]; (12) Loud [34]; (13) Jones and Schmucker [74]; (14)
Schmucker et al. [35].

to most authors is about 4,900 ym3. Some estimates
diverge considerably from this value.

A survey of the published estimates for the
surface density of various hepatocyte membranes
(Table 6) leads to the following general conclusions
about rat liver cell membranes. The surface density
of rough-surfaced endoplasmic reticulum exceeds
the smooth-surfaced endoplasmic reticulum. The
combined surface density of rough- and smooth-
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surfaced endoplasmic reticulum is similar to the
combined surface densities of inner and outer
mitochondrial membranes. Together, the endoplas-
mic reticulum and mitochondrial membranes repre-
sent most of the hepatocyte membranes. The plas-
ma membrane and remaining internal membranes
(Golgi complex, peroxisomes, etc.) constitute less
than 10% of the total surface area of hepatocyte
membranes.

Only a few estimates of plasma membrane sur-
face density have been published in studies that also
include estimates of the volumetric density of the
same hepatocytes. Because surface density es-
timates include both surfaces of a membrane, to
calculate the surface-to-volume ratio it is necessary
to divide the surface density measurement by 2
before calculating the surface area of the average
hepatocyte according to the following formula:

Svn

OVh 1512
5 12

————=3Sh
Ny

(7.21)

Where Sy,/2 = one-half the surface density of
plasma membrane

Ny, = numerical density of hepato-
cytes/cm?® liver

10'?2 = one cm? in um?®

S, = surface area of the average he-

patocyte (um?)

The surface-to-volume ratios obtained from pub-
lished estimates of the surface area and volume of
hepatocytes may be compared with predicted ratios
for various geometrical structures. When such com-
parisons are made (Table 7), it is apparent that
hepatocytes in sections of liver parenchyma closely
resemble cuboidal or polygonal structures while
isolated hepatocytes resemble spheres. This con-
clusion is in agreement with SEM observations of
liver tissue in which polygonal hepatocytes are
clearly seen [46, 47].

The numerical density, or number of hepatocytes
per unit volume, of parenchymal tissue in the adult
rat liver has been estimated by some authors (Table
8). The numerical density of hepatocytes can also be
predicted from the volume density of hepatocytes
and the mean hepatocyte volume by using the
formula 7.19 and compared with the published
estimates.
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Table 7. Calculated surface-to-volume ratios for rat hepatocytes

Surface area Volume Surface volume References®
(um®) (um®)
Sectioned liver parenchyma 1680 4940 0.34 (1)
Isolated hepatocytes 1296 4547 0.29 2)
Calculated sphere 1403 4940 0.28 (H
Calculated sphere 1327 4547 0.29 2)
Calculated cube 1740 4940 0.35 (1)
Calculated cube 1647 4547 0.36 )
¢ References: (1) Weibel et al. [19]; (2) Wanson et al. [73].
Table 8. Numerical density of hepatocytes in rat liver
Numerical density Volume density Hepatocyte Calculated® References®
(number/cm?) volume (um?3) numerical
density
(number/cm?)
1.69 x 108 0.83 4940 1.68 x 108 (@)
0.07 x 108 0.83 11,800 0.70 x 10® )
1.66 x 108 0.85 4787 1.78 x 108 3)
(30 month portal hepatocytes)
1.33 x 108 0.88 6532 1.35 x 108 3)
(6 month portal hepatocytes)
2.76 x 108 0.87 3183 2.73 x 108 (@)
(8 days)
1.85 x 108 — 5608 — %)
1.68 x 108 0.79 4926 1.60 x 108 (6)
— 0.86 4791 1.80 x 108 @)
— 0.83 4860 1.71 x 108 (®)
% Numerical density was calculated by using the formula:
v, x 10'2
N,  ——VvhZ =
Vvh vh

b References: (1) Weibel et al. [19]; (2) Reith [63]; (3) Schmucker et al. [35]; (4) Rohr et al. [24]; (5) De la Iglesia et al. [54]; (6) Budd et

al. [43]; (7) Riede et al. [36]; (8) Jones and Schmucker [74].

4.4. Liver stereology in developing and aging rats

Stereological studies of the liver of normal rats at
varicus stages of pre- and postnatal development,
or during aging, help to further define our quanti-
tative knowledge of the normal liver (Table 9).

In studies of stereological parameters from three
days before birth to eight days postnatally [24, 25],
it was observed that for a day or two following
birth, the rate of increase in liver weight is reduced
in many species, including the rat. The liver volume
ratio gradually changes from about 10 cc/100 g
body weight at three days before birth in the rat, to

the same as the adult liver volume ratio (3.4 cc/100
g) by the 8th postnatal day. This is associated with
quantitative cellular changes including a reduction
in intrahepatic hemopoietic cells so that the volume
density of hepatocytes per unit volume of liver is
increased from about 0.5 to 0.8 during this perinatal
period. The studies agree that an increase in the
volume of an average hepatocyte is observed during
the few days before birth, followed by a reduction
during the 2-3 days after birth.

A marked increase in the volumetric density of
rough endoplasmic reticulum and decrease in the
volume density of cytoplasmic area containing free
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Table 9. Composition of pre- and postnatal rat liver (per ml tissue and per cm?® cytoplasm)

Age (days) Prenatal

Postnatal

Ref.?

15-18  18-19 20 21-22 1

118 13 28 100

Hepatocytes
Volume density — 0.5 —
Mean volume
(um?) —
Number (per
ml x 108) —
Mitochondria
Volume (per ml) —
Number (per
ml x 10°%) —
Rough E.R.
Volume (per ml) —_
Smooth E.R.
Volume (per ml) - — —

0.76

1392 — 5161

005 — 0.10

76.18  — 42.83

0.14 — 0.20

Mitochondria
Volume
(per cm?)
Number (per
cm?® x 10%)
Mean volume
Rough E.R.
Surface (m?/cm?)
Smooth E.R.
Surface (m?/cm?)

0.135 0.143  0.134
96.4

1.40

94.4
1.50

70.0
1.90

90.5 —
146 —

4.04 4.15 433 505 —

0.59 0.51 0.77 0.74 —

1.44 2.

61.47

0.21

0.03

0132 —

— 2713 3183 — — -
275 — — —
021 — — —

— 124 132 — — —

019 — — —
013 — — -
(2)

0.190 0.214  0.200
221 — e

09 — —

180
1.06

258
0.83

199
1.00

470 — — 443 3.31 3.44

0.59 — — 2.42 3.83 2.29

¢ References: (1) Rohr et al. [24]; (2) Herzfeld et al. [25]

ribosomes occurs in late fetal life. Most of the
volumetric density of rough endoplasmic reticulum
represents dilatation of the cisternae, which is
prominent at about the time of birth [24]. The
volume density of rough endoplasmic reticulum
does not change during the eight days following
birth, but the smooth endoplasmic reticulum vo-
lume density increases significantly during this time
[24, 25] due to increased metabolic activity at the
time of birth. Other evidence of increased hepatic
metabolism includes an increase in the volume
density of autophagic vacuoles, microbodies, and
Golgi elements within 24 h postnatally [24]. Within
this period, a marked mitotic activity in the hepa-
tocyte population results in a reduction in the mean
hepatocyte volume from that found at birth. As-
sociated with this is an increase in the volume of
individual mitochondria and a transient decrease in
the number of mitochondria per cell. It has been
proposed [24] that when hepatocytes divide during
the 24 h after birth, the daughter cells each receive
half the mitochondria from the parent cell. These

mitochondria then double in volume and divide
shortly thereafter to restore the number of mit-
ochondria per cell that existed prior to birth.
Eventually the adult number of mitochondria per
cell is achieved by growth and division of some or
all of the total population.

The subcellular compartments mature at dif-
ferent rates (Table 9). Rough endoplasmic re-
ticulum surface density approaches the adult level
during fetal life. Mitochondrial volume density
approaches the adult level during the first week of
postnatal life, but smooth endoplasmic reticulum
surface density requires an additional week before it
resembles the adult quantity [25].

Stereological analysis of the liver of rats during
maturation and aging indicates that the volume
density of hepatocytes does not change much
during 30 months [35]. However, individual hepa-
tocytes increase in volume during the first 12-16
months and then decline until, at 30 months, the
average hepatocyte volume resembles that in the
one-month-old group [35]. In contrast, Pieri [27, 48]
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observed a continued increase in hepatocyte volume
throughout 27 months.

The surface density of rough endoplasmic re-
ticulum either does not change through the life-
span [35] or it steadily declines between one and 27
months [27, 48]. On the other hand, the surface area
of the smooth endoplasmic reticulum was observed
to increase up to 16 months of age [35]. During
senescence, a significant loss of smooth endoplas-
mic reticulum may occur. In another study, the
amount of smooth endoplasmic reticulum declines
significantly during the first 12 months of life, but
then increases so that 27-month-old rats contain
significantly greater amounts than young rats [27,
48].

A decrease in the number of mitochondria in the
liver of aged animals has been observed in a number
of studies [35, 49, 50]. In rat liver analyzed ste-
reologically from one to 30 months after birth, the
mitochondrial volume density increased in portal
hepatocytes by 239 between six and ten months,
but declined by 30 months to less than the volume
density in one-month-old animals [35]. In centrilo-
bular hepatocytes, the mitochondrial volume den-
sity also increased during maturation but declined
by 30 months. The volume density of microbodies

Table 10. Composition of the liver of various species®

(peroxisomes) was reduced in senescent animals
over 20-25 months old, but the specific volume and
volume density of dense bodies (secondary lyso-
somes) increased between one and 30 months [35].
This age-dependent increase is in agreement with
other studies showing an accumulation of lyso-
somes with age [S1].

4.5. Comparisons between species

Stereological data from the liver of mammals other
than the rat is relatively sparse, but nevertheless
valuable for assessing quantitative similarities and
differences between species. Data accumulated
from published and previously unpublished sources
are included in Table 10.

4.6. Human liver

Stereological analysis of human liver has been the
subject of relatively few investigations. Some of the
observed variations may be due to age-related
changes in fine structure or to genetic differences.
Other factors that could produce quantitative va-
riations include diet, hormonal balance, and pre-
vious drug exposure. In a study of 14 needle liver

Species Dog Dog Cow Human Human
(1 (2) (3) 4) (5)
Extrahepatic space Viex 0.15 0.16 — 0.22 0.19
Hepatocytes
Volume N 0.85 0.84 — 0.78 0.81
Surface Svn 0.29 0.30 — — S
Nuclei volume Vin 0.051 0.047 — 0.056 0.06
Number N (X 10%) — — — 1.23 —
Cytoplasm Vch[ 0.80 0.79 — 0.73 —
Mitochondria Vim 0.21 0.22 0.23 0.14 0.15
Outer membrane Symo 1.08 1.09 — 1.16 —
Inner membrane and cristae Syvme — — — 2.17 —
Endoplasmic reticulum
Rough ER Virer 0.063 0.063  0.093 — 0.12
Syrer 2.51 2.57 — 1.71 —
Smooth ER Vieer 0.077 0.090 0.210 — 0.43
Syeer 3.31 3.94 — 1.98 —
Peroxisomes Vimb 0.040 0.036  0.032 0.01 —
Ny X 10°) 295 281 — 55.5 —
Lysosomes Viys 0.0076 0.0069 0.016 0.0056  0.02
was(x 10%) 18 14 — — —
Lipid droplets Viip 0.0018 0.0042 0.0018 0.0045  0.008

¢ References: (1) Hess et al. [40], blocks of liver tissue; (2) Hess et al. [40], needle biopsies; (3) Reid [79]; (4) Roessner et al. [38]; (5)

Budd (unpublished).



biopsies, obtained from normal volunteers of dif-
ferent ages, before breakfast, it was shown that the
surface density of the smooth endoplasmic re-
ticulum was significantly greater than that for the
rough endoplasmic reticulum [38]. This observation
is in agreement with other reports [39, 52-54]. In
other respects, the human liver data resemble the
data from rat liver and the liver of other species.
The volume density of hepatocytes per milliliter of
liver tissue is 0.78-0.81 in human liver compared
with 0.78-0.87 in rat liver, and 0.85 in dog liver
(Table 10). The number of hepatocyte nuclei per
milliliter of liver tissue is 1.23 x 108 in human liver
[38] and 1.69 x 108 in rat liver [19]. Using formula
7.20 (described previously), the calculated volume
for an average human hepatocyte is about 6000
um?>. The stereological data for organelles in hu-
man hepatocytes is compared with the data for
various animals in Table 10.

4.7. Stereology and histochemistry

In an effort to correlate cellular morphology with
functional activity, as reflected in an enzyme histo-
chemical reaction, Bocking and Riede [37] quan-
tified the distribution of reaction products formed
from two substrates for liver esterases in fructose-
fed and control mice. The percent surface area of
smooth and rough endoplasmic reticulum mem-
branes on which enzyme reaction product occurred
in hepatocytes decreased after fructose loading. At
the same time the amount of esterase-positive
surface on cytoplasmic lipid droplets increased.
With o-acetyl hydroxyquinoline as substrate, the
surface density of SER that stains for esterase is
539% of the control surface density after fructose
loading. However, because the surface density of the
total SER is reduced to 549 of the control value,
the fraction of SER membrane that is esterase
positive is not changed when the total SER is
reduced in surface density. In the same cells, the
surface density of fat droplets increases 7.7. times
after fructose treatment and the esterase-positive
surface of the fat increases 7.6 times. Like the SER,
the fraction of fat-droplet surface that is esterase
positive with o-acetyl hydroxyquinoline is un-
changed after fructose loading. On the other hand,
using S-acetyl mercaptoquinoline as substrate, the
fraction of fat surface area that is esterase positive
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increases more than ten times from 0.02 in control
animals to 0.24 in fructose-loaded animals. It was
concluded that the combined histochemical and
quantitative stereological results demonstrate the
presence of two (or more) esterases at the surface of
fat droplets in hepatocytes that behave differently
in response to fructose loading [37].

4.8. Stereology and autoradiography

It is not generally feasible to measure the amount of
histochemical reaction product to obtain an ab-
solute measure of enzyme activity in intracellular
organelles. This is due in part to variations in the
availability of substrate to the enzyme, resulting
from permeability differences between subcellular
compartments. In addition, a buildup of reaction
product increasingly interferes with substrate
availability.

These difficulties in measuring the quantity of
enzyme can be overcome with the use of readily
diffusible agents that attach irreversibly to specific
enzyme-active centers at their locations within the
tissue. Using an irreversible enzyme inhibitor la-
beled with a radioactive marker, it is feasible to
combine quantitative autoradiography with ste-
reology to measure the absolute concentration of
enzyme-active centers in defined compartments
within the liver (Fig. 4) and other tissues [43, 55].

Using >*H-diisopropyl fluorophosphate (*H-
DFP), an irreversible inhibitor of certain esterases
and proteases, it can be shown by combined light-
and electron-microscopic autoradiography and ste-
reology that in the adult rat liver, fluorophosphate-
reactive esterase molecules are located in rough and
smooth endoplasmic reticulum and in cytoplasmic
granules [43]. The concentrations of fluorophos-
phate-reactive esterase-active centers (FPR sites)
were found to be 24.9 x 10°/um? in the cytoplasmic
granules, 6.7 x 10°/um? in the smooth endoplasmic
reticulum and 4.9 x 10°/um® in the rough en-
doplasmic reticulum. Although the concentration
was highest in the granules, most of the FPR sites
(~2 x 10° per cell) were present in the smooth and
rough endoplasmic reticulum that together repre-
sented 589, of the volume of the hepatocytes. The
granules only occupied 3% of the hepatocyte vo-
lume (~0.4 x 10° FPR sites per cell). The con-
centrations of FPR sites per unit volume of labeled
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Figure 3. Electron micrograph of rat liver with superimposed square lattice for stereological analysis. Intersections of the lattice are
used as grid points and the lines connecting grid points are used to measure intersections with organelle boundaries; x 16,500.
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Figure 4. Electron-microscopic autoradiograph of rat liver. The superimposed square lattice is used for obtaining volumetric and
surface density data. In addition, the density of developed autoradiographic grains is obtained by dividing the number of grains over
each compartment by the number of grid points over the same compartment; x 13,000.
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organelle can be combined with stereological data
on the same liver sections, to obtain estimates of the
number of FPR sites per hepatocyte, per unit
volume (cm?) of liver and in the whole liver [43].

4.9. Stereology of subcellular fractions

The stereological analysis of hepatocyte membranes
and other cellular components need not be limited
to the analysis of intact tissue sections. Wibo et al.
[56] applied both biochemical and stereological
methods in the analysis of microsomal fractions
from homogenized liver. This is a more direct
correlative approach than those studies in which
stereological analyses are performed on intact tissue
while biochemical analyses are made on micro-
somal fractions that represent only a part of the
homogenate obtained from a region of liver ad-
jacent to the region used for stereology [30].

The recoveries of tissue components have re-
cently been assessed in subcellular fractions by the
use of stereological methods to analyze the surface
area of recovered membranes [20]. Because ste-
reological analysis can be performed on intact
tissue, whole homogenates, and individual frac-
tions, it is possible to calculate recoveries of all
three preparations and estimate how well the mem-
branes found in intact liver are recovered in both
the homogenate and the fractions.

According to the method of Bolender [20], after
homogenizing the liver, known amounts of each
fraction obtained by differential centrifugation are
collected as pellicles on filters, fixed, dehydrated,
and embedded in epoxy resin. The diameter of each
pellicle is measured and thin sections are cut per-
pendicular to the surface of the pellicle. The volume
of each pellicle is determined from its diameter and
its thickness measured in electron micrographs.
After measuring the surface area of each type of
membrane per unit volume of pellicle, using ste-
reological methods, these surface areas are related
to 1g liver. The surface densities of each class of
membrane in sections of intact liver tissue are also
converted to membrane area per 1 g liver. After
correcting for section thickness and compression,
and accounting for the contribution of nonhepa-
tocyte membranes to the total membrane area [21],
the membrane areas per gram of whole tissue,
homogenate, and each fraction are calculated.

Of the 9.3 m? of membrane surface area per 1 g
liver, the recovery in fractions compared with tissue
(F|T) averaged 80.5%,, homogenate compared with
tissue (H/T) averaged 84.3%, and fractions com-
pared with homogenate (F/H) averaged 95.5% [20].
The mitochondrial and rough-surfaced membranes
can be identified in the fractions and in correspond-
ing tissue, but the smooth-surfaced membranes in
the fractions contain contributions from smooth
endoplasmic reticulum, plasma membrane, frag-
ments of mitochondria, and Golgi components.
The recovery of rough and smooth membranes
together in the homogenate (H/7) and fractions
(F|T) is about 1009, but there is a loss of mitochon-
drial membranes of over 409 in both compart-
ments. The recoveries of membranes were com-
pared by Bolender [20] with the recoveries of
marker enzymes including cytochrome oxidase
(F/|H =83%), glucose-6-phosphatase 5’-nucleo-
tidase, monoamine oxidase, and protein (F/H for
all about 95%). Significant amounts of marker
enzymes are present in fractions other than the
fraction with the most activity, including 14% of
monoamine oxidase activity and 39 of the cyto-
chrome oxidase activity in the microsomal fraction.
Fragmentation of mitochondrial membranes fol-
lowed by their formation into small smooth vesicles
could explain, in part, this shift in the enzyme
activities and also the loss of mitochondrial mem-
brane area and the observed slight increase in
smooth-surfaced membranes [20].

4.10. Correlation of drug-induced stereological and
biochemical changes

A major objective of stereology in biological in-
vestigations is to demonstrate quantitative rela-
tionships between morphological and biochemical
or physiological properties of cells and tissues. Such
correlations have been obtained in studies involving
the effects of phenobarbital on the liver [30, 57].

Phenobarbital, together with a number of other
compounds, characteristically induces an increase
in the activity of microsomal enzymes including
NADPH-cytochrome C reductase and cytochrome
P-450 [58]. In addition, phenobarbital causes an
increase in liver weight and a marked proliferation
of the smooth-surfaced endoplasmic reticulum
membranes [59, 60].



In a stereological study of the liver in phenobar-
bital-fed rats, Staubli et al. [30] showed that there is
a significant increase in the relative liver weight at
two and five days after oral administration of 100
mg phenobarbital per kg body weight per day. This
increase reflects a proportionate increase in the
volume of hepatocyte cytoplasm. The major contri-
butor to the volume increase is the hepatocyte
endoplasmic reticulum. The volume and surface
densities of both the rough-surfaced and smooth-
surfaced endoplasmic reticulum increase in re-
sponse to the phenobarbital treatment. The most
pronounced change occurs in the surface area of the
smooth-surfaced endoplasmic reticulum during the
first 16 h of treatment (589, increase), but the
surface area of the rough-surfaced endoplasmic
reticulum also increases significantly (23%) during
this time. Later, the surface area of the SER
continues to increase to 1309, above the control
level on the fifth day of treatment, while after two
days, the surface area of the RER returns to the
control level. In the same animals, the activity of the
microsomal enzymes NADPH-cytochrome C re-
ductase, N-demethylase, and cytochrome P-450
increases approximately linearly with the time of
phenobarbital treatment. The increments in surface
density of the endoplasmic reticulum membranes,
with respect to controls, increase colinearly with
increases in enzyme activity. The volume density of
mitochondria does not change during the treatment
but the dense bodies (lysosomes) increase signi-
ficantly on the fifth day of treatment when com-
pared with controls. Although the mitochondrial
volume density does not change, the number of
mitochondria per hepatocyte increases signi-
ficantly. The mean mitochondrial volume decreases
between two and five days. The number of micro-
bodies doubles and the mean volume of a micro-
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8. LIVER PHYSIOLOGY AND BIOCHEMISTRY

G.C. Bupp

1. INTRODUCTION

Because the major functions of the liver are essen-
tial components in the homeostatic machinery of
the organism, the liver is essential for the mainte-
nance of life in man and other vertebrates. The liver
functions as a digestive gland by synthesizing bile
salts from cholesterol and transporting these sub-
stances as conjugates with amino acids into the bile.
After bile has been secreted into the small intestine,
the bile salts assist in the digestion and absorption
of fat for use as an energy source and for incor-
poration into cell membranes. Newly formed bile
also carries with it bilirubin and other substances
removed from plasma by the hepatic cells. Biliburin
is excreted into the bile after conjugation with
glucuronate in the liver cells.

The liver has a very important role in metaboliz-
ing the absorbed products of digestion and regulat-
ing the systemic dispersal of monosaccharides, fatty
acids, and amino acids. In addition, the liver stores
minerals and vitamins and produces considerable
amounts of heat from metabolism. Much of our
present knowledge concerning oxidative metabol-
ism, glycogenesis, gluconeogenesis, lipogenesis, and
other biochemical pathways demonstrates that the
liver has a major role in storing and releasing
metabolic energy for utilization in the activities of
the whole organism.

The liver has an additional vital role in protecting
the organism from endogenous and exogenous
toxic substances. Hormones, neurotransmitters,
and foreign substances, including microorganisms,
endotoxins, ammonia, and drugs are generally in-
activated by reticuloendothelial (Kupffer) cells or
detoxified by the hepatocytes. This activity is es-
sential for protecting the organism and its sensitive
tissues from the products of its own metabolism

and also from harmful factors incorporated from
the environment.

The liver is uniquely suited to carry out its secre-
tory, excretory, metabolic, and protective functions
due to its strategic location between the gastro-
intestinal tract and the heart. Two-thirds of the
blood supply to the liver is via the portal vein which
drains the intestines and spleen and carries most of
the absorbed products of digestion directly to the
liver. The remaining blood reaches the liver from
the heart via the abdominal aorta and hepatic
artery. As blood flows through the liver to the
hepatic vein and heart, albumin and most of the
other plasma proteins, including coagulation fac-
tors, which are produced exclusively by the liver,
are added to the plasma and the products of
digestion are removed. The liver performs other
important circulatory and hematologic functions
including erythropoiesis in the fetus and neonate
and the formation of large quantities of lymph.

Each of the functional properties of the liver has
been subjected to close investigation in recent years.
In part this is due to the development of new
methods, but continued investigation is also stimu-
lated by the increasing importance of an under-
standing of how the liver functions after exposure
to drugs and environmental pollutants. The pur-
pose of this chapter is to review the physiological
and biochemical properties of developing and ma-
ture liver with emphasis on recent contributions to
knowledge.

2. HEPATIC CIRCULATION AND THE
FORMATION OF LYMPH

Approximately 1.5 liters of blood per minute flow
into the sinusoids of the average human liver from

P.M. Motta and L.J.A. DiDio (eds.), Basic and clinical hepatology, pp. 119-136. All rights reserved.
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the portal vein and hepatic artery. Most of this
blood enters from the portal vein (two-thirds to
four-fifths of the total flow) at a pressure of 5-13
mmHg. The remaining blood is supplied at high
pressure (90-100 mmHg) from the hepatic artery.
The resistance in the hepatic arterial inflow is 30-40
times that in the portal inflow. The portal blood is
well saturated with oxygen (~ 789 of fully satur-
ated blood) except during alimentation when the
oxygen saturation may be reduced due to increased
intestinal oxygen utilization. About 709 of the
hepatic oxygen requirement is supplied by portal
blood. The remaining oxygen is carried in fully
saturated hepatic arterial blood. About 609, of the
portal venous blood flow is from the superior
mesenteric vein, which drains the small intestine,
head of the pancreas, and part of the large intestine.
The other 40% of portal blood flows to the liver
from the spleen, stomach, body of the pancreas,
and large intestine.

The liver in the fetus has a third source of blood
supply, the umbilical vein which carries well-oxy-
genated blood from the placenta at moderately high
pressure (~ 25 mmHg at term). The small dia-
meters of the hepatic artery and trunk of the portal
vein indicate that they contribute relatively little to
the prenatal blood supply to the liver. On the other
hand, the left main branch of the portal vein is in
direct continuity with the umbilical vein and receives
about 509 of the blood flow from the placenta [1].

The relative significance of portal flow and he-
patic arterial flow in the postnatal liver has been
clarified as a result of studies on the effects of
vascular occlusion and diversion of blood flow. The
serious vascular congestion in the splanchnic vas-
culature which follows acute occlusion of the portal
vein can be avoided by the production of an Eck’s
fistula or portacaval shunt, which diverts portal
blood so that it bypasses the liver without inducing
splanchnic vascular congestion. Following this pro-
cedure, liver function is sufficient for life to con-
tinue even though there may be a diminished toler-
ance to a high-protein diet and a tendancy for the
liver to atrophy and have a reduced capacity for
regeneration. A reduction in portal blood flow can
result in up to a 100% increase in hepatic arterial
blood flow. If the hepatic artery is disrupted or
occluded following traumatic abdominal injury
while portal flow and oxygenation are maintained,

the liver may recover [2]. In experimental gradual
occlusion of the hepatic artery in animals with a
diverted portal venous supply, the development of a
collateral supply to the liver from the phrenic,
intercostal, and adrenal arteries can occur to main-
tain the minimal blood supply to the liver that is
needed for survival [3]. Such observations indicate
that 509 or less of normal blood flow and oxygen
delivery to the liver is sufficient for maintenance of
liver functions.

Lymph provides an alternative route for the
transfer of water and solutes from the liver to the
blood pool. Lymphatic capillaries in the inter-
lobular connective tissue of the liver drain into
lymphatics in the portal tracts. The lymph flows
into intrathoracic lymph nodes associated with the
inferior vena cava and esophagus and also into
abdominal lymph nodes associated with the hilus
[4].

Hepatic lymph contains a high concentration of
plasma proteins (80%-90% of the plasma concen-
tration), which suggests that relatively unaltered
plasma is transferred from the blood into the
subendothelial Disse space and then into the
lymphatics in the interlobular connective tissue and
portal tracts. This concept has received support
from scanning and transmission electron-micro-
scopic studies showing the existence of fenestrae in
the sinusoidal endothelium in sufficient quantity to
permit the bulk flow of plasma through the endo-
thelial wall [5, 6]. A pressure gradient between the
already low sinusoidal pressure (3-7 mmHg) and
the subendothelial space must exist if outward
movement occurs, but this has not been measured.
In the dog, ligation of the hepatic artery has
relatively little effect on the protein concentration
of liver lymph, indicating that hepatic arterial
pressure or blood flow contributes little to the
formation of lymph. Also in the dog, the ratio of
concentration of some plasma proteins in lymph
compared with plasma is inversely dependent on
their molecular weights [7]. These findings suggest
that there is a semipermeable barrier between the
blood and lymph which effectively acts as a mole-
cular sieve for the plasma proteins. The interstitial
fluid may be considered the source for the fluid
present in the lymphatic capillaries and larger
vessels, but the contributions to interstitial fluid are
by no means certain. One source of interstitial fluid



appears to be fluid resulting from a net difference in
fluid outflow from the hepatic sinusoids under the
influence of hydrostatic pressure and inflow into
the sinusoids due to oncotic pressure and tension
imposed by the containing capsular wall of the liver.
Another factor to be considered is the possibility
that water and solutes exchange between the inter-
stitium and bile. Fluid may leak out of the inter-
stitium into bile at the complex junctions between
hepatocytes adjacent to the bile canaliculi [8].
Alternatively, there could be a normal low-level
movement of bile constituents into the interstitium
and from there into both blood and lymph. The
observation that plasma proteins occur in human
bile supports the concept of a movement of inter-
stitial fluid into bile channels. It has been observed
that such a'movement is increased or decreased in
parallel with changes in bile salt secretion [9]. On
the other hand, retrograde movement of whole bile
into the interstitium, blood, and lymph occurs if
there is an interference with bile drainage.

3. BILE FORMATION

Bile is an aqueous digestive secretion produced by
hepatocytes and released into canaliculi for transfer
through the bile ducts to the lumen of the duo-
denum. The main organic constituents of bile are
conjugated bile acids, cholesterol, and phospho-
lipids associated in mixed micelles in an aqueous
solution of inorganic cations and anions. The in-
organic ions are sodium, potassium, calcium, mag-
nesium, chloride, and bicarbonate in similar con-
centration to their plasma concentrations. Bile also
contains small quantities of albumin and other
proteins and serves as an important excretory
pathway out of the body for a number of metabolic
products and drugs (especially bilirubin and anionic
dyes).

Bile is modified in the bile ducts by the addition
and reabsorption of water and inorganic ions, but it
remains almost isosmotic with plasma. The organic
constituents in the micelles contribute little to the
osmotic activity of bile.

Most of the bile is secreted into canaliculi in
amounts that are dependent on the transport of bile
acids into the canaliculi (bile-salt-dependent bile
flow). The remaining bile is formed independently
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of bile acid secretion, partly in the canaliculi and
also in the ducts, where secretin and other hor-
mones can influence bile formation and compo-
sition. While chloride concentration in bile is in-
fluenced by bile salts [10], the bicarbonate con-
centration is less affected by salts but depends on
hormones. Recently a bicarbonate pump has been
implicated in the formation of a large fraction of
canalicular bile [11].

An accepted method for estimating bile flow is to
measure the clearance of erythritol or mannitol
from plasma. In this technique it is assumed that the
test solute enters bile by simple diffusion at a rate
governed by the rate of bile secretion. It is also
inferred that the solute is unable to cross the duct
epithelium. In several species, including man, eryth-
ritol clearance is strongly correlated with bile acid
secretion. Extrapolation of the generally linear plot
of erythritol clearance against bile acid excretion
rate to zero bile-acid excretion is now accepted as
defining the bile-acid-independent component of
canalicular bile flow. Within the ductular system,
secretin stimulates the addition of HCO;™ and C1™
to bile. Similar modifications to bile have been
observed with cholecystokinin (CCK), gastrin, and
cerulein, which share an identical sequence of the C-
terminal amino acids. The ductular system can also
reabsorb electrolytes, water, and glucose.

3.1. Bile-salt synthesis and recirculation

The important dependence of physiological bile
secretion on the secretion of conjugated bile acids
has stimulated research on the biochemistry of
these steroid compounds and on the mechanisms of
conjugation, secretion, and enterohepatic circula-
tion of primary and secondary bile acids [12].
The major pathway for conversion of cholesterol
to the primary 24-carbon atom bile acids, cholic
acid, and chenodoeoxycholic acid has been known
since 1943 [13] (Fig. 1). The initial reaction is the
hydroxylation of cholesterol in the 7-alpha-position
by the enzyme 7-alpha-hydroxylase, a microsomal
enzyme which requires NADPH, oxygen, and cyto-
chrome P-450 to function. Next, the 3-beta-hydroxy
group is oxidized by incompletely characterized
microsomal enzymes to a 3-keto group to form 7-
alpha-hydroxy-4-cholesten-3-one, a substrate for
microsomal 12-alpha-hydroxylase. At this point the



122

=

CHOLESTEROL

HO

l 7x-HYDROXYLASE

N

HO OH

|

-

~

0
5 @-REDUCTASE /

7%-HYDROXY-5
son CHOLESTEN-3-ONE

o
1 :
3,7 DIHYDROXY-5 3~
Ho’ “OH -CHOLESTANE
COOH
|
CHENODEOXYCHOLIC
, A, ACID
HO OH

OH

oL

7«-HYDROXYCHOLESTEROL

7-HYDROXY -4-CHOLESTEN-3-ONE

\12«-HYDR OXYLASE
HO
]

7o 12 DIHYDROXY- 4 -
on  ~CHOLESTEN-3-ONE

L

3,7 «,12-TRIHYDROXY- 53~
OH -CHOLESTANE

‘H? T

COOH

CHOLIC AC!D

4 N

HO OH

Figure 1. The major pathway for the formation of primary bile acids from cholesterol.

pathway splits and the 7-alpha-hydroxy-4-choles-
ten-3-one is metabolized into both cholic acid and
chenodeoxycholic acid. The 3-keto group is reduced
by enzymes in the cytosol to a 3-alpha-hydroxy
group and the 4 4-double bond is also reduced. The
dihydro- and trihydro-cholestanes produced in
these reactions are then hydroxylated in the 26-
position and oxidized to corresponding carboxylic
acid groups in this position. The 26-alpha-hydroxy-
lation reactions occur predominantly in the hepa-
tocyte mitochondria but may also take place in the
endoplasmic reticulum (microsomal fraction). In

the final synthetic step, the dihydro- and trihydro-
cholestanoic acids are rapidly converted into cholic
acid and chenodeoxycholic acid in mitochondria
and microsomes.

In addition to this major pathway for synthesis of
primary bile acids, there is an alternative pathway
contributing significantly to chenodeoxycholate
synthesis in human and rat liver mitochondria [14,
15]. A 26-hydroxylase acts on cholesterol to form
26-hydroxycholesterol. This compound is then con-
verted sequentially into 3-beta-hydroxy-5-cholenoic
acid and lithocholic acid before being converted to



chenodeoxycholic acid (Fig. 2). Both the 3-beta-
hydroxy-5-cholenoic acid and lithocholic acid are
hepatotoxic and have been shown to contribute to
fetal or infant hepatic disease, including some cases
of extrahepatic biliary atresia and neonatal hepa-
titis. It is probable that most lithocholic acid is
detoxified in man by excretion following conju-
gation with sulfate in the liver and kidney. Jenner
and Howard [16] have suggested that impairment of
hepatic sulfation may allow accumulation of toxic
acids and contribute to the etiology of biliary
atresia and neonatal hepatitis.
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Figure 2. An alternative intrahepatic pathway for conversion of
cholesterol to chenodeoxycholic acid.

Bile acids are generally secreted into bile in
conjugation with glycine or taurine. The ratio of
glycine-conjugated bile acids to taurine conjugate is
normally more than 1.0 in adults and may be up to
6.0. In the human fetus between 22 and 28 weeks of
gestation, the glycine-taurine ratio of gallbladder
bile is less than 0.10. Even at term, taurine conju-
gation predominates, but by ten days of postnatal
age, glycine conjugation approaches the adult ratio.
The reason for the change in glycine-taurine ratio
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in development is not clear, but it may reflect
changes in diet or a relative immaturity of taurine-
catabolizing activity in the fetus and neonate [17].

The secretion of newly synthesized bile acid (or
bile salts, as they are called when conjugated with
glycine or taurine) probably involves active trans-
port across the canalicular membrane. Conjugated
bile salts are secreted more efficiently than uncon-
jugated bile acids. Following its secretion in bile, up
to one-fifth of the glycocholate pool in adults is
deconjugated by intestinal bacteria with the release
of glycine, which is absorbed and metabolized, and
cholic acid, which is absorbed and returned to the
liver to be reconjugated. Several bacterial species
remove the 7-alpha-hydroxyl group from cholic
acid and chenodeoxycholic acid to produce the
secondary bile acids, deoxycholic acid, and litho-
cholic acid, respectively. Other bacterial changes in
bile acids lead to many other secondary bile acids
which occur in the feces.

The conjugated bile acids are actively reabsorbed
in the ileum, probably in a sodium-coupled trans-
port process. In addition, some glycine-conjugated
bile acids are passively absorbed in the proximal
small intestine. After absorption into the portal
blood, the bile acids, at a concentration 40-100
times higher than in the systemic circulation, are
carried to the liver where an efficient sodium-
dependent transport mechanism for their uptake
into hepatocytes resides. Bile-acid uptake from
plasma into liver is more rapid than the rate of
secretion into bile, showing that the hepatic uptake
system is probably not rate limiting in the entero-
hepatic circulation of bile acids [18]. In adults, the
bile salts recycle through the intestine two or more
times during digestion of a meal and are contained
in a total bile salt pool of 2-4 g. Daily losses of
15%,-20% of the pool have been estimated.

Bile-salt secretion is associated with the appear-
ance of cholesterol and lecithin in bile. The mechan-
ism of cholesterol and phospholipid transfer to bile
is not understood. Based on studies with colchicine
in rats, the microtubular and vesicular route for
secretion is not involved [19], but a more recent
study indicated that microtubules are involved in
the transport of lipids into the bile [20]. Cholesterol
and phospholipids synthesized in the microsomal
membranes move rapidly to the canalicular mem-
branes of hepatocytes [21] prior to their transfer to
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bile under the influence of bile salts. It has been
proposed that the detergent action of bile salts
causes the secretion of phospholipids into bile [22],
but such a proposal cannot account for the differing
phospholipid composition [23] and higher specific
activity of phospholipids [21] in bile relative to the
canalicular membrane. Cholesterol and lecithin are
aggregated together with other phospholipids in
mixed micelles in bile. The composition of micelles
is critical for stabilizing lecithin and cholesterol at
concentrations much higher than their maximum
solubility in water. Deviation from the ideal mi-
cellar composition may be a major factor in the
formation of cholesterol gallstones [24]. The lowest
concentration of bile salts at which stable micelles
are formed (the critical micellar concentration) in
human bile is about 1.45 mmol/l, but this concen-
tration may depend on the phospholipid content of
the bile [25].

3.2. Bilirubin

Bilirubin is the major excretory component of bile.
It is a product of heme metabolism in the hepatic
and extrahepatic reticuloendothelial cells engaged
in the destruction of erythrocytes. The uptake,
metabolism, and excretion of bilirubin by hepa-
tycotes involves specific carriers and enzymes which
are subject to alteration by congenital or induced
pathological and therapeutic influences. Jaundice
may result from the interruption of any of these
steps.

Bilirubin bound to plasma albumin is delivered
to the liver in the portal and hepatic arterial
circulations. After passing through the fenestrated
sinusoidal endothelium into Disse space, most of
the bilirubin is detached from the albumin to enter
the hepatocytes. Bilirubin uptake involves a carrier-
mediated transport system in the hepatocyte plasma
membrane. Bilirubin within the hepatocytes is pas-
sively dispersed among various subcellular com-
partments containing binding sites. Within the
cytosol, two heat-labile anion-binding proteins, Y
and Z proteins, bind bilirubin. Y protein, also
called ligandin, is identical with glutathione S-
transferase B [26, 27]. This enzyme, which re-
presents up to 5% of the protein in hepatic cytosol,
catalyzes the conjugation of the dye, bromosul-
fothalein (BSP), with glutathione, but also binds

albumin, indocyanine green, and fatty acids, none
of which are conjugated with glutathione. The
binding of ligandin with bilirubin may help to
increase the intracellular concentration of bilirubin
above that which would be present in solution or it
may facilitate the presentation of bilirubin to its
conjugating enzyme. In addition, ligandin protects
mitochondrial respiration from the depressant ef-
fects of bilirubin [28]. Z protein appears to be more
important in fatty-acid transport.

Bilirubin is rapidly conjugated via the carboxy-
ethyl side chains to uridine diphosphoglucuronic
acid (UDPGA) and UDP-sugars, including UDP-
glucose and UDP-xylose (Fig. 3). The major con-
jugating enzyme is bilirubin UDPGA transferase
(bilirubin glucuronyl transferase). The existence of
other bilirubin-conjugating enzymes in the liver and
other tissues is uncertain at the present time. Under
physiological conditions, most of the bilirubin in
the body is eliminated by excretion into bile follow-
ing hepatic conjugation. In mice, guinea Dpigs,
rabbits, sheep, pigs, calves, and chickens the mono-
conjugated bilirubin predominates in bile, but in
man, rats, dogs , and cats diconjugated bilirubin is
the main product in bile [29, 30]. An alternative
mechanism which is relatively inefficient has been
observed in newborn infants and in infants with
Crigler-Najjar syndrome in which there is a con-
genital deficiency in bilirubin glucuronyl transfer-
ase. Under these conditions, bilirubin is degraded to
more hydrophilic derivatives which are excreted in
bile and urine. The Gunn rat, which in the homo-
zygous condition lacks bilirubin glucuronyl trans-

Figure 3. Diagrammatic summary of the steps in the hepatocytic
uptake, conjugation, excretion, and recirculation of bilirubin.



ferase, is an animal model for the Crigler-Najjar
syndrome.

The transfer of conjugated bilirubin into bile
involves a carrier-mediated transport process at the
canalicular membrane. Bilirubin is concentrated in
bile to over 100 times the plasma concentration,
almost all of it being conjugated with glucuronide.
Unconjugated bilirubin is poorly excreted into bile.
The rate of bilirubin transport into bile is increased
by bile salts except at very high rates of bilirubin
infusion when the transport maximum (7,) for
bilirubin is decreased, possibly due to cytotoxic
effects. It remains uncertain whether there is one
discrete system for canalicular transport of conju-
gated bile acids into bile and another system or
systems for the transport of bilirubin and other
anions into bile [31]. It is possible that the active
transport of bile acids into the bile canaliculus is
related in a cotransport process to the transport of
anions into bile.

Conjugated bilirubin is carried in the bile through
the intralobular and interlobular bile ducts to the
extrahepatic ducts and the gallbladder. Bile is
generally stored in the gallbladder between meals,
where it undergoes concentration of the organic
constituents as electrolytes and water are reabsorb-
ed. Cholecystokinin released during food intake
causes gallbladder contraction and relaxation of the
sphincter of Oddi. There is a resultant forceful
ejection of gallbladder bile into the duodenal
lumen.

Within the intestine, the conjugated bilirubin is
partially deconjugated by the action of bacterial,
hepatic, and intestinal mucosa f-glucuronidase.
About half of the bilurubin is converted into a
group of chromogens, or urobilinogens, by the
intestinal flora. Some of these compounds (about
20%) are reabsorbed passively together with un-
conjugated bilirubin into the portal blood and later
are reexcreted into bile. Approximately 29/-5% of
the recirculating urobilinogens are filtered by the
kidneys to be excreted in the urine every 24 h.

Bilirubin is efficiently removed from the fetus by
transplacental transfer of the unconjugated pig-
ment into the maternal circulation. Conjugated
bilirubin is not generally transferred back to the
fetus even if it rises to high levels in the maternal
circulation. At birth there is a moderate accumu-
lation of unconjugated bilirubin in the plasma of
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the newborn to a concentration of 6-7 mg/dl; a
phenomenon that is commonly called ‘physiologic’
or ‘developmental’ jaundice. A number of processes
have been considered as contributory factors to
developmental jaundice. The shorter life-span of
fetal erythrocytes, less efficient erythropoiesis, and
greater total hemoglobin mass in the late fetus all
contribute to an increased bilirubin production rate
in the neonate relative to the adult. Immature and
low-birth-weight infants often have a relative hypo-
albuminemia which would lead to a low proportion
of albumin-bound bilirubin in relation to free
bilirubin in the circulation. A moderate to severe
acidosis is common in association with respiratory
distress in the newborn. This can cause dissociation
of bilirubin from plasma albumin below pH 7.0.
Organic anionic drugs, including antibiotics and
salicylates, may displace bilirubin from albumin-
binding sites and contribute to an increased un-
bound bilirubin fraction [32]. These factors com-
bined with the immaturity of the bilirubin-UDPGA
glucuronyl transferase and low intrahepatocytic
ligandin in the newborn appear to cause physiologic
or developmental jaundice. Additional contribu-
tory factors may include inhibitory steroid hor-
mones in maternal milk, and immaturity of the
bilirubin uptake, intracellular binding and excre-
tion mechanisms in the neonatal liver.

4. SINUSOIDAL CELL FUNCTIONS

Estimates of the cellular composition of mamma-
lian liver indicate that sinusoidal cells comprise
numerically about 33%, of the population of cells in
the liver and about 6.3%, of the volumetric com-
position of the liver [33, 34]. For comparison, the
hepatocytes represent about 609, of the number of
cells in the liver and 78Y%; of the liver volume [33, 34].

The sinusoidal cell population is composed of
two distinct subpopulations, the endothelial cells
and Kupffer cells. The endothelial cells are thin
squamous cells with a nucleus which causes a
localized bulging of the cell into the sinusoidal
lumen. The cytoplasm contains a small quantity of
granular endoplasmic reticulum and a large number
of small pinocytotic vesicles. The most notable
feature, distinguishing these endothelial cells from
most others in the body, is the existence of large
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holes and multiple fenestrations which permit the
ready passage of plasma solutes and proteins be-
tween the sinusoidal and Disse spaces. The main
distinguishing functional characteristic of the Kupf-
fer cell is its phagocytic activity. Volumetrically and
numerically, Kupffer cells constitute about 2%, of
the liver [33, 34]. It has been estimated that these
cells comprise 80%,-90%; of the functional mass of
the reticuloendothelial system in the body [35].

Scanning electron microscopy has confirmed and
extended earlier observations with transmission
electron microscopy in demonstrating the stellate
morphology of Kupffer cells [5, 36, 37]. These cells
are usually found attached to the lumenal surface of
the sinusoidal endothelium, or they may be em-
bedded in the endothelial lining with long microvilli
projecting into the sinusoid lumen. The cell surface
of Kupffer cells bears F, and C; receptors and
opsonins belonging to the alpha-2-macroglobulin
group. These receptors are involved in attachment
and uptake of antigenic material into the cyto-
plasm, where a varied population of lysosomal
particles is found. Erythrocytes and partially digest-
ed fragments of erythrocytes are present in many
Kupffer cells.

The Kupffer cells appear to monitor the intra-
vascular contents of the sinusoids and guard the
hepatocytes and the rest of the body from toxic
agents entering the liver in portal blood. Their
location near the fenestrations in the sinusoidal
endothelial wall may permit the Kupffer cells to
ameliorate the activity of toxic substances on the
other side of the endothelial boundary.

Kupffer cells can synthesize urea and bind insulin
at rates comparable to the hepatocytes. In some
species (e.g., the rat and mouse) the nuclear en-
velope and endoplasmic reticulum of Kupffer cells
contain peroxidase activity which may have a de-
toxifying function [38], and it has been suggested
that this enzyme could be used as a marker for the
identification of mononuclear phagocytes (Kupffer
cells) in rat liver [39]. It has been shown, however,
that in the mouse, weak to moderate peroxidase
activity also occurs in the sinusoidal endothelial cell
endoplasmic reticulum, making this enzyme un-
suitable as a specific Kupffer cell marker in this
species [40].

The phagocytic role of Kupffer cells in various
liver diseases and experimental conditions has been

studied. The number and size of Kupffer cells and
their complement of cytoplasmic projections are
increased in acute viral hepatitis. In time-sequence
studies of Kupffer cell activity after injection of
colloidal carbon or murine hepatitis virus, a rapid
phagocytosis was revealed. No immediate Kupffer
cell changes occurred after virus administration,
but after 24-72 h, virus particles were found in
necrotic hepatocytes and in Kupffer cells. Cellular
debris resulting from hepatocyte destruction was
also seen in Kupffer cells following murine hepatitis
virus administration.

Kupffer cells are hypertrophic and markedly
increased in number in reticuloendotheliosis. Fol-
lowing the administration of Thorotrast, a radio-
active radiocontrast agent which was widely used in
the 1940s and 1950s, this material accumulates in
the reticuloendothelium and has been implicated in
the induction of reticuloendotheliosis. The presence
of radioactive Thorotrast deposits in Kupffer cells
has been detected in autoradiographs of human
liver sections obtained about 30 years after admin-
istration of Thorotrast [41].

The possible role of Kupffer cells in modulating
the spread of metastatic tumor cells to the liver is
under active investigation. Recently, Roos and
Dingemans [42] introduced several types of tumor
cells into perfused liver in vitro or in vivo. They
observed that some tumor cell lines were actively
phagocytized by Kupffer cells, including an adeno-
carcinoma subline which also produced few metas-
tatic lesions. By contrast, another adenocarcinoma
subline which was not so actively removed by the
phagocytic activity of Kupffer cells was observed to
produce profound metastatic lesions in the liver.
These observations, suggesting that phagocytic ac-
tivity may influence liver metastasis, need to be
followed with additional studies to establish whether
Kupffer cells possess tumor cell cytotoxicity com-
parable to other phagocytic cells.

The importance of Kupffer cells in removing
endotoxins in the human liver has been demon-
strated recently. With the Limulus lysate gelation
test, it has been shown that systemic endotoxemia,
which is uncommon in the absence of liver disease,
was present in 509 of a group of patients with
cirrhosis [43]. In another study of 259 patients, all
of those with hepatic failure or chronic alcoholic
hepatitis had a positive result in the Limulus test for



endotoxin. About half the population with chronic
active hepatitis were endotoxin positive [44]. Indi-
viduals with portacaval collateral circulation had a
high frequency of endotoxemia compared with
those without collateral development. Liehr and
Grun [44] suggested that Kupffer cell removal of
endotoxins is depressed in liver disease and that this
permits the development of endotoxemia. Recog-
nized sequelae include intravascular coagulation
and renal failure.

Recent evidence suggests that the Kupffer cells
are involved in the response to hemorrhagic shock.
Initial effects included stickiness of lymphocytes
and leucocytes and their attachment to endothelial
and Kupffer cells. The resulting retention of leuco-
cytes by the liver resulted in a significant systemic
leucopenia. Not only did leucocytes adhere to
Kupffer cells, but they were also ingested into
Kupffer cell cytoplasmic particles. In later stages,
degeneration and loss of Kupffer cells was ob-
served. It was suggested that the irreversible stage
of shock may result from degeneration and loss of
Kupffer cells prior to alterations in endothelial cells
and centrolobular necrosis of the hepatic lobules
[45].

Two mechanisms for the renewal of Kupffer cells
have been demonstrated in rodents. Transplanta-
tion studies have suggested that they are derived
from bone marrow precursor cells while other
studies have demonstrated a local proliferation of
Kupffer cells within the liver. Recently, two male
patients were studied after receiving bone marrow
transplants after high-dose chemotherapy and
whole body irradiation. In both cases, Kupffer cells
were shown to be present in the liver with charac-
teristics specific to the donor cells [46].

Investigations of the origin of Kupffer cells in
mice have confirmed that these cells are derived
mainly from bone marrow cells [47]. At any given
time, only about 1% of the Kupffer cells divide in
the liver. Most Kupffer cells are derived from
monocytes migrating from the sites of production
in the bone marrow. In mice, the total population of
Kupffer cells is replaced in about 21 days.
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5. HOMEOSTATIC AND METABOLIC
FUNCTIONS

The liver occupies a strategic position in the meta-
bolism of all the major constituents of food and
serves a vital role in regulating the availability of
energy sources and metabolic precursors required
throughout the body.

5.1. Carbohydrate metabolism

The liver is an important supplier of glucose to the
cells that depend on it for metabolism, particularly
the cells in the central nervous system. This glucose
results from the glycogenolysis of glycogen which is
deposited in the hepatocytes following the ab-
sorption of glucose from the intestines when carbo-
hydrates are digested. The glucose concentration in
blood plasma is subject to regulation by hormones
and the availability of substrates. During fasting,
the glucose supply may be augmented by gluco-
neogenesis within the hepatocytes. Absorbed glu-
cose is transported from portal blood in the hepatic
sinusoids and Disse space into hepatocytes by a
specific membrane transport system. The intra-
cellular glucose concentration in liver cells is about
128 mg/100 ml intracellular water compared with
90 ml/100 ml plasma [48]. The intracellular glucose
is phosphorylated to glucose-6-phosphate (G6P) by
at least four hexokinase enzymes with high affinity
for glucose. At physiological glucose concentra-
tions, the hexokinases are saturated and this is the
rate-limiting step in glycogen synthesis. Between
25% and 100% of administered glucose is retained
by the liver. The amount retained is dependent on
the dose administered, route of administration (oral
administration or intravascular infusion), insulin
response, and species of mammal. Infusion of *C-
labeled glucose into dogs, followed by measurement
of '*C-uptake into hepatic glycogen, results in
about 509 of the glucose taken up by the liver
appearing in glycogen. This represents 26%,-34%, of
the uptake in all of the tissues [48]. In rats, liver
glycogen formed after oral administration of **C-
glucose may account for 279 of the absorbed
glucose [49].

Liver G6P is utilized for glycogen synthesis or it
is oxidized directly or through the Embden-Meyer-
hof pathway. The current concept of the steps in






of phosphorylase phosphatase may result from
exposure of liver cells to glucocorticoids. The phos-
phorylase phosphatase tends to decrease phos-
phorylase a and diminish its inhibitory effect on
synthetase phosphatase.

The glycogenolysis and hepatic glucose output
induced by hypoglycemia is assumed to be due to
the direct effects of epinephrine and glucagon on
hepatocytes. These hormones stimulate adenylcy-
clase, which increases the synthesis of cyclic AMP.
Protein kinase stimulation by cyclic AMP causes an
increase in the activation of phosphorylase kinase
and a subsequent increase in the phosphorylase a
concentration and glycogenolysis. At the same
time, synthetase is inactivated by protein kinase and
glycogen synthesis is relatively inhibited.

The utilization of glucose by the tissues and the
hepatic outpu’i of glucose is 150-180 mg/kg/h in the
basal conditon in man and in the dog. The regula-
tion of glucose output by glucagon and epinephrine
requires a significant hypoglycemia, and it is likely
that an intrinsic hepatic mechanism is involved in
regulating small changes in glucose output. A direct
relationship between hepatic glycogen levels and
glucose output has been demonstrated in dogs [48].
Insulin decreases (or prevents an increase) in the
output of glucose while deficiency of insulin, as in
acute exclusion of the pancreas from the circula-
tion, results in an increase in hepatic output of
glucose.

Glucose is also used as an energy source for the
metabolic activity of the liver cells. In addition, it is
required as a reducing agent and in the synthesis of
polysaccharides and plasma lipids. Glucose is also
required in the formation of bile salts and serum
proteins. Glucuronic acid formed from glucose is
important for conjugating steroids and other sub-
stances prior to excretion in bile. Glucose catabol-
ism in the liver occurs mainly in the Embden-
Meyerhof glucolytic pathway to produce pyruvate
and lactate as end products.

5.2. Pyruvate oxidation and the TCA cycle

Pyruvate is oxidized in liver mitochondria to form
acetyl coenzyme A, which is the donor of acetyl
groups to the tricarboxylic acid (TCA) cycle. Two
molecules of CO, are formed and four molecules of
NAD are reduced to NADH, with the oxidation of
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each acetyl group. The NADH, conserves energy
by entering the electron transport chain. Each
NADH, molecule contributes to the formation of
three ATP molecules during oxidative phosphory-
lation. The metabolism of a glucose molecule gener-
ates 38 molecules of ATP.

5.3. Phosphogluconate pathway

Up to 509 of the glucose used by the liver involves
the degradation of G6P to fructose-6-phosphate
and glyceraldehyde-3-phosphate. In the process,
NADP is reduced to NADPH,, which is essential
for fatty-acid synthesis, bile-salt production, and
steroid metabolism. In addition, glutathione oxi-
dation utilizes NADPH,. Pentose phosphate, an
additional product of this pathway, is used in RNA
synthesis.

5.4. Glucuronic acid production

The formation of glucuronic acid from glucose is
important in the liver for utilization in conjugation
reactions and in mucopolysaccharide synthesis.

5.5. Fructose and galactose metabolism

Fructose enters the glycolytic pathway after ab-
sorption from the intestine, where it occurs as an
equal constituent with glucose in the dietary sugar
sucrose. The liver contains a fructokinase for phos-
phorylating fructose to fructose-1-phosphate (F1P).
Unlike muscle, there are no liver enzymes for
converting FIP into fructose 1,6-diphosphate for
direct entry into the glycolytic pathway. For fruc-
tose to enter the glycolytic pathway, it must first be
cleaved by aldolase to dihydroxyacetone phos-
phate, which is an intermediate in the glycolytic
pathway, and glyceraldehyde, which can be phos-
phorylated to glyceraldehyde 1-3-phosphate, an-
other intermediate in glycolysis. Hereditary fruc-
tose intolerance is a condition in which aldolase
activity is impaired. The resultant fructosemia and
accumulation of FI1P may inhibit glycogenolysis
and gluconeogenesis. Fructose can also be con-
verted by sorbitol dehydrogenase to sorbitol, which
is then converted to G6P. Galactose is formed from
lactose, especially in infants. The galactose is then
phosphorylated by galactokinase to galactose-1-
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phosphate (Gal.1P). Gal.lP reacts with uridine
diphosphoglucose (UDP-glucose) in the presence of
Gal.1P uridyl transferase to form UDP-galactose
and G1P. The UDP-galactose is then converted to
UDP-glucose by the enzyme UDP-galactose-4-
epimerase (Fig. 7).

In classic galactosemia, the uridyl transferase
enzyme is deficient and Gal.1P accumulates. Some
of the Gal.1P is converted to galactitol (an alcohol),
which is probably sufficiently toxic to account for
the cataracts observed in galactosemic patients.

GALACTOSE

GALACTICOL lGALACTOKINASE

GALACTOSE-1-PHOSPHATE

UDP-GLUCOSE
GALACTOSE 1-PHOSPHATE

URIDYL TRANSFERASE

GLUCOSE-1-P

UDP-GALACTOSE

UDP-GALACTOSE-
4-EPIMERASE

UDP-GLUCOSE

Figure 7. Pathway for the conversion of galactose to glucose in
the liver.

5.6. Gluconeogenesis

Glucose may be formed from nonglucose sources in
a series of gluconeogenic reactions. Gluconeogenic
sources include lactate, pyruvate, oxaloacetate by
the enzyme pyruvate carboxylase. The oxaloacetate
is then converted reversibly to phosphoenolpyru-
vate by the enzyme phosphoenolpyruvate carboxy-
kinase (PEPCK) in the presence of guanosine tri-
phosphate (GTP) (Fig. 8). Pyruvate conversion to
phosphoenolpyruvate is in delicate balance with the
alternative reaction which converts pyruvate to
acetylcoenzyme A, which is utilized in the TCA
cycle. During starvation, diabetes, or glucocorti-
coid treatment, the synthesis of PEPCK is increased
and acetylcoenzyme A tends to accumulate. This
results in a preferential conversion of pyruvate to
phosphoenolpyruvate and glucose. In other reac-
tions analogous to the Cori cycle, alanine and
glutamine are transported to the liver from muscle
and other tissues. Within the liver they are deamin-
ated. Alanine is thereby converted to pyruvate,
which is utilized for glucose synthesis. Within the

LACTATE ALANINE

LACTIC GLUTAMATE
DEHYDROGENASE PYRUVATE TRANSAMINASE
PYRUVATE

PYRUVATE ATP
CARBOXYLASE
ADP

OXALOACETATE
GTP
PHOSPHOENOL PYRUVATE
CARBOXYKINASE
GDP
PHOSPHOENOLPYRUVATE

ATP
EMBDEN-
MEYERHOF PATHWAY

ADP

FRUCTOSE-1,6-DIPHOSPHATE

FRUCTOSE DIPHOSPHATASEI ]PHOSPHOFRUCTOKINASE

FRUCTOSE-6-PHOSPHATE

PHOSPHOGLUCO-
ISOMERASE

GLUCOSE-6-PHOSPHATE

GLUCOSE-6-
PHOSPHATASE

HEXOKINASE

GLUCOSE

Figure 8. The stepwise pathway for conversion of lactate,
pyruvate, and alanine to glucose in the liver.

liver, the amino groups are converted into urea,
which cannot be produced in other tissues. The
amino acid cycles are completed when glucose is
converted into these amino acids in muscle [50].

5.7. Lipid metabolism

The major energy source for metabolism in liver
cells is derived from fatty acids. These fatty acids
are present in the blood as free fatty acids and are
synthesized in the hepatocytes from carbohydrates
and amino acids. The supply of free fatty acids in
the circulation is normally high. Some is derived
from the digestion of dietary fat and the rest comes
from the mobilization of stored lipid in adipose
tissue.

Fatty acids are oxidized within hepatic mito-
chondria by B-oxidation to yield acetyl-CoA. Two
ATP molecules are utilized in the oxidation of each
molecule of stearic acid to acetyl-CoA, but 40
molecules of ATP and nine molecules of acetyl-
CoA are produced. The acetyl-CoA is available for



oxidation in the tricarboxylic acid (TCA) cycle to
yield 12 additional ATP molecules for each acetyl-
CoA unit that is oxidized. Thus, the complete
oxidation of one stearic acid molecule can yield up
to 146 ATP molecules.

Within the liver, the B-oxidation reactions yield
acetyl-CoA and sufficient ATP for most of the
energy ncads of this organ, especially when sup-
plemented by ATP produced during carbohydrate
metabolism and oxidation of some of the acetyl-
CoA. Most of the acetyl-CoA is condensed to form
acetylacetate instead of being oxidized within the
liver. This acetylacetate is then partially converted
to B-hydroxybutyrate and acetone. The acetyl-
acetate and B-hydroxybutyrate are liberated into
the blood as ketone bodies to be transported to
muscle and other tissues where they can be used as
energy sources.

Only a fraction of the fatty acid molecules
entering the liver cells are oxidized to supply energy
for other metabolic activities in the liver. Most of
the fatty acid molecules are esterified with a-
glycerophosphate to form triglycerides. The tri-
glycerides are then combined with phospholipids,
cholesterol, cholesterol esters, and protein in the
endoplasmic reticulum and Golgi complex of the
hepatocytes to produce complex lipoproteins. The
lipoproteins are released into blood, where further
modifications to their structure occur. Plasma lipo-
proteins are considered to be composed of cell
membrane lipoproteins derived from intracellular
membranes sequestered in secretory granules by the
Golgi complex [51, 52]. The lipoproteins appear to
be released at the cell surface as the secretory
granules fuse with the plasma membrane. Within
the blood, several lipoprotein fractions, differing in
density from the very low (VLDL) to the high-
density lipoproteins (HDL), are found. The major
component, VLDL, releases fatty acids under the
influence of lipoprotein lipase, for local utilization
in adipose tissue and other sites.

Most, or all, of the fatty acids synthesized from
nonlipid dietary sources are formed in the liver and
in adipose tissue. The synthesis of fatty acids is
dependent on carbohydrate intake in the diet and is
favored by increased tissue utilization of glucose
and a reduction in circulating free fatty acids. A
high-carbohydrate diet results in increased glucose
uptake into hepatocytes under the stimulating in-

131

fluence of insulin. Increased production of a-glyce-
rophosphate occurs and this is utilized in the
esterification of fatty acids to form triglycerides.

Liver lipid metabolism is very sensitive to toxins
including ethanol, ethionine, and orotic acid, which
have been investigated in detail. Ethionine inter-
feres with the synthesis of apoprotein B, an essential
component of VLDL. This results in accumulation
of fat droplets in the hepatocyte cytoplasm. The
rate of accumulation of fat droplets influenced by
the plasma free fatty acid concentration which in
turn may be dependent on the rate of lipolysis in
adipose tissue. Ethionine induction of fatty liver
can be reduced or prevented by adenine which
lowers the plasma free fatty acid concentration [53]
and reduces the rate of triglyceride uptake and
accumulation within hepatocytes.

In cholestasis, an abnormal lipoprotein designat-
ed ‘lipoprotein X’ may appear in plasma [54].
Probably this lipoprotein is formed from a pre-
cursor which is normally secreted into bile. In
cholestasis, this material spills over into the plasma
where it becomes attached to albumin as lipo-
protein. The appearance of this lipoprotein in
plasma can help in the differentiation of biliary
atresia from neonatal hepatitis [55].

5.8. Protein synthesis and secretion

The liver plays a strategic role in regulating amino
acid available to the rest of the body and in the
utilization of absorbed amino acids from the diges-
tive tract. In a study of dogs, 57% of amino acid
nitrogen absorbed after a large protein meal was
converted to urea in the liver, 15% was retained as
liver protein and 6%, was used in the synthesis of
plasma proteins in the hepatocytes. Those protein
were then secreted. Only 239, entered the circu-
lation as free amino acids to be utilized by other
tissues [56].

The protein synthetic capacity of the liver is
impressive. All of the plasma proteins except most
of the immunogloblulins are synthesized in the
liver. In man, hepatic protein synthesis has been
studied with labeled amino acids. In addition,
uptake studies have utilized nonmetabolized amino
acids including alpha-amino isobutyric acid. The
general process involves transcription of specific
RNA species by nuclear DNA; release of three types
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of RNA into the cytoplasm; messenger RNA which
provides the code for the specific protein to be
synthesized; ribosomal RNA which reads the mes-
senger RNA: and transfer RNA species which
transfer activated amino acids to the growing pep-
tide chain. Ribosomes containing ribosomal RNA
are connected in a chain on a single messenger
RNA molecule to form polysomes. Some poly-
somes are attached to endoplasmic reticulum mem-
branes, while others are free in the cytoplasm.
Secretory proteins, including albumin, appear to be
synthesized by the attached polysomes. Intracel-
lular proteins, e.g., ferritin, are synthesized by free
polysomes.

The major protein synthesized in the liver is
albumin, which is released into the serum. At any
time, about 309 of hepatocytes appear to be
synthesizing albumin. In an adult man, the average
production of albumin is 100-200 mg/kg/day. The
circulating half-life is about 18-20 days. The nor-
mal serum albumin concentration is 3.5-5.0
¢/100 ml. Hyperalbuminemia is only seen clinically
in acute dehydration or occasionally in heroin or
methadone addicts. Reduced albumin synthesis
may occur in cirrhosis, although not always. Fac-
tors influencing albumin synthesis include: (a) nu-
tritional uptake of amino acids, (b) plasma oncotic
pressure, (c) circulating hormone levels, and (d)
general homeostatic state.

Nutrition is the most important regulator of
albumin synthesis. Dietary insufficiency of essential
amino acids results in impaired protein synthesis.
The balance of individual amino acids as well as the
total availability of amino acids are important.
Because tryptophan is the least abundant amino
acid in the intracellular liver pool of amiino acids,
rats fed a tryptophan-deficient diet show a more
pronounced depression of '*C-leucine incorpora-
tion into peptides in the liver than they do with diets
deficient in other essential amino acids.

The serum albumin level is depressed in mal-
nutrition and albumin synthesis falls to 50-100
mg/kg/day. This depression in albumin synthesis in
response to reduced amino acid intake occurs
despite the recycling of amino acids during protein
catabolism in the body.

The metabolism of dietary protein is not signif-
icantly altered in patients with stable cirrhosis,
indicating that absorption, digestion, and utiliza-

tion of protein remains adequate [57]. Cirrhotic
patients maintained on a low-protein diet (2 g) for
8-10 days can conserve nitrogen normally, but a
high-protein diet (120 g/day) for the same time
period can result in an unusually high retention of
nitrogen and low urea synthesis. Although average
total body nitrogen is often within normal limits,
the distribution between the liver and other organs
may be altered, suggesting that regeneration and
healing processes in the liver may cause nitrogen to
be removed from other tissues. This could explain
the muscle wasting often associated with cirrhosis.

In kwashiorkor, where there is severe protein
deprivation and moderate calorie insufficiency,
fatty liver associated with edema and ascites is
consistently observed. The fatty change in the liver
is associated with low plasma cholesterol, triglyce-
ride, and phospholipid concentrations and increas-
ed free fatty acid levels. The hypothesis that there is
a reduced synthesis of the apoproteins for very low
density lipoproteins (VLDL) and impaired release of
triglycerides in kwashiorkor has been proposed to
account for the observed intrahepatic accumulation
of lipids. Experimental studies with primates lends
support for this concept ]58].

An imbalance in the relative abundance of aro-
matic amino acids (phenylalanine, tyrosine, and
tryptophane) and methionine compared with the
branched chain amino acids (leucine, isoleucine,
and valine) has been observed in a variety of liver
disorders. The aromatic amino acids and methi-
onine are catabolized mainly in the liver while the
branched chain amino acids are catabolized pre-
dominantly in muscle and other tissues. In patients
with fulminant hepatitis and those with cirrhosis
and hepatic encephalopathy, the plasma levels of
aromatic amino acids are elevated, but the branch-
ed chain amino acids are normal or decreased in
plasma concentration. By influencing the entry of
phenylalanine and tryptophan into the central ner-
vous system, it has been suggested that these severe
liver disorders indirectly lead to increased neural
synthesis of serotonin and decreased catecholamine
formation ]59]. A depression of neural function
produced in this way could conceivably be correct-
ed by appropriate amino acid infusion to reduce the
tendency toward the development of hepatic coma.

It would be helpful to be able to assess the general
status of protein metabolism in the liver with



appropriate markers. Recent tests include the ratio
of plasma alpha-amino butyric acid to leucine (A:L)
and the measurement of maximal rate of urea
synthesis (MRUS). The A:L ratio is affected by a
number of factors including dietary protein intake,
the presence of hepatocellular disease, and chronic
alcohol consumption [60]. The MRUS is reduced
early in the development of cirrhosis before the
development of hyperammonemia and it may pre-
dict the level of tolerance for dietary protein in
cirrhotics. Measurement of MRUS may be helpful
in evaluating the risk of encephalopathy [61].

After infection or inflammation, the plasma
levels of a number of alpha-globulins are raised.
These include haptoglobulin, ceruloplasmin, and
alpha;-acid glycoprotein. The liver is the only
known site for the synthesis of these ‘acute-phase’
proteins. Other proteins produced predominantly
in the liver include transferrin, high-density and
low-density lipoproteins, fibrinogen, and pro-
thrombin. The Kupffer cells in mammalian liver are
known to synthesize complement components C,,
C; and C4. Other components may also be formed
in the liver.

At least nine inhibitors of proteolytic enzymes
are found in normal human plasma. They are
essential for normal control of enzymatic processes
and are synthesized, apparently exclusively, in the
liver. The plasma levels of these proteins are ele-
vated or unchanged in almost all patients with liver
disease unless hepatocellular destruction is almost
complete. Exceptions include a reduction in anti-
thrombin levels in most adult cirrhotic patients,
probably due to utilization in response to thrombin
activation. Alpha;-antitrypsin deficiency can occur
due to an inherited deficiency [62].

Alpha;-antitrypsin represents 80%,-90% of the
trypsin inhibitory capacity of serum. This protein is
the predominant alpha-I-globulin band in serum
electrophoretograms stained with routine protein
stains. At least 18 genetic variants of alpha-1-
antitrypsin have been recognized electrophoretic-
ally at pH 4.95. The most common phenotype,
protease inhibitor PIMM, occurs in over 929 of
American caucasians and blacks. A decreased plas-
ma antitrypsin level is found with four Pi alleles,
and at least one, the PiZ protein, may be reduced in
the circulation due to decreased release from hepa-
tocytes. Because the synthesis of PiZ alpha-1-anti-
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trypsin is not decreased relative to PiM, there is
a pronounced intrahepatic accumulation of this
protein.

Genetic deficiency of alpha-1-antitrypsin has
been associated with childhood cirrhosis and also
with chronic obstructive pulmonary disease. In
both conditions the PiZ protein has been demon-
strated in serum. Between 109, and 209, of children
with PiZZ alpha-1-antitrypsin develop liver disease
in childhood. Most of these children develop so-
called neonatal giant-cell hepatitis and cholestasis
during the first two months of life. Some of these
children develop severe liver failure and die before
six years of age. Many, however, recover, but
develop cirrhosis after a latent period of weeks to
years. Chronic obstructive pulmonary disease as-
sociated with PiZZ alpha-l-antitrypsin is seen in
25%-309% patients with early onset emphysema.
Usually no pulmonary changes are seen in most
individuals with PiZZ alpha-1-antitrypsin until
after puberty, and children with liver disease and
alpha-1-antitrypsin deficiency do not usually devel-
op obvious pulmonary changes. Although some
reports of simultaneous hepatic and pulmonary
disease in adults with alpha-1-antitrypsin deficiency
have appeared, there is no evidence that a patient
with hepatic disease associated with PiZZ protein
will necessarily develop pulmonary disease or vice
versa.

Although accumulation of PiZZ protein inside
hepatocytes has been demonstrated with electron
microscopy and immunocytochemistry, it seems
unlikely that this is the major cause of the hepato-
cellular disease because similar accumulations oc-
cur in PiZZ patients without evidence of hepatic
pathological changes. Normally alpha-1-antitryp-
sin is distributed randomly among the hepatocytes,
but in individuals with the PiZ gene, most of the
protease inhibitor is in the periportal cells. The
pathogenesis of the hepatic disease remains ob-
scure.

5.9. Metabolism of hormones and drugs

The liver is a major site for the degradation of
hormones, especially steroids, and many drugs. It
was pointed out by Williams [63] that enzymatic
reactions catalyze the metabolic transformation of
drugs in two general phases. The first phase, which
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is characterized by oxidation, reduction, or hydro-
lytic reactions, may modify a drug by converting
one functional group into another, or by adding
polar groups to nonpolar compounds. The second
phase includes reactions that conjugate the drug or
its first-phase product with glucuronate, sulfate, or
amino acids. Acylation and methylation may also
occur as a phase-two reaction.

The oxidative metabolism of drugs is catalyzed
by oxygen and NADPH-requiring enzymes (mixed-
function oxidases) in the hepatocyte endoplasmic
reticulum. The drug combines with a carbon-
monoxide-sensitive hemoprotein ‘cytochrome P-
450’ in its oxidized form. The complex is then
reduced by NADPH-cytochrome-C-reductase. The
reduced complex then reacts with oxygen and an
electron from NADPH of NADH to form an
unstable complex which breaks down to form
oxidized cytochrome P-450 and oxidized drug.

Alcohols appear to be oxidized in the liver in at
least three processes [64, 65]. The main pathway for
ethyl alcohol oxidation utilizes alcohol dehydrogen-
ase which is generally located in the portal areas of
the hepatic lobules and requires NAD" as a hy-
drogen acceptor. The alcohol is converted to an
aldehyde by the NAD" enzyme complex.

Ethyl alcohol may also be oxidized to acetal-
dehyde by catalase in liver peroxisomes. This path-
way is not the main oxidation route for ethyl
alcohol but it may be the main one for methanol.
The catalase reaction requires a source of H,O, to
oxidize ethanol. This can be provided in peroxi-
somes by various oxidases including xanthine oxi-
dase [65]:

hypoxanthine

xanthine oxidase
H,O0 + 0O,

uric acid 4+ H,0,
(xanthine)

catalase

H,0, + CH;CH,0OH 2H,0 + CH3;CHO

The importance of ethanol metabolism by catalase
in man has not been established. It may be minor
under normal circumstances but could be signifi-
cant after prolonged ethanol ingestion.

The third mechanism for oxidizing alcohols in
the liver has been the subject of considerable
research in the last decade, following its postulation
in the 1960s. This mechanism implies that there is a

microsomal ethanol-oxidizing system (MEOS)
analogous or identical to the NADPH-requiring
microsomal drug-metabolizing system. While the
evidence for the operation of a MEOS is persuasive,
its quantitative significance is uncertain. According
to Lieber and DeCarli [66], about 25%, of ingested
ethanol can be metabolized by this system normal-
ly, but the role of the MEOS may be much greater
after prolonged ethanol consumption.

Enzymes catalyzing the hydrolysis of amides and
esters are present in mammalian, including human,
liver. They are localized in the endoplasmic reti-
culum of hepatocytes. Included in this group are the
so-called nonspecific esterases with varying sub-
strate specificity to aliphatic and aromatic esters.
The number of such enzyme species is unknown,
but studies with a variety of substrates and inhi-
bitors have demonstrated broad categories and
number of enzyme species within each category.

Phase-two reactions involve the conjugation of
the polar groups of a drug or drug metabolites with
glucuronate, sulfate from the foreign compound or
from an energy-rich phosphate source. Microsomal
glucuronyl transferases in hepatocytes conjugate
UDPGA to phenols, alcohols, carboxylic acids, and
many other substances in a reaction resembling the
conjugation of UDPGA with bilirubin. A number
of sulfuryl transferases also conjugdte phenols,
alcohols, and aromatic amines with 3’-phospho-
adenosine-5'-phosphosulfate (which itself is formed
from ATP and sulfate). In addition, different en-
zymes catalyze the conjugation of glutathione with
epoxides, halides, hydroxylamines, and other com-
pounds. Methylation reactions are catalyzed by a
number of enzymes utilizing S-adenosylmethionine,
formed from ATP and methionine as substrate.
With such an array of transferases in the endo-
plasmic reticulum and cytosol of hepatocytes, it is
not surprising that a foreign compound may be
converted by several different enzymes in several
reactions to a variety of different metabolic prod-
ucts.
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9. ELECTRON MICROSCOPY IN HUMAN LIVER PATHOLOGY

R. LascHI and C.A. BUSACHI

1. INTRODUCTION

The liver was the first human organ to be studied by
electron microscopy owing to the fact that it is easy
to obtain bioptic samples. The liver cell im-
mediately represented an admirable model of com-
plex macromolecular organization in which struc-
ture could be identified with function. A great deal
of data and information emerged from this, fol-
lowed by critical comment and reexamination, gi-
ven the overlap of different aspecific factors and the
difficulty in defining a description of the ‘normal
liver’ within precise limits (due to technical pro-
blems, functional and topographical modifications,
and not wholly valid deductions between the liver
of experimental animals and the human liver).

However, the contribution of electron micro-
scopy has enabled a thorough study of the many
pathogenetic mechanisms in liver diseases. In dif-
ferent situations this contribution has led to a better
understanding of earlier data supplied by light
microscopy and in some, albeit limited, cases it has
proved a valid diagnostic tool [1].

2. CHOLESTASIS

The electron microscope enables a state of choles-
tasis to be identified even in the absence of manifest
signs of jaundice. In fact, characteristic subcellular
features can be detected at an early stage, cor-
responding to changes in the bile secretion ap-
paratus.

The morphological patterns detectable during
both intra- and extrahepatic cholestasis can be
divided into essential and secondary [2, 3]. The
essential ones involve the bile secretion apparatus
and consist of:

— Dilatation of the canalicular lumen in varying
degrees depending on the canaliculus, and along the
course of the canaliculus itself (Fig. 1).

— Reduction in the number of microvilli in the
biliary canaliculus to the point of disappearance.
The residual microvilli appear irregular in various
ways (stumpy, shortened, etc.) and sometimes
resemble edematous microvillar blebs which may
obstruct the actual canaliculus (Fig. 2).

— Increase in the winding course of the cana-
liculus, often combined with focal dilatations in the
form of pockets, invaginations, and diverticula
(canalicular diverticulosis). This combination of
images of tortuosity and diverticulosis is called
canalicular varicosis.

— Partial or total canalicular obstruction by
accumulations of biliary material varying in ap-
pearance (homogeneous, granular, crystalline, lam-
ellar, etc.) called thrombi or biliary plugs. These are
probably made up of bile components and cellular
debris such as fragments discharged from the per-
icanalicular ectoplasm and hepatocyte membranes,
especially those making up the canalicular pole. At
the ultrastructural level, these biliary thrombi ap-
pear in different forms: uniform, usually granular
(recent thrombi, polymorphous, granular, vesicular
membranous, lamellar [old thrombi]). These biliary
concretions are also found in the widened in-
tercellular spaces and the Disse space as well as the
canaliculi.

— Thickening of the pericanalicular ectoplasm
which sometimes shows signs of edema of the
matrix which follows fragmentation.

— Widening of the intercellular spaces between
adjacent hepatocytes with the ' development of
microvilli on membranes opposite the dilated in-
tercellular spaces.

P.M. Motta and L.J.A. DiDio (eds.), Basic and clinical hepatology, pp. 137-151. All rights reserved.
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Figure 1. Cholestasis. Bile capillary (BC) dilated and without microvilli; x 16,000.

Figure 2. Cholestasis. Bile capillary (BC) showing the lumen partially occluded by a large cytoplasmic bleb (b); x 16,000.



The later secondary ultrastructural alterations in-
clude:

— Mitochondrial changes, some of which are
undoubtedly aspecific (formation of myelin-like
figures, better called onionoid bodies, a sign of
mitochondrosis [4, 5], hyperplasia, megamitochon-
dria, etc.), while others are considered to be more
distinctive (widening and enrichment of the cristae
to the formation of circular cristae).

— Dilatation, degranulation, and fragmentation
of the cisternae of the rough endoplasmic reticulum
which appears decreased in size with respect to
normal although there seems to be an overall
lipoprotein synthesis.

— Hypertrophy of the Golgi complex combined
with a rearrangement of its components. In fact, the
saccule membranes-vesicular membranes ratio of
the hepatocytes in the periportal area becomes the
equivalent of that of hepatocytes in the portal zone.

— Increase in the number of secondary lysosomes
(such as lipofuscin granules), especially autophagic
vacuoles. The increase in number of these organ-
elles is found in all types of liver cell damage.

— Presence of special kinds of ‘cellular in-
clusions’, i.e., inclusions of bile pigment and
pseudobiliary inclusions. In fact, as regards the
former type of inclusions, it is thought that con-
jugated bilirubin is deposited in the cytoplasm in
focal areas exposed to degenerative phenomena.
Therefore there would initially be an irregular
accumulation of finely granular and fibrillar ma-
terial unsurrounded by membrane. In a following
intermediate stage, the focal area of degeneration is
thought to be sequestered and incorporated in an
autophagic vacuole which later merges with lyso-
somal structures (including secondary ones) which
discharge their enzyme content into the autopha-
golysosome lumen thus formed. In particular, beta-
glycuronidase is thought to catalyze the decon-
jugation of bilirubin diglucuronide. These me-
chanisms explain why longer-standing biliary in-
clusions are surrounded by a membrane and why
their content reacts like unconjugated bilirubin.
Pseudobiliary inclusions correspond to vacuoles
surrounded by membrane containing osmiophilic
material with a lamellar appearance, often arranged
in a spiral and sometimes combined with variable
amounts of granular material. The type of material
chemically corresponding to these inclusions is not
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definitely known, but we do know that there is a
very large number of inclusions in conditions of
cellular damage optically defined as ‘feathery de-
generation’.

— Increase in the number of peroxysomes.

— Intracytoplasmic aggregates of microfilamen-
tous nature in the hepatocytes of the periportal
lamina, similar to the Mallory bodies of light
microscopy. However, these are only found in long-
standing cholestasis.

In order to understand pathogenetic mechanisms,
particularly intrahepatic cholestasis, it is of fun-
damental importance to define which of these
alterations are secondary to the pressure increase in
the biliary tree and which, on the other hand, are
primitive. The latter indicate the target structure on
which the ‘metabolic or chemical’ etiologic factor
acts (drugs, alcohol, virus, hereditary defects, etc.).

Experimental evidence implies an alteration in
the metabolism of monohydroxylate biliary acids as
the possible pathogenetic starting point. Since bi-
liary acids are synthetized at the level of the smooth
endoplasmic reticulum, particular importance has
been ascribed to its ultrastructural changes as
probable signs of a hydroxylation defect. Because
the smooth endoplasmic reticulum appears hyper-
trophic in the course of cholestasis, the term ‘hy-
poactive hypertrophic endoplasmic reticulum’ was
coined [6]. However, at the present time, alterations
of the smooth endoplasmic reticulum are consid-
ered a result of cholestasis and not primary
changes. Alterations of the rough endoplasmic
reticulum, Golgi complex, mitochondria, and lyso-
somes are assessed in the same way.

Recent research has focused attention on the
hepatocyte periphery. In fact, the canalicular mem-
brane shows early, evident submicroscopic alte-
rations in the course of cholestasis as well as
appearing altered from the cytochemical and
biochemical points of view. Alterations of the
cytoskeletal components, microtubules, and mic-
rofilaments linked to integral proteins of the mem-
brane are closely connected to changes in the
plasmalemma. By acting on these proteins or on the
microfilaments themselves, the pathogenic agent
causes a break in the ‘cytoskeleton-membrane’
functional system. This lesion would be a warning
sign of a reduction in tone of the canalicular plasma
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membrane, with consequent dilatation of the cana-
liculus under increased biliary pressure. In relation
to the pericanalicular ectoplasm, it has been demon-
strated that there exists a rich population of con-
tractile actin-like microfilaments forming a web-
like structure similar to the terminal web of en-
terocytes, a structure which is particularly evident
in canalicular microvilli [7]. Physiologically, it
seems that these microfilaments play a fundamental
role in the bile secretion process, and different
experimental studies have shown that changes in
the macromolecular structure of microfilaments
can lead to an arrest in bile flow [8].

It has also been suggested that a morphofunc-
tional alteration of contractile microfilaments lies
at the basis of a considerable variety of cholestatic
conditions in man [9].

However, there exist conditions of cholestasis,
such as that induced by estrogens, which, due to the
absence of detectable ultrastructural changes in-
volving the biliary canaliculus, suggest that the
primary lesion does not involve the cytoskeleton of
the microvilli, but rather the ionic pump systems at
the canalicular membrane level which regulate the
secretion of fractions of biliary acids and elec-
trolytes [10].

The hyperbilirubinemia of cholestatic jaundice
can no longer be attributed to a reflux of bile into
the blood through a widened junctional apparatus
as was previously maintained. The current more
probable hypothesis is that of so-called ‘transhepa-
tocytic regurgitation’ through a retrograde dia-
cytose process by means of vesicles through the
hepatocyte cytoplasm or by inversion of the sec-
retory polarity of hepatocytes.

3. VIRAL HEPATITIS

Electron microscopy has made a fundamental con-
tribution to the study of the viruses responsible for
hepatitis A, B and non-A non-B, enabling their
morphological characterization and cellular locali-
zation to be established together with the antigens
correlated to them.

3.1. Hepatitis type A virus (HAV)

This virus was observed for the first time in 1973

[11] in stools taken during the acute phase of the
disease from volunteers experimentally infected
with serum from patients suffering from hepatitis
A.In 1974 [12], the presence of similar particles was
demonstrated in the serum and liver of infected
monkeys. It is a small virus (25-28 nm) with cubic
symmetry and no external envelope or subunits.
Both ‘full’ (unpenetrated by stain) and ‘empty’
(penetrable by stain) particles have been detected by
immunoelectron microscopy. The ‘empty’ particles
at low buoyant densities probably represent virions
devoid of nucleic acid. However, these are immu-
nologically indistinguishable from the ‘full’ par-
ticles. The nucleic acid contained in viral particles
proved to be RNA, so that the virus should belong
to the enterovirus group of picornaviruses [13].
HAYV has been identified in the liver homogenate of
infected marmosets by using immunoelectron
microscopy [14] and later in bile, feces, and liver
homogenate of experimentally infected chimpan-
zees [15].

Using an immunofluorescence technique, the
presence of this viral antigen has been identified in
the cytoplasm of hepatic cells from experimentally
infected chimpanzees [15], and this finding was
confirmed by an immunoperoxidase technique. The
distribution of HAV was fine, granular, and ‘scat-
tered’ throughout the cytoplasm, with complete
negativity of the nucleus. Using immunoelectron
microscopy, it has been possible to observe 27-nm
particles in cytoplasmic vesicles and positive re-
action at the level of vesicle membranes, rough
endoplasmic reticulum, and polyribosomes [16].

The mechanism by which HAV causes hepatitis is
still unknown. It remains to be established whether
the virus has a cytopathic effect or whether it is the
immune response to it which causes hepatocyte
necrosis. Nevertheless, the majority of patients with
type A viral hepatitis can expect a full recovery.

3.2. Hepatitis type B virus (HBYV')

This virus corresponds morphologically to the
‘Dane particle’. This is a spherical double-shelled
particle with a diameter of 42 nm. It is a circular
double-stranded virus composed of an inner core
about 28 nm in diameter which can be immunologi-
cally and morphologically correlated with the he-
patitis B core antigen (HBcAg), and a double outer



shell corresponding, from an immunological point
of view, to the hepatitis B surface antigen (HBsAg).
The Dane particle was first identified in patients’
serum by negative staining or by immunoelectron
microscopy [13]. Later, it was possible to localize
the particle at the ultrastructural level in the vesicles
of the smooth endoplasmic reticulum [17, 18], and
this finding was confirmed by immunoelectron
microscopy [19]. The Dane particle has rarely been
observed in the sinusoidal space [18].

This virus has at least four different types of
antigen:

3.2.1. Hepatitis B core antigen (HBcAg) is the
nuclear component of HBV. It has an icosahedral
symmetry and measures around 27-28 nm with a 2-
nm-thick envelope. HBcAg does not circulate
freely, but has been identified by different authors
both in the nucleus and in the cytoplasm of hepa-
tocytes infected with HBV in the form of ‘empty’ or
‘full’ spherical particles (Figs. 3 and 4). These
particles differ from those corresponding to the
central part of HBV since the DNA is single-
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stranded and DNA polymerase is absent [20]. At
high magnification it is possible to detect electron-
dense subunits 2.5 nm in diameter closely connected
to each other forming the envelope of the actual
particle. The nucleus of the hepatocytes containing
the HBcAg appears hypertrophic with marked
rarefaction of the nucleoplasm and chromatin in
the HBcAg-rich nuclei.

In poor HBcAg cases, these particles are evenly
spread throughout the nucleoplasm without dis-
turbing nuclear density. In some cases, HBcAg may
be localized around the nuclear pores [18], and even
in the perinuclear cisterna [21]. Its presence in the
pars amorpha of the nucleoli has also been de-
scribed [21, 22]. These particles can be found in the
cytoplasm in small aggregates or as isolated par-
ticles scattered in the hyaloplasm [17], sometimes
even in close proximity to the plasmalemma [23].
Similar particles with a blurred edge, hence called
‘cloudy particles’, have recently been observed [18],
but their nature has yet to be assessed. Very rarely,
aggregates of HBcAg have been localized in mem-
brane structures, probably phagosomes.

Figure 3. Hepatitis B. HBcAg in the nucleolus and nucleoplasm (arrows) and in the cytoplasm (arrowhead); x 36,000.
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Figure 4. Hepatitis B. Empty (arrow) and full (arrowhead) HBcAg particles in the cytoplasm; x 140,000.

3.2.2. Hepatitis B surface antigen (HBsAg) can be
found in the circulation by using negative staining
or immunoelectron microscopy, both on the outer
surface of HBV and in the form of particles 19-21
nm in diameter with a spherical or tubular shape —
the latter varying in length between 50 and 230 nm
[24]. Particles analogous to those observed in the
serum have been identified within dilatated vesicles
of the smooth and rough endoplasmic reticulum
(Fig. 5) [25]. These particles made up of slightly
electron-dense material may be spherical (with a
diameter of around 35 nm and an electron-opaque
core) or have a tubular shape variable in length.
The first type of particle, often present in the same
vesicle in groups of four or five, represent transverse
sections of the second kind. No image ascribable to
these particles has been identified in the hyalop-
lasm, the nucleus, or in the Golgi apparatus.
Equivalent images, but with a diameter ranging
20-30 nm were later pointed out by other authors
[26].

HBsAg can be found in several cytoplasmic zones
of the hepatocyte or spread throughout the entire

cytoplasm. With light microscopy, these hepa-
tocytes present a cytoplasm characterized by a zone
of fine, even, shiny eosinophilia and have been
defined as ‘ground-glass hepatocytes’. The study of
this type of hepatocyte under the electron micros-
cope has revealed a smooth, hypertrophic endoplas-
mic reticulum with dilatated cisternae containing
the particles described above and a displacement of
organelles to the periphery of the cell.
Localization of HBsAg at hepatocyte membrane
level by using immunofluorescence and immunope-
roxidase techniques [19, 27-29] has been interpreted
as a sign of disease activity (Fig. 6). It is now
accepted that HBV is not a cytopathic virus. What-
ever the mechanism responsible for direct hepa-
tocyte damage may be, viral antigens have to be
found located around the plasma membrane. In this
way the hepatocyte becomes a target structure for
the immunocompetent reaction. Among the various
antigens associated with HBV, it seems more and
more probable that HBsAg is the one with a real
‘target’ function [23]. Nevertheless, ultrastructural
research [18, 21] has not led to identification at this
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Figure 5. Hepatitis B. Clear evidence of HBsAg into the cisternae of smooth endoplasmic reticulum (arrows); x 36,000.

Figure 6. Hepatitis B. Immunoperoxidase technique. HBsAg localization on hepatocyte plasma membrane (arrows); X 36,000.
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level of typical particles ascribable to HBsAg, even
though a rearrangement of the plasmalemma has
been detected.

Recent immunoelectron-microscopic studies [19,
30], have thoroughly characterized the two anti-
gens, supplying further information on their exact
localization, replication, and the way they are
released from the hepatocyte. In some cases, the
identification of HBcAg, mainly in ribosomes, free
polyribosomes, and around the nuclear pores, but
very rarely in the nuclei of the actual hepatocytes,
has led to the hypothesis that this antigen is
synthetized in the cytoplasm, migrates to the nu-
cleus, and later returns to the cytoplasm [30] On the
other hand, the localization of HBsAg in the
perinuclear space in the cisternae of the endoplas-
mic reticulum and on its membranes, such as the
hepatocyte membrane, confirms the suggestion that
this antigen is produced in the endoplasmic re-
ticulum. The fact that Dane particles have been
found in the cisternae of the endoplasmic reticulum
implies that once they have penetrated the nucleus
from the cytoplasm, the particles corresponding to
HBcAg migrate through the nuclear pores toward
the cytoplasm and are coated with an HBsAg-
positive membrane in the cisternaec of the en-
doplasmic reticulum to then be released into the
intercellular space together with other HBsAg-
positive particles, by a process of inverse phago-
cytosis. This hypothesis is supported by the fact
that Dane particles have been found in the Disse
and intercellular spaces. The different cellular dis-
tribution of HBV antigens is recognized to have a
precise diagnostic and prognostic meaning [23, 27].

3.2.3. The third antigen is the so-called HBeAg
(hepatitis B e antigen). The fact that anti-HBe-
positive sera can agglutinate Dane particles [31]
implies that this antigen is present on the outer
surface of Dane particles. HBeAg has been loca-
lized by some authors [31] by using immunofluores-
cence in the cytoplasm and by others in the nucleus
of infected cells [32]. There is no evidence to date of
ultrastructural identification even though various
interpretations have been put forward [33, 34]. The
exact nature of HBeAg is still unknown.

3.2.4. The fourth antigen, called ‘9’ [35], was loca-
lized by using immunofluorescence in the nucleus of

hepatocytes from patients with HBsAg-positive
chronic hepatitis, usually mutually excluding the
intrahepatocyte presence of HBcAg. Using electron
microscopy, electron-dense granular structures,
20-30 nm in diameter with blurred edges, have been
localized at the level of these nuclei. They are
frequently associated with heterochromatin and
occasionally found free in the euchromatin. These
observations were further confirmed by im-
munoelectron microscopy [36]. The nature of the ‘6’
antigen is the object of current investigation.

3.3. Non-A non-B hepatitis virus (NANBYV)

This virus [37] is responsible for the onset of a form
of viral hepatitis that has not been correlated with
any of the viruses identified to date. According to
some authors, this virus is responsible for the
majority of cases of posttransfusional hepatitis.
Recently [38], immunoelectron microscopy has
been used to detect the presence of viral-like par-
ticles, 25-30 nm in diameter, on the liver homo-
genate of infected chimpanzees. Electron micro-
scopy has revealed particles 40-60 nm in size,
resembling the structure of togavirus, in the urine of
three patients suffering from acute viral hepatitis
not ascribable to other viruses [39]. This antigen has
been localized at the nuclear level by using immuno-
fluorescence [40, 79-83].

3.4. Acute viral hepatitis

In this disease, ultrastructural alterations are detect-
able both in the parenchyma and in the portal
tracts. Lobular subversion is caused by pleomor-
phism of the hepatocytes and the concomitant
mesenchymal reaction. The main alterations re-
sponsible for the heterogeneity of hepatocyte mor-
phology are acidophilic degeneration of the liver
cells with the formation of acidophilic bodies, and
their swelling with the formation of ballooning
cells. During acidophilic degeneration, the hepa-
tocytes, smaller in size than those commonly found
in normal liver, appear extremely eosinophilic with
a pycnotic nucleus. An electron-dense hyaloplasm,
widespread organelle damage, and a somewhat
retracted nucleus can be seen under the electron
microscope. At a more advanced stage, the acid-
ophilic body surrounded by a light halo is found



displaced outside the hepatocytes or inside the
Kupffer cells [41].

These roundish bodies show a strongly electron-
dense hyaloplasm with a few organelles which are
usually shrunken. The nucleus is wrinkled and
sometimes only nuclear debris is detectable in its
place. Glycogen particles and polyribosomes are no
longer present. These degenerative phenomena
have been ascribed to dehydration with a selective
loss of potassium [41]; however, an alteration in
nuclear function could also lead to early cell death.

Several hypertrophic Kupffer cells can sometimes
be detected close to the acidophilic bodies, a warn-
ing sign of a phagocytosis of necrotic material.

The so-called oncocytoid cell forms part of the
acidophilic degeneration. This cell is characterized
by a thick cluster of mitochondria containing large
granules with an electron-dense matrix and no
shrinkage of the cell hyaloplasm [41].

During ballooning degeneration, the cellular vo-
lume of the hepatocyte is considerably greater than
average. The cytoplasm appears studded with
small, slightly eosinophilic granules mainly dis-
placed around the nucleus. Under the electron
microscope, it is possible to observe a marked
proliferation and dilatation of vesicles of the
smooth and rough endoplasmic reticulum which
may appear degranulated. The mitochondria are
swollen and take on various shapes and sizes until
they look like megamitochondria or they may have
a very thick matrix. Granules of bile pigment may
be present in the hyaloplasm together with a re-
duction in the number of glycogen particles. A
swelling of the sinusoidal face may also be seen with
the formation of blebs which are a warning sign of a
break in the plasmalemma and discharge of its
content. Areas of focal lithic necrosis are sometimes
detectable in the cytoplasm. The microvilli appear
enlarged and distorted around the bile capillary,
sometimes with an accumulation of bile matrix of
granular appearance within the lumen. A complete
loss of microvilli is occasionally seen together with a
thickening of the pericanalicular ectoplasm, caused
by an increase in contractile filamentous structures.

In acute viral hepatitis with cholestasis, the so-
called lamellar bodies can be found in the hepa-
tocyte, made up of a double chain of phospholipids
produced by the interaction of bile with membrane
phospholipids [41]. The nuclear membrane of the
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hepatocytes may be irregular and undulating with
focal dilatations which may give rise to pseudoin-
clusions of cytoplasmic material. Real inclusions
made up of fat droplets or clusters of glycogen
particles can also be observed in the nucleus [41].
Nuclear chromatin appear enriched and usually
displaced to the periphery of the nucleus. There is a
high incidence of so-called ‘nuclear bodies’ [42],
considered signs of a state of hyperactivity on the
part of the hepatocyte. Several cells are bi- or
multinucleate and nucleoli are often increased in
number. These aspects can be ascribed to the
hepatocyte’s regenerative processes.

Alongside hepatocyte pleomorphism, the intralo-
bular mesenchymal response contributes to sub-
version of the lobular structure. Kupffer and en-
dothelial cells increase in number and appear hyper-
trophic. The former show an intense phagocytic
activity, incorporating cellular debris and necrotic
material. They are densely packed with granules of
yellowish-brown pigment, known as ‘ceroid pig-
ment.” Under the electron microscope, the structure
of the Kupffer cells is characterized by a marked
increase in the rough endoplasmic reticulum and the
presence of various dense bodies, probably lyso-
somes, amorphous debris, hemosiderin, lipofuscin,
and biliary material.

Polymorphonuclear leucocytes and lymphocytes
are also found in the Disse space, sometimes invad-
ing the intercellular space. The appearance of a thin
basal membrane around the sinusoidal face of the
hepatocyte, together with an increase in collagen
fibers in the Disse and intercellular spaces, may be
responsible for disorders in microcirculation and
hence a reduction in the hepatocyte’s average life.
This alteration has been called ‘sinusoidal capillari-
zation’ [43].

A marked infiltration of mononuclear cells, main-
ly lymphocytes mixed with histiocytes, plasma cells,
and sometimes neutrophil granulocytes can be seen
around the portal space and, in some cases which
often develop toward the chronic stage of the
disease, around the periportal space as well. The
bile ductules present alterations soon after the onset
of jaundice. In most cases, the lumen is dilated with
a reduction or disappearance of the microvilli of
epithelial cells which reveal different hyaloplasmic
densities. Cytoplasmic ‘blebs’ or cellular debris may
appear within the lumen. The ductules and the
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ducts are constantly infiltrated by lymphocytes and
neutrophil granulocytes [44].

3.5. Chronic hepatitis

Portal and periportal alterations predominate over
intralobular ones in chronic hepatitis. Persistent
chronic hepatitis is characterized by a marked portal
inflammation composed mainly of lymphocytes
and histiocytes and, to a lesser extent, fibroblasts,
plasma cells, and eosinophil and neutrophil leu-
cocytes. A slight increase also occurs in the number
of ductules and ducts, which always have a lumen.
The boundary line between the portal tract and the
lobular periphery parenchyma is clearly marked.
The periportal hepatocytes show a slight dilatation
of the cisternae of the endoplasmic reticulum, an
increase in glycogen granules and fat droplets, with no
alteration of other organelles. The lobular structure
is retained. At the lobular level, a very slight
pleomorphism of the hepatocytes and their nuclei
can be detected, accompanied by a negligible mesen-
chymal reaction. The size and shape of the mit-
ochondria is often above average with paracrystal-
line inclusions in their matrix. At the nuclear level,
various nuclear bodies can be identified.

3.6. Chronic aggressive hepatitis

A more serious involvement of the portal and
periportal spaces occurs in chronic aggressive he-
patitis, with a spread of the inflammatory infiltrate
beyond the limits of the portal tract and consequent
piecemeal necrosis of the hepatocytes in zone 1 of
the Rappaport acinus. In some cases, lymphocytes
can be observed closely adhered to the hepatocyte
membrane, causing lysis of the latter [45]. In the
periportal region, ballooning cells and acidophilic
bodies are easily recognizable, surrounded by lym-
phocytes, macrophages, and fibroblasts. Subcellu-
lar changes in the hepatocytes found in the Rappa-
port zones 2-3 are characterized by a decrease in the
rough endoplasmic reticulum, proliferation of the
smooth endoplasmic reticulum, and vesicular trans-
formation of both. Mitochondrial alterations, auto-
phagosomes, and accumulations of hemosiderin
and lipofuscin can be found together with areas of
cytoplasmic focal necrosis [41].

Collagen fibrils are packed into the Disse and

intercellular spaces, isolating the hepatocytes from
the rest of the parenchyma and producing a re-
arrangement in the lobular structure. Lipocytes are
present in large numbers and, as the precursors of
fibroblasts, they take an active part in the process of
hepatic fibrosis [46]. Cellular debris, hypertrophic
Kupffer cells, lymphocytes, and plasma cells are
found in the sinusoidal spaces. A dilatation of the
intercellular space between the hepatocytes is fre-
quently observed with a proliferation of microvil-
lous formations. An increase in the number of
ductule structures, sometimes devoid of a lumen
and placed directly in contact with the hepatocytes,
is visible in the portal space dilated due to intense
fibrosis and inflammatory infiltration [45].

As the lymphoplasma cell infiltration process
continues, accompanied by the simultaneous nec-
rosis of individual hepatocytes, septa of connective
tissue spread within the parenchyma. These septa are
considered active in that they are formed by in-
flammatory infiltration, fibroblastic proliferation,
and neoformation of connective tissue fibers. The
septa disturb the lobular structure, but do not cause
nodular regeneration at this stage. In cases of
chronic active hepatitis with cholestasis, the typical
modifications of cholestasis are added. More than
half the patients with the above alterations develop
cirrhosis.

An important ultrastructural study of the livers
of chimpanzees infected with HAV and HBV has
revealed several significant differences. In HAV
infection, the most conspicuous alterations have
been detected at the cytoplasmic level in the mit-
ochondria, which are roundish with a thickened
matrix and irregular-shaped cristae while the
smooth endoplasmic reticulum appears vacuolized.
In HBV infection, on the other hand, the mitochon-
dria show no particular alterations and the smooth
endoplasmic reticulum reveals tubular hypertrophy
[43]. Evidence of two different pathogenetic me-
chanisms has therefore been suggested. At the
present time, there are no comparative ultrastruc-
tural studies on HBV and non-A non-B viral
hepatitis.

4. ALCOHOLIC LIVER DISEASE

There are basically three morphologic types of liver



damage from alcohol: hepatic steatosis, alcoholic
hepatitis, and cirrhosis.

Alhough an excessive intake of alcohol is almost
always associated with liver steatosis, it does not
necessarily lead to alcoholic hepatitis or cirrhosis
since sex and genetic factors are also involved in this
progression [48]. These three morphological pic-
tures can be observed separately or together. The
accumulation of lipids detectable in a morphologi-
cal examination is preceded by small collections of
fat which can be revealed only with chemicals. Liver
steatosis is characterized by the intracytoplasmic
presence of lipids (mostly triglycerides and, to a
lesser extent, phospholipids and cholesterol) in the
form of fine droplets or large vacuoles which stretch
the cytoplasm to the point of displacing the nucleus
to the periphery. Fatty deposits may be spread
throughout the lobule or be preferentially displaced
in the centrolobular zone. Parenchymal inflam-
mation is absent or slight at this stage and the
portal spaces are normal or slightly infiltrated by
mononuclear cells with a slight amount of newly
formed fibrous tissue.

Under ultrastructural observation, the fat va-
cuoles have a diameter varying from 30 to over 200
nm. Initially, the smallest lipid droplets are dis-
placed around the sinusoidal face. Later, the largest
ones may be displaced anywhere in the hyaloplasm.
Sometimes these vacuoles are surrounded by a
membrane. Hepatocytes called lipogranulomes,
whose cytoplasm is almost completely replaced by a
large fat vacuole and appears surrounded by mo-
nonuclear cells and histiocytes, can also be seen in
most cases of alcoholic hepatitis. Mitochondrial
changes of various types are already observed at
this stage. Mitochondria of normal size are noted
with disorientated cristae, increase in size of the
dense granules of the matrix, and the presence of
vacuoles with fibrillar and lamellar inclusions and
paracrystalline structures. Some mitochondria ap-
pear larger, with a considerably polymorphous
appearance [49]:

— Spherical megamitochondria with a maximum
diameter of 10-12 um and a matrix density the
same as normal mtochondria.

— Elongated megamitochondria (up to 15 um),
usually containing protracted crystalline in-
clusions with the major axis parallel to the
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longest part of the organelle.

— Irregular megamitochondria with a large number
of cristae and variously displaced crystalline
inclusions.

Nevertheless, megamitochondria should not be
considered specific alterations of alcohol liver dam-
age since they are found in other liver diseases.

There is a proliferation of the vesicles of the
smooth endoplasmic reticulum which may appear
dilated.

When hepatic steatosis is complicated by the
onset of alcoholic hepatitis, the histological diag-
nosis is based on the presence of alcoholic hyaline
Mallory bodies surrounded by neutrophil polynuc-
leates in the liver cells, especially the centrolobular
ones, and on a process of necrosis and fibrosis
which occludes the centrolobular veins, so-called
‘acute hyaline sclerosing necrosis.” The portal spa-
ces appear enlarged with an increase in mononuclear
cells and a proliferation of bile ductules. A slight
interstitial fibrosis is associated with portal fibrosis.
In some cases, intercellular biliary thrombi and
hepatocellular bile pigment can be observed. Chol-
estasis has been related to the formation of Mallory
bodies [50].

Mallory bodies are highly indicative of alcohol
liver damage, even though they are seen in other
liver diseases [50]. As well as in hepatocytes, these
bodies have been reported in bile duct cells [51] and
ductule cells [52]. Their massive presence may
signify a probable evolution toward cirrhosis [53].
They are composed of cytoplasmic accumulations
of filamentous material of a lipoprotein nature due
to synthesis increase. These filaments seem to con-
tain an actin-like protein [54], and some authors are
inclined to consider them similar to the intermediate
filaments of the liver cell [55] and that their aggre-
gation derives from an antimicrotubulin action of
ethanol [48]. In fact, Mallory bodies appear to
interfere with normal hepatocyte functions, reduc-
ing them to those of transport and secretion. It is
thought that they may represent neoantigens able to
evoke T-lymphocyte hyperreactivity [56].

There also is an association between Mallory
bodies and lymphocytic infiltrates, even though the
latter are not necessarily found in the same zone as
the Mallory bodies [48]. The presence of these
lymphocytic infiltrates implies that they have a
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cytotoxic effect equivalent, though to a lesser
degree, to that detectable in chronic active hepatitis.
Furthermore, an in vivo chemotactic activity of
Mallory bodies for polymorphonuclear leucocytes
has been identified [57]. In fact, polymorphonuclear
leucocytes attack the cells containing Mallory
bodies, destroying their plasmalemma and coming
into direct contact with cellular organelles.

Three morphological variants of Mallory bodies
are known at the ultrastructural level [38]:

— type 1, made up of fibrils in a parallel arrange-
ment with a diameter of 14.1 nm;

- type 2, the most frequent, composed of filaments
orientated at random, with an average diameter
of 15.2 nm;

— type 3, characterized by the almost complete
disappearance of fibrillar structures composed of
granular or homogeneous electron-dense ma-
terial.

There are also other hepatocellular alterations cor-
related with this disease, even though they are
nonspecific. The nuclei are large with prominent
nucleoli [58]. There is a reduction in the number of
profiles of the rough endoplasmic reticulum, which
is recognized by aspects of dilatation, degranu-
lation, fragmentation, and vesiculation. The Golgi
complex appears hypertrophic and dilated, and a
considerable increase in small electron-dense drop-
lets, 3040 nm in diameter, are noted within its
membranous structures. There is an increase in
autophagic vacuoles containing lamellar and os-
miophilic amorphous material. The onset of the
phenomenon called ‘sinusoid capillarization’ occurs
in the Disse space, with subsequent interference in
nutritive exchanges between the hepatocyte and the
sinusoidal blood. This event may be an important
factor in the pathogenesis of alcoholic liver disease
[59].

The Kupffer cells are increased in number and
are hypertrophic, and are rich in vacuoles of pino-
cytosis and phagocytosis.

Fibrosis and/or cirrhosis occur in 10%-30% of
patients with a history of chronic alcoholism. It has
been proved that alcoholic hepatitis is associated
with an exasperated turnover of collagen tissue [60].
In fact, when the alcoholic disease becomes chronic,
the presence of an increased number of fibroblasts

in close apposition to bands of collagen fibers is
noted between hepatocytes and sinusoids and in the
portal space. This leads to a neoformation and
deposition of collagen fibers with the consequent
formation of septa followed by cirrhotic nodules.
Alongside the fibroblasts, numerous myofibro-
blasts are noted, probably involved in the retraction
of fibrous septa given their contractile capacity.
Furthermore, there is a considerable increase in
lipocytes [61], considered the precursors of fibro-
blasts, which are also in close contact with small
bands of fibrils packed on the extracellular wall of
the plasma membrane.

S. PRIMARY BILIARY CIRRHOSIS

Primary biliary cirrhosis is a chronic liver disease,
probably of immunological pathogenesis, charac-
terized by a significant reduction in interlobular
and septal ducts with a consequent progressive
alteration in bile flow [62]. The disease is divided
into four different histological patterns which may
occur separately or together. Stage I: destructive
nonsuppurative cholangitis or florid duct lesions;
stage II: ductular proliferation; stage III: scarring
phase; stage I'V: fully developed cirrhosis. However,
florid duct lesions are detectable in 389/ of cases in
stage I, 459 in stage I1, 199 in stage 111, and 15% in
stage IV [62].

Bile duct lesions seem to be mediated by the
formation of immune complexes [63] and are the
most characteristic lesions of stages I and II, to-
gether with the accumulation of inflammatory cells
(mainly lymphocytes, macrophages, and plasma
cells) in the portal spaces and the presence of
lymphatic follicles with germinative centers, epi-
thelial granulomes with giant cells, and the swelling
of the ductal epithelial cells.

Under ultrastructural observation, the bile ducts
present a dilated lumen with a reduction in the
number of microvilli, which appear shortened and
edematous to the point of disappearing completely.
Numerous cytophagosomes and lysosomes con-
taining myelinic figures can be observed in the
cytoplasm of duct cells. At this stage, a few scat-
tered filamentous structures can already be seen in
the hyaloplasm, arranged separately, or grouped in
bands. Numerous cytophagosomes and mitochon-



dria showing curling of the cristae and crystalline
inclusions in their matrix are present in the liver
cells. ‘Glycogen bodies’ and peroxysomes increased
in volume have also been described [52]. The bile
canaliculi appear normal even though edematous
microvilli are sometimes seen.

As the bile ducts are gradually destroyed and
replaced by fibrous tissue, there is a proliferation of
bile ductules (stage II) displaced to the marginal
zone of the periportal space, surrounded in turn by
an abundant lymphoplasma cellular exudate.

Near the periportal space, the hepatocytes show
signs of irregularly spread cholestasis and cytoplas-
mic agglomerates whicH have the staining and
ultrastructural characteristics of Mallory hyaline
substance [64]. Periportal fibrosis is also present.

Under the electron microscope, the lumen of bile
ductules devoid of microvilli is often dilated and the
surface of the ductule cells facing the lumen contain
electron-lucent vesicles which may rise from the
luminal surface, completely filling the lumen. In the
epithelial cells of the bile ductules, a marked in-
crease in filamentous structures can be seen group-
ed in thick bands, displaced close to the cellular
membrane or grouped around the mitochondria
and other organelles (Fig. 7). A reduction in the
number of cytophagosomes and lysosomes occurs
while a vacuolization of the rough endoplasmic
reticulum appears with degranulation. The basal
membrane may still be intact [52] or doubled with
many collagen fibers wrapped around the ductule.
The number of cytophagosomes in the hepatocytes
is clearly below that of stage I, and intramitochon-
drial crystals can still be observed. The periphery
bile canaliculi, especially those situated between
three or more cells, are dilated with a loss of
microvilli which appear shortened and edematous.

As the disease gradually develops, the bile duc-
tules are destroyed as well, the inflammatory pro-
cess declines, and an irregular often star-shaped
scar is formed (stage III). Connective septa then
spread out of the portal space, followed by the
formation of regenerative nodules (stage 1V).

During these stages, the most characteristic sign
is that of a large number of hepatocytes in the
periportal region or at the periphery of the re-
generative nodules, which become heavily stained
due to the copper [62]. The typical ultrastructural
alterations of stages III and IV consist of thickening
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and doubling, followed by breakage of the basal
membrane of residual bile ductules, while the plas-
ma membrane of the ductule cells remains intact. A
reduction in the ductule lumen with an absence of
microvilli also occurs [52, 65]. A further increase in
filamentous structures is detectable in the cyto-
plasm of the epithelial cells of the bile ductules [66].
which also reveal hypertrophy of the Golgi complex
and rarefaction of the rough endoplasmic reti-
culum, which appears vesiculated or vacuolized
[65]. A reduction in the ribosomal component also
occurs. Some authors have also observed a signifi-
cant presence of cytophagosomes and lysosomes
increased in volume during these stages [65].

The cells of the biliary epithelium usually present
an increased volume with an electron-lucent cyto-
plasm, alternated with other cells with a thickened
cytoplasm tightly packed with organelles. The bile
ducts are often surrounded by macrophages and
sometimes infiltrated by polymorphonuclear leu-
cocytes [52].

Hepatocytes may reveal the characteristic alte-
rations of cholestasis, with extensive rearrangement
at the biliary pole level. They have lysosomes
increased in volume, cytophagosomes [65] and me-
gamitochondria with crystalline inclusions in ex-
tremely complicated shapes [52]. The phenomenon
of sinusoid capillarization is a fairly common
finding.

It is well known that the antimitochondrial anti-
body can be found in circulation in most cases of
primary biliary cirrhosis: by using immunoelectron
microscopy, the antigen can be localized on the
internal face of the membrane and on the mit-
ochondrial cristae [67].

6. CONSTITUTIONAL HYPERBILIRUBINEMIA

Disorders of bilirubin metabolism in hepatocytes
are the cause of nonhemolytic constitutional hy-
perbilirubinemia (NHCH). It is possible to recog-
nize characteristics of familiarity with genetic trans-
mission which is not always fully established. The
pathogenesis of this disease probably lies in an
hereditary enzymatic defect connected to carrier
systems of the vascular pole, metabolic conjugation
systems of the smooth endoplasmic reticulum, and
enzymatic systems of canalicular excretion. Two
main groups of NHCH have been identified:
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Figure 7. Primary biliary cirrhosis. Bundles of microfilaments (arrows) in the cytoplasm of ductular epithelial cells (DC). L, lumen;
% 12,000.



— Nonconjugated bilirubin hyperbilirubinemia due
to purification and conjugation deficiencies such
as Gilbert syndrome and Crigler-Najjar syn-
drome.

— Conjugated bilirubin hyperbilirubinemia due to
purification, accumulation and excretion de-
ficiencies such as Rotor syndrome and Dubin-
Johnson syndrome.

Light-microscopic analysis of liver biopsies from
such patients produces findings which are usually
normal and only reveal the pathognomonic sign of
an accumulation of pigment in a few cases. There-
fore, the submission of biopsies from suspect pa-
tients to electron-microscopic analysis has long
been advised for NHCH.

Nevertheless, even though NHCH is theoretically
an excellent model of submicroscopic research
(study of samples which are already known ‘a
priori’ to be deficient or lacking a specific func-
tional activity), considerable difficulties still exist in
making an etiopathogenetic connection between
ultrastructural observations and functional data
relative to disorders of bilirubin metabolism. In
fact, at the current stage of interpretation, the
ultrastructural characteristics of bioptic samples
from these patients do not seem to help either a
better understanding of pathogenetic mechanisms
or the differential diagnosis of the disease.

The alterations most commonly observed and
reported in the literature which have gradually been
assessed or reconsidered concern [68, 69]:

— The hepatocyte vascular pole. Aspects of ‘si-
nusoidal fragility” are seen (to variable degrees), i.e.,
a reduction and distortion of hepatocyte microvil-
lous expansions together with the presence of amor-
phous material, mainly fragments of organelles or
hepatocyte hyaloplasmic inclusions, in the Disse
space (sometimes dilated) or in the sinusoidal lu-
men, aspecific changes in the endothelial cells and
bands of collagen fibers in the Disse space. Accord-
ing to some authors, these aspects constitute a
defect of the vascular pole of the hepatocyte and of
the sinusoidal endothelium (endothelial-hepatocyte
meiopragia). This finding is considered to be of some
pathogenetic interest especially in unconjugated
bilirubin congenital jaundice (Gilbert syndrome)
and in an acquired from (Kalk posthepatitic hyper-
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bilirubinemia) probably caused by a purification
deficiency which is thought to be produced by a
structural defect of the cellular membrane and/or
the Disse space.

— Hepatic pigmentation. In particular, those
forms of pigment inclusions, commonly called ‘spe-
cific inclusions’, should be taken into account.
Ultrastructural findings show them surrounded by a
membrane and made up of two basic morpho-
logically separate components present in variable
amounts, depending on the type of syndrome in
question (Gilbert syndrome, Rotor syndrome,
Dubin-Johnson syndrome). In fact, a granulofila-
mentous component of medium to low density (of
protein nature) is found together with a component
of globular-amorphous aspect (which can probably
be ascribed to unsaturated fatty acids). It seems that
these inclusions are in some way correlated with
lysosomal structures (secondary lysosomes) and at
least one of them (which accumulated in Gilbert
syndrome and is made up of a small amount of
granulofilamentous material which surrounds pro-
minent lipid globules) cannot really be distin-
guished from lipofuscin granules.

— Mitochondria which reveal aspecific alterations
such as variable shapes and sizes and frequently the
presence of paracrystalline inclusions in the matrix.

~ Smooth endoplasmic reticulum which some-
times appears hypertrophic and dilated.

6.1. Gilbert syndrome

From a pathogenetic point of view, Gilbert syn-
drome is considered the result of low hepatocyte
bilirubin-UDP-glycuroniltransferase activity. Nev-
ertheless, it seems that alongside this primary enzy-
matic deficiency, other enzyme systems ought to be
involved. The alteration of these systems can also
be primary or secondary: enzyme chains respon-
sible for the formation of diglycuronide-bilirubin,
but also membrane enzyme systems with a carrier
function carrying out the purification and transport
of molecules of free bilirubin [70].

A light-microscopic examination of the hepatic
specimen generally reveals a substantially preserved
lobular structure. According to several recent ob-
servations [71], electron-microscopic study enables
Gilbert patients to be divided into two subpopu-
lations, one showing marked hypertrophy of the
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smooth endoplasmic reticulum (so-called Gilbert
EM+) (Fig. 8), and the other characterized by
hepatocytes with a submicroscopic aspect very
similar to that of normal subjects (so-called Gilbert
EM —). This morphological distinction also seems
to be retained in the evaluation of results of calorie
restriction and nicotinic acid stimulation tests. In
fact, the EM 4 subpopulation shows a significant
increase in free bilirubin compared with EM —
patients and controls in response to calorie re-
striction, while the response to nicotinic acid stimul-
ation does not produce statistically sighificant va-
lues, even though the difference between the sub-
populations persist. Nevertheless, in our opinion,
hypertrophy of the smooth endoplasmic reticulum
is too aspecific a submicroscopic finding.

6.2. Crigler-Najjar syndrome

Crigler-Najjar syndrome is an extremely rare con-
dition of serious unconjugated bilirubin hyper-
bilirubinemia of very early onset and chronic evolu-
tion. According to the most recent interpretations,
the Crigler-Najjar syndrome presents important

similarities with a situation of fetal liver persistence
with no glycuronyl transferase activity. In fact, this
syndrome appears to be the result of a serious
deficiency in the hepatocytes’ ability to conjugate
bilirubin [70, 72].

Ultrastructural observations [73] of biopsies from
carriers of the Crigler-Najjar syndrome have pro-
duced wholly aspecific findings.

6.3. Dubin-Johnson syndrome

In this disease, hyperbilirubinemia is mainly of the
conjugated type, but there may also be an increase
in the amount of unconjugated bilirubin [70]. Mac-
roscopically, the bioptic specimen is black or dark
brown. Under light-microscopic analysis, the lo-
bular structure appears normal without inflam-
matory alterations or significant changes in silver
impegnation. Pigment, much darker than lipofus-
cin, is deposited in the hepatocytes and may even be
very widespread. If the hepatocyte is not packed,
the pigment collects in the pericanalicular ecto-
plasm, especially in the centrolobular hepatocytes.
Pigment is also present in the Kupffer cells. His-

Figure 8. Gilbert syndrome. Smooth endoplasmic reticulum hypertrophy. M, mitochondria; x 16,000.



tological signs of cholestasis are not present. Under
submicroscopic analysis, changes in the plasma
membrane at the sinusoidal pole are slight as are
those of the rough (fragmentation, vesiculation)
and smooth (hypertrophy) endoplasmic reticulum,
mitochondria (paracrystalline inclusions in the ma-
trix), and the Golgi complex. A particular ultra-
structural finding is that of oval-shaped pigment
granules, 0.5-2.5 um in diameter, bound by a
membrane, especially concentrated around the per-
icanalicular ectoplasm (Fig. 9). Each granule is
made up of two subunits: a filamentous one, prob-
ably of protein nature, which constitutes the main
fraction of the pigment; and a globular one of
probable lipid nature (unsaturated fatty acids) pre-
sent in smaller amounts. In the Dubin-Johnson
syndrome, the granulofilamentous component of
protein nature predominates over the globular lipid
one in the pigment granules [68].

The overall chemical nature of the pigment is not
very clear. Some authors consider it to be of the
lipofuscin type while others think that it is com-
posed of melanin, or at least an anomalous melanin
variant. Recent studies based on data obtained
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from the ESR spectra of Dubin-Johnson pigment
[74] exclude the normal or anomalous melanin
component. The exact molecular characterization
of the pigment has not yet been achieved, but it is
almost certainly not uroporphyrin or copropor-
phyrin. Ultrastructural studies carried out by nu-
merous authors on bile canaliculi in the course of the
Dubin-Johnson syndrome have not revealed signifi-
cant abnormalities, apart from the limited dila-
tation of the canalicular lumen with a siight de-
crease in the number of microvillous evaginations
of the canalicular plasma membrane and the vari-
able presence of pigment granules within the actual
lumen.

6.4. Rotor syndrome

For a number of years, Rotor syndrome was
considered a variant of the Dubin-Johnson syn-
drome and hence the result of an altered canalicular
excretion of conjugated bilirubin. Later, the
demonstration of patients showing symptoms con-
sistent with Rotor syndrome, but with kinetic tests
of cholephylic stains indicating a deficiency in the

Figure 9. Dubin-Johnson syndrome. Pigment deposits into pericanalicular dense bodies; x 18,000.
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uptake and storage phases of the organic anions,
led this form of NHCH to be reassessed from a new
pathogenetic perspective. Most patients suffering
from Rotor syndrome are carriers of a primary
deficiency in hepatocyte uptake and storage of
bilirubin [70].

From a morphological point of view, according
to traditional descriptions, the absence of pigmen-
tation constitutes the distinctive sign of Rotor
syndrome compared with the Dubin-Johnson syn-
drome. However, according to some authors, there
are cases of liver cell accumulation of pigment.
Ultrastructural findings offer a very limited contri-
bution to the explanation of the pathogenetic me-
chanism underlying Rotor syndrome. Sporadic,
aspecific alterations have been described at the level
of the sinusoidal pole, such as a reduction in the
microvilli of the hepatocyte plasmalemma. The
perisinusoidal recesses and interhepatic spaces ap-
pear dilated. Data on mitochondrial changes are
highly conflicting: according to some authors, these
alterations are usual and include the size, shape,
and matrix density of these organelles, up to the
appearance of frequent megamitochondria [75].
According to others [69], the abnormalities consist
solely of the appearance of paracrystalline structures
in the matrix of the mitochondria. There have been
some reports of hypertrophy of the smooth en-
doplasmic reticulum and many vesicles and va-
cuoles in the Golgi complex. At the canalicular pole
level, a dilatation of the biliary canaliculi has been
described with a reduction in the number of micro-
villi [69]. This extreme variability is also detectable
at the submicroscopic level, both as regards the
amount of pigment stored and its aspect, i.e., the
relation between the two protein and lipid com-
ponents. According to some authors [68], the pig-
ment characteristic of Rotor syndrome is made up
of equal parts of the two components, at least in the
majority of cases.

7. STORAGE DISEASES

Several congenital metabolic disorders can lead to
intracellular storage of metabolites. Schematically,
there are at least four ways in which this can
happen:

— Synthesis of molecules with an anomalous struc-

ture which can no longer be recognized by the
cell’s catabolic systems (as in two forms of
glycogenosis, dextrinosis and amylopectinosis).

— Reduction (congenital or acquired) in the ability

of some substrates to bind particular metabolites
(for example, in Wilson’s disease or hepatolenti-
cular degeneration in which ceruloplasmin is
deficient or in some forms of atransferrinemia).

— Congenital anomaly of the synthesis control
mechanism of some macromolecules, followed
by their hyperproduction, as in some forms of
cholesterosis.

— Storage of metabolites within the cell due to their
reduced catabolism.

All the peculiar clinical metabolic disorders pro-
duced by these four pathogenetic mechanisms are
called storage diseases [76].

In recent years, growing importance has been
given to the now extensive group of storage diseases
which forms part of ‘congenital lysosomal diseases’
caused by the intracellular degradation deficiency
of some macromolecules produced or penetrated
within the diseased cell [77]. Electron microscopy
has made a decisive contribution to pathogenetic
investigation of this particular group of diseases
and today it is also a very useful diagnostic tool [78].
In fact, in recent years, it has been possible to
identify not only the type of organelle in which
storage occurs, i.e., lysosomes, but also the exact
morphological aspect of the stored substrate (Figs.
10-12).

There is no satisfactory classification of con-
genital lysosomal diseases. The traditional sub-
division into mucopolysaccharidosis, glycoli-
pidosis, and glycogenosis, which referred to the
stored substance, now seems inadequate because a
large number of forms with mixed storage have
been noted due to the frequency of the phenomenon
of genetic heterogeneity. These diseases regard
single, multiple, or as yet unidentified enzyme
defects which cause the simultaneous storage of
several macromolecules. There also exist congenital
lysosomal diseases with anatomoclinical character-
istics which do not fall within the groups already
defined.

Table 1 lists the main congenital lysosomal di-
seases in which visceromegaly is a prominent early
symptom and which therefore involve liver disease.
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Figure 10. Mucopolysaccharidosis. Great lysosomal vacuole (LV) filled with granulofilamentous material; x 14,000.

Figure 11. Mucolipidosis. Lysosomal vacuoles (LV) filled with glycogen particles, granulofilamentous material, and dense lipid
droplets (arrows); x 8600.
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Figure 12. Gaucher disease. Kupffer cell. Numerous large, irregular lysosomal vacuoles (LV) filled with characteristic tubular
material; x 34,200.



Table 1. Main congenital lysosomal diseases with visceromegaly

Mucopolysaccharidosis

IH

IH/S

11

111

v

VI

VII (neonatal hepatitis)

Glycolipidosis
Niemann-Pick disease types A, B, C
Gaucher disease: acute, juvenile, adult
Fabry disease

Oligosaccharidosis
Aspartilglycosaminuria
Mannosidosis
Fucosidosis

Mixed storage diseases
Known deficiency: Gangliosidosis
Austin disease
Unknown deficiency: mucolipidosis 11
mucolipidosis III

Known deficiency disease not covered by the preceding forms
Pompe disease
Wolman disease
Cholesterol storage of esters disease (CSED)

7.1. Mucopolysaccharidosis

Light microscopy reveals the presence of vacuoles
highly variable in size and number within the
hepatocytes. The ultrastructural equivalent is made
up of numerous roundish cytoplasmic vacuoles,
5-15 um in diameter, bound by a membrane. These
vacuoles are not located at any particular site
within the cytoplasm and only seem to prefer areas
of the pericanalicular ectoplasm in some cases.
Their content is scattered in flocculent-like for-
mations which ultrastructural cytochemical tech-
niques have shown to be of mucopolysaccharide
nature (Fig. 10). Other vacuolar inclusions may
contain polymorphous formations, such as more or
less electron-dense spherules or clusters of finely
granular material. The content sometimes appears
arranged in filamentous formations, while in-
clusions containing lamellar membranous struc-
tures are rare. Acid phosphatase activity is con-
stantly high at the level of all these vacuoles.
Kupffer cells sometimes seem to contain ‘zebra
bodies’ as well as a large number of lysosomes with
a clear matrix. In these cells, the lysosomal vacuoles
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are smaller than those of hepatocytes and are rarely
over 5 um in diameter.

7.2. Niemann-Pick disease

Three main forms can be identified on the basis of
clinical signs and the degree of enzyme deficiency
(acute infantile form, subacute form, and adult
form) which all share the same hepatosple-
nomegaly.

Prior to the development of electron microscopy,
the morphological diagnosis of Niemann-Pick dis-
ease was formed on the basis of the presence of Pick
cells, large elements with a diameter over 40 um
sometimes with two nuclei and often pycnotic.
After treatment with lipid solvents, these cells reveal
a fine areolar reticulum which gives them a charac-
teristic vacuolated honeycomb appearance or that
of foam cells. Using the May-Grunwald-Giemsa
method, sphingomyelin storage can be demon-
strated by revealing blue (lipidic) granules which
also prove positive to Sudan Black B and PAS
staining. Characteristic ‘Maltese crosses’ sometimes
appear under the polarizing microscope. At ultra-
structural examination, lysosomal vacuolar in-
clusions can be observed in the hepatocyte cyto-
plasm with a matrix containing membranous struc-
tures. This storage product is often arranged in
alternate dark and light lamellae with the character-
istic periodicity of complex lipids and a tendency to
settle concentrically or one parallel to the other.
Acid phosphatase tests are always positive at the
level of these lysosomal inclusions. Normal per-
ibiliary lysosomes are very scarce and sometimes
absent. The typical Niemann-Pick elements also
present lysosomal cytoplasmic inclusions contain-
ing electron-dense material sometimes alternated
with transparent lamellae, each at a distance of 4-5
nm. Kupffer cells appear larger than normal and
their cytoplasm is often packed with roundish
lysosomal formations containing granular or
granulofilamentous material, rarely lamellar in ap-
pearance.

7.3. Gaucher disease

Three main clinical forms of Gaucher disease have
been identified on the basis of the period of onset
and evolution (acute or infantile form, subacute or



158

juvenile form, and adult form), all of which are
characterized by splenomegaly. A cerebrosidic the-
saurosis lies at the basis of this disease, i.e., in-
tracellular storage of glucosilcerebrosides. Con-
spicuous storage of these lipids at the level of the
reticulohistiocyte cells is explained by the fact that
they are found in enormous quantities in eryth-
rocytes and leucocytes. In light microscopy, the
diagnosis of Gaucher disease is formulated on the
basis of the finding of characteristic Gaucher cells,
histiocyfes containing glucosilcerebrosides, in bone
marrow, the splenic red pulp and in lymphonodular
bioptic material. These cells appear large (20-80 xm
in diameter), round or oval, and are usually mono-
nucleate. At high magnification, their cytoplasm
presents typical, often parallel streaks. Ultrastruc-
tural analysis of Gaucher cells reveals how their
cytoplasm contains roundish or fusiform in-
clusions, 0.6-4.0 um in size, bound by a membrane
and detectable as lysosomes overloaded by constant
positivity to acid phosphatase. The structure of the
material stored within these inclusions appears
characteristic. They are tubular structures between
13 and 75 nm thick, tightly packed, and usually
parallel to the main axis of the lysosomal vacuole
(Fig. 12). They are separated by a thin line of clear
transparent matrix and are not penetrated by elec-
tron staining methods. Erythrophagosomes are also
present in Gaucher cells and this explains their rich
ferritin content detectable by using suitable analytic
ultrastructural methods. The hepatocytes appear
exempt from storage. From an ultrastructural point
of view, apart from the storage site, Gaucher
disease can be distinguished from other forms of
lipidosis by the peculiar submicroscopic character-
istics of the glucocerebrosides within dilated lyso-
somes, practically the only complex lipids never to
produce pseudomyelinic lamellar figures.

7.4. Gangliosidosis GM 1 ( Norman-Landing
disease)

Ultrastructural analysis of material from the liver
biopsies of patients with Norman-Landing disease
reveals the presence of vacuolar formations in the
hepatocytes. These formations are 0.3-11.0 gm in
diameter, bound by a membrane, and acid phos-
phatase positive with a matrix which has a basically
flocculent or medium-granular appearance and a

marked storage of disordered filamentous material
as well as rare amorphous-homogeneous spherules.
Each filament is 10-20 nm thick and 1.0-1.5 ym in
length; rarely the microfilaments are stacked in
groups of four to five. A more limited number of
hypertrophic secondary lysosomes contains lamel-
lar lipidic formations with a circular development.
The remaining organelle population of the hepa-
tocytes seems undamaged, and hypertrophy of the
smooth endoplasmic reticulum is noted only in
some cases while there is a certain decrease in the
rough reticulum. Vacuolar inclusions of lysosomal
nature, wholly similar to those of the hepatocytes,
are found in the sinusoid endothelial cells and
Kupffer cells.

7.5. Glycogenosis type 1l or Pompe disease

In Pompe disease, glycogen storage occurs within
the lysosomes of numerous parenchymal cells due
to the deficient action of acid maltase (acid alpha-
1,4-glucosidase). Light-microscopic analysis of the
hepatocytes of patients with Pompe disease pro-
duces findings which can be added to those detect-
able in other forms of glycogenosis, such as Von
Gierke disease. Under the electron microscope, a
considerable increase in the amount of hyaloplas-
mic glycogen can be seen in the hepatocyte, mainly
in the form of rosettes. At the same time, the
glycogen appears enclosed in vacuoles containing
acid phosphatase,called ‘glycogen residual bodies.’
The glycogen contained in them may appear both in
the form of rosettes and as single particles and is
called ‘lysosomal glycogen.’ It is therefore clear that
submicroscopic analysis is the only morphological
test able to distinguish between this and other forms
of glycogenosis. Most of the lysosomes overloaded
with glycogen are found in the hepatocytes, but
hypertrophic lysosomes of the ‘glycogen residual
bodies’ type can also be found in the endothelial
cells, Kupffer cells, and the epithelial cells of the bile
ductules.

In conclusion, as can be seen from this concise
chapter, electron microscopy has contributed a
great deal of new, important information to the
study of human liver pathology, together with a
better understanding of the data supplied by the use



of light microscopy. Further progress, particularly
as regards the more detailed morphological identifi-
cation of the different etiological agents of he-
patitis, shall result from the development and rou-
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10. RADIOLOGY OF THE LIVER

A.J. CHRISTOFORIDIS

1. INTRODUCTION

The advent of computed tomography (CT) opened
new horizons in the study of the gross radiologic
morphology of the liver and its pathological mani-
festations in vivo [1-5]. The use of ultrasound and
radionuclide imaging plays an active role in the
daily routine of clinical radiology. CT scanning,
however, with the now achieved short times of ex-
posure, from one to ten seconds, and the availabil-
ity of thin layers down to one millimeter thickness,
together with the reconstruction capabilities of the
newer CT units, gives a distinct advantage in many
cases over the other noninvasive modalities. The
cost of the examination and the absence of the CT
scanner even today from many hospitals, of course,
remains a serious obstacle in the utilization of this
most important modality as a routine procedure in
the daily clinical praxis. Invasive procedures, such
as arteriography, splenoportography, transhepatic
cholangiography, biliary drainage procedures, nee-
dle aspiration biopsies of the liver, and retrograde
pancreaticocholangiography, remain important ra-
diologic interventional procedures used commonly
in medical centers in the last several years. The
scope of this edition with its limitation of space
prevents us from describing these important in-
vasive radiological modalities in the examination of
the liver. Reference, however, to these will be made in
the discussion primarily of computed tomographic
examination of the liver, which is considered to the
most important development in diagnostic ra-
diology of the abdominal organs in reent years. It is
not within the objectives of this chapter to discuss
useful and time-honored examinations such as oral
cholecystography and intravenous cholangiog-
raphy, which will be mentioned only in the dis-
cussion of more recent developments. Important

diagnostic modalities such as radionuclide imaging
and ultrasound will be discussed and their merits
and important applications will be illustrated and
compared with computed tomography.

The use of CT in the evaluation of hepatic
diseases did not decrease the significance of the use
of radionuclide scanning or the valuable and, many
times, unique contributions offered by ultrasonog-
raphy or angiography. This becomes evident in the
discussion of the merits of each of these modalities
in solving individual clinical problems. However,
the specific advantages of computed tomography,
particularly the accuracy of the morphologic find-
ings and the importance of the attenuation charac-
teristics of different disease entities, resulted in
reassessment of the indications and the proper
sequence in the utilization of the other imaging
modalities. While in some instances the CT exam-
ination can satisfactorily establish a diagnosis with-
out further need to resort to the utilization of other
procedures, in many cases and particularly in the
most problematic ones, the other methods should
be applied in combination and in a logical sequence
so that the diagnostic accuracy can be potentiated
resulting often in the exact diagnosis for the
patient’s benefit. It should be emphasized that in
order to obtain the best results, each clinical prob-
lem should be studied individually and with the full
knowledge of the advantages as well as the limi-
tations of each examination. With this background
information, the proper sequence of these moda-
lities can be meaningfully selected. We recognize the
fact that some differences in approaching individual
clinical situations do exist, and that there may be
differences from one medical center to another.
These are dictated sometimes by the previous ex-
perience of the radiologic team and the available
equipment.
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2. COMPUTED TOMOGRAPHY OF THE LIVER

The technique for examining the liver by computed
tomography might not be a uniform one in all
medical centers as indicated above. In our depart-
ment we use the following steps. We administer to the
patient approximately 300400 cc of a 2%, solution
of Gastrogafin approximately 30-35 min prior to
the patient’s CT examination. The objective of this,
of course, is to have the small bowel and possibly
the right colon outlined by the contrast medium in
order to avoid any interference of fluid-filled bowel
loops which might resemble soft tissue densities
while the opacified small bowel loops serve as a
reference point to facilitate the demonstration of
other intraabdominal organs [6]. Subsequently, and
in approximately 3-5 min before the beginning of
the CT scanning, another 200-300 cc of 29 solution
of Gastrogafin is administered in order to secure the

visualization of the stomach and the duodenal C-
loop. The examination is performed using as a
reference point the xyphoid process and at 1-cm
intervals from the dome of the liver to the most
caudal part of the organ. As expected, other ad-
jacent organs such as the pancreas, spleen, kidneys,
adrenals, aorta, and inferior vena cava, to mention
some of the more important ones, are included in
these sections and frequently render valuable and
occasionally unexpected findings contributing to
the better understanding of the patient’s diagnostic
problem.

A scout view of the abdomen is obtained to
facilitate and expedite the sectioning at the desired
levels, as these differ from patient to patient (Fig.
1). Subsequently follows the routine of adminis-
tration of intravenous contrast medium in the form
of a bolus of approximately 60 cc Conray 400 or in
the form of an infusion of 150-200 cc of contrast

Figure 1. The broken lines from 1 to 8 in this scout view indicate the levels selected for the sectioning. The sections which are made
subsequently correspond exactly to the predetermined levels. This feature of the CT scanner not only expedites the examination but
also precludes any error regarding the accuracy of the examination at the desired levels.



medium with half the concentration of the contrast
used in the bolus injection. The use of cholangiog-
raphic contrast, although theoretically attractive
for opacifying the biliary system, did not prove in
our experience to be very productive because of the
associated side effects such as nausea, vomiting,
and discomfort of the patient during the exam-
ination. These side effects might actually result in
undesirable movement of the patient, and mislead-
ing partial volume effect detrimental particularly in
the definition of smaller lesions. Although a lesion
such as a cyst, an abscess, or a mass can be demon-
strated adequately without the intravenous admin-
istration of contrast medium, the increase in the
difference of the attenuation coefficient following
the intravenous injection makes the diagnosis more
accurate and improves the definition of the lesion.
The significance of the contrast enhancement be-
comes more vital in cases of primary or metastatic
lesions which, although usually of smaller atte-
nuation number than the hepatic parenchyma,
occasionally are almost or actually isodense. In this
case, the administration of contrast medium be-
comes very important for the diagnosis.

The most common artifacts detrimental to the
examination are those related to motion and
specifically to the patient’s respiration which can be
avoided in many cases with the proper instruction
to the patient. This is easier now with the newer
scanners and their shorter exposure times. Cardiac
motion transmitted to the upper part of the ad-
jacent liver presents a lesser source of potential
artifacts to be kept in mind, however, during the
interpretation. The supine position is the one we use
routinely for the examination of the liver. The
scanning of the patient is monitored by the ra-
diologist during the progress of the examination.
He can, therefore, decide for possible modifications
of the examination, if additional sections should be
made depending on the available information, if
additional contrast should be given, or if the exam-
ination should be terminated.

3. HEPATIC PARENCHYMAL DISEASE
Computed tomography can accurately demonstrate

the size of the liver and its shape. It has a distinct
advantage over other modalities in diffuse diseases
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when these result in the decrease or increase of the
attenuation value of the hepatic parenchyma. A
classic example is the fatty infiltration manifested
by generalized diminished density of the paren-
chyma in which case the blood vessels within the
liver are strikingly seen as areas of arborizing
structures of increased attenuation surrounded by
the diminished density of the liver parenchyma
(Fig. 2). On the other side of the spectrum are the
idiopathic hemosideroses or secondary hemosi-
deroses manifested as generalized increased density
of the liver while the vessels are easily detected as
less dense branching structures.

In other diffuse diseases, specifically in hepatitis
and cirrhosis, the CT findings are variable depend-
ing on the degree and extension of the disease. In
early cases, the CT findings might give the ap-
pearance of a normal liver while, in advanced stages
of atrophy, one can see areas of regenerated no-
dules which have the appearance of lobulations on
the surface of the liver and which are more evident
when they are profiled along the contour of the
liver. Large intrahepatic vessels and particularly the
hepatic veins can be easily demonstrated.
Radionuclide scans are of significant diagnostic
value here, enhancing the accuracy of the computed
tomographic examination particularly in the early
cases where the CT findings are not yet clearly
detectable [7, 8].

On the other hand, it should be mentioned that in
patients with cirrhosis where the radionuclide
examination demonstrates focal difference in up-
take, raising the question of metastatic disease,
abscess or possibly hepatoma, the CT examination,
following intravenous administration of contrast
medium, will demonstrate that the attenuation of
the regenerated nodules in cirrhosis will blend
imperceptably with the surrounding hepatic paren-
chyma, thus pointing to the correct diagnosis. The
presence of ascites (Fig. 3) can be detected easier
and with greater accuracy with computed tomog-
raphy than with any of the other available moda-
lities, including radionuclide scanning or ul-
trasound [9-12]. The CT sections of the liver,
besides demonstrating the size and contour of the
hepatic parenchyma, include also an adequate out-
line of adjacent organs in general and of the spleen
in particular, the condition of which is of specific
interest in cases of cirrhosis. Enlargement of the
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Figure 2. Fatty infiltration of the liver. Notice the decreased attenuation of the liver (7) and the relative increased density of the
intrahepatic vessels; spleen (1), pancreas (2), aorta (3), superior mesenteric artery (4), inferior vena cava (5), right kidney (6).

spleen with associated splenic vein enlargement,
and lobulations of the liver which might be small or
of normal size, in addition of the presence of small
amounts of ascites detected by computed tomog-
raphy, will help in establishing the diagnosis of
cirrhosis.

4., HEPATIC TRAUMA

The question of hepatic trauma is a relatively
common one particularly in emergency rooms
where victims of car accidents are frequently seen.
Most of the patients are young, below the age of
forty. Blunt abdominal trauma may be associated
with multiple other injuries. The mortality rate is
rather high. Computed tomography, representing a
noninvasive and expeditious technique, has become
the radiologic examination of choice. Intrahepatic
as well as subcapsular haematomas are detectable

due to the high attenuation number of the fresh
blood. The exact location and extension of the
hematoma can be ascertained accurately. Older
hematomas, however, have a lower attenuation
number; therefore, differential diagnosis from other
conditions such as abscess or cyst might be more
difficult (Fig. 4a and b). Other radiologic modalities
such as ultrasound, demonstrating a radiolucent
area, radionuclide study, or hepatic artery angiog-
ram might be of value although they will include the
same differential diagnostic problems. The cor-
relation with the clinical history might be important
although it is not always as contributory as in the
cases of recent acute trauma. Complications of
previous hepatic trauma such as hepatic or sub-
hepatic abscess, liver necrosis, or vascular injuries
will make the diagnosis of an old trauma more
difficult and, in this case, additional radiologic
examinations including radionuclide study (i.e.,
gallium 67) for the detection of abscess [13] and
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Figure 3. Patient with cirrhosis. Notice the nodular liver, enlarged spleen and the presence of ascites (arrow).

hepatic angiography for vascular lesions will be
necessary for a more definitive diagnosis.

5. MASS LESIONS OF THE LIVER

The recognition of a mass lesion within the liver
with CT is primarily dependent on the difference of
the attenuation number of the tumor from that of
the normal hepatic parenchyma [14, 15]. Generally
speaking, the majority of lesions detected by com-
puted tomography have a lower attenuation num-
ber than the surrounding normal liver tissue. Ex-
ceptions to this rule, such as an occasional metas-
tatic lesion from the gastrointestinal tract where the
lesion might be isodense, are rare. The difference in
attenuation numbers could be very small or could
be as high as 50 or 60 numbers (on a scale from
—1000 to 4+1000), depending on the nature of the
mass lesion. As a rule, when the difference is

significant, no enhancement by means of injection
of intravenous contrast media is necessary; how-
ever, when the outline of a mass lesion is barely
detectable or uncertain, it becomes mandatory to
further evaluate the questionable mass by enhance-
ment via the injection of intravenous contrast
medium. As a rule, the normal hepatic parenchyma
is accentuated more than a tumor mass. In a cystic
lesion, the increase will be practically zero while in a
malignant neoplasm it will differ depending on the
nature and vascularity of the neoplasm. The infor-
mation provided by the degree of the change in the
attenuation number in the postcontrast exam-
ination becomes very important. In addition to
rendering the lesion more visible by virtue of the
increased difference between the normal liver par-
enchyma and the neoplasm, it might also contribute
to the characterization of the lesion [16, 17]. The
vascularity of the mass as a whole, of the periphery
of the lesion, or of certain areas only of the mass
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Figure 4a. Recent intrahepatic hematoma following trauma (5 Dec 1979).

constitutes important information. This is an ad-
vantage of computed tomography over other mo-
dalities, and we expect that this information will
become even more accurate with the utilization of
thinner sections and of the computed reconstruc-
tion in coronal and sagittal planes. Mass lesions can
be further classified into benign and malignant.

In this respect we should briefly mention the
more common masses:

5.1. Cysts. Hepatic cysts may be single or multiple.
They are sharply defined and their shape might be
round or oval and of water density, i.e., they have a
smaller attenuation number than the surrounding
normal hepatic tissue.

As in the case of renal cysts, the solitary hepatic
cysts are many times asymptomatic and usually
represent incidental findings. On the other hand, a
polycystic disease of the liver, easily demonstrated
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Figure 4b. Old intrahepatic hematoma four months later (31 Mar 1980). Notice the decreased attenuation (density) of the old

hematoma.

by computed tomography, frequently is associated
with polycystic disease of the kidneys. The exact
dimensions of the cyst can be quickly demonstrated
by the computer, and the thickness and uniformity
of the wall can be appreciated. A cyst 1 cm in
diameter can be easily demonstrated with the now
available CT scanners. Enhancement with contrast
medium of thin sections of 3-5 mm can assist in
avoiding partial-volume averaging, thus making
accurate determination of the attenuation number
and rendering a clear outline of the cystic lesion. No
other radiologic method can so accurately localize a
small cystic lesion of 1 cm or less in size.

5.2. Hepatic abscess. A liver abscess might, at first
glance, resemble a cyst; however, the two basic
differences from the morphologic point of view,
which should be looked for, are the outline of the
abscess and the attenuation density. The definition
of the abscess wall is not as sharply demarcated as

in the case with cysts, while the wall is somewhat
thicker. With contrast enhancement, the wall of the
abscess usually shows some increase in density and
occasionally a contour irregularity [18]. An increase
in density of the parenchyma immediately adjacent
to the wall of the abscess may be observed due to
the associated inflammatory reaction in contradis-
tinction to the contents of the abscess which, as
expected, remain unchanged. Occasionally a ca-
vitating tumor with an enhancement of its wall
might imitate the presence of an abscess; however,
besides the morphologic changes, the clinical his-
tory and the follow-up examination should not
make difficult the differentiation of the two entities.
As a matter of fact, computed tomography serves
admirably in the follow-up of an abscess during the
medical management. The decrease in the size of the
abscess and also the reaction of the surrounding
liver tissue can be well demonstrated in comparative
follow-up studies (Fig. Sa—d).
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Figure 5a. Liver abscess. Notice the relatively thick and irregular wall with the increased attenuation number of the wall of the abscess
and the adjacent inflammatory reaction of the hepatic parenchyma.

5.3 Malignant hepatic tumors. As mentioned above,
almost all of the tumors of the liver, benign and
malignant, exhibit a density which is lower to some
degree from that of the normal hepatic parenchyma
and varies from the almost isodense to that which
might be necrotic, thus raising the question of
differential diagnosis of an abscess formation (Fig.
6).

These neoplasms, if needed, can be further evalu-
ated by enhancement with the use of intravenous
contrast media, in which case it is expected that the
difference with the attenuation of the surrounding
liver parenchyma will increase and therefore outline
even more clearly the presence of the neoplastic
tissue. Occasionally some neoplasms are sharply
outlined and round in shape, in which case they
may raise the question of being cysts or old en-
capsulated hematomas (Fig. 7). In both cases, the
attenuation number will be lower than that of a
neoplastic lesion and, even more, their number will

remain unchanged following the intravenous in-
jection of iodinated medium for enhancement pur-
poses.

Differentiation between primary and metastatic
lesions or between different histologic types of
neoplasms has been attempted. There is indication
that while some tumors are enhanced in a homo-
geneous way, other neoplasms such as those orig-
inating from the gastrointestinal tract show foci of
increased density within the metastases. This as well
as other suggested signs has not been as yet ade-
quately tested and therefore should not be consid-
ered as reliable at this time. Attention should be
paid to the fact that not infrequently sections of the
liver include small radiolucent areas representing
intrahepatic vessels which an unexperienced obser-
ver might consider as being due to small metastases,
particularly in a patient with a known primary
neoplasm. Two observations, in this regard, might
solve the problem: (a) the fact that these small
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Figure 5b. Ultrasound study — midline longitudinal section. Notice the sonolucent area with some increased echoes which are not

present in simple (noninfected) cystic lesions.

roundish filling defects become smaller when closer
to the peripheral parts of the hepatic parenchyma,
and (b) the observation that, following the injection
of contrast medium, these round areas show a
higher attenuation number comparable to the den-
sity of the adjacent inferior vena cava or aorta.
The neoplastic tissue might also be enhanced, but
not to the same degree as the vascular structures.

In discussing small metastatic lesions, a very
common daily problem, we should again emphasize
the use of thin sections in the range of 3-5 mm,

easily obtainable with the present-day equipment,
in order to demonstrate accurately these lesions
which otherwise (with thicker slides of 1-2 cm)
might not be demonstrated due to volume averag-
ing. Another important factor of which we should
be acutely aware is the proper utilization of the
window setting. This is actually critical when the
density of a neoplasm is barely discernible from the
adjacent hepatic parenchyma. With a standard
window setting, i.e., of 200, a tumor density might
be barely perceptible, while with the use of a
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Figure 5c. Liver scan with technetium 99m sulfur colloid. Nonspecific, large, rounded filling defect involving parts of the right and left

lobes of the liver.

considerably narrower window width of 20-30, the
difference might be adequately accentuated to make
the distinction and the diagnosis more certain. The
importance of properly using the potential of these
versatile characteristics of computed tomographic
units by adjusting the window setting and level
cannot be overemphasized.

Gross tumor characterization based on the CT
findings and with proper evaluation of the pre- and
postcontrast enhancement studies can be made in
cases of cavernous hemangiomas where in the pre-
enhancement study the density is lower than that
of the hepatic parenchyma and higher than that of a
cyst or old hematoma. Following enhancement, the
tumor and particularly its most peripheral part, due
to rich vascular channels, exhibits an attenuation
number higher than that expected in cases of an
ordinary tumor and at the same time shows areas of
considerably less opacification attributed to the

presence of obliterated channels of the cavernous
hemangioma due to the clotted blood.

6. EVALUATION OF THE BILIARY TREE

Under normal conditions, the larger ducts of the
right and left lobe can be visualized following the
administration of the cholangiographic contrast
medium. The normal intrahepatic duct system and
in particular the hepatic radicals are not visualized
on CT scans, even following the intravenous admin-
istration of a contrast medium such as Cholografin.
However, the attenuation number of the dilated
and, therefore, visualized biliary duct system is
almost similar to that of water density and can be
differentiated from the vascular structures of the
liver which have a density similar to that of the
inferior vena cava. In case of doubt and for further
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Figure 5d. Gallium-67 study. Follow-up at 48 h.

clarification, an intravenous injection of contrast
medium will accentuate the vascular system, mak-
ing in this way the differentiation from the biliary
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