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!. Introduction 

During the last decade the mammalian plasma membrane has emerged as a complex 
and heterogeneous organelle. Its outer surface may contain a range of sophisticated and 
highly discriminating, information transducing transmembrane signalling systems that 
enable the cell to recognise and react promptly to environmental signals. The plasma 
membrane features in intercellular adhesion and direct communication as well as carrying 
out the more mundane barrier and transporting functions. A large number of membrane 
proteins and glycoproteins are arranged transversely across the lipid bilayer in a highly 
specific configuration and emerge as candidates for functioning as receptors, enzymes and 
transmembrane molecular links and conduits. A further feature of plasma membrane 
organisation and cell surface topography concerns the concentration of many classes of 
membrane components at specific functional regions of the pericellular membrane. This 
differentiation ~f the plasma membrane into anatomical domains with functional conno- 
tations is most marked in cells comprising tissues and organs. The hepatocyte plasma 
membrane is one such example of a membrane showing distinct functional polarity and 
this aspect forms a major theme of this review on its biochemistry and biogenesis. 

A wide range of activities occur at the plasma membrane of the hepatocyte reflecting 
the well established physiological versatility of the cell with respect to classical hepatic 
and biliary functions. Thus, anatomically, the hepatocyte surface comprises two regions 
studded with numerous microvilli corresponding "to the vascular and biliary poles and 
these are separated by a smoother region where desmosomes and gap junctions are 
located. The biliary pole is completely enclosed by tight junctions, that effectively segre- 
gate this membrane region from the remainder of  the plasma membrane. The tight junc- 
tion is a membrane specialisation found in epithelia allowing control of transcellular and 
pericellular permeability and in the hepatocyte it separates the 'apical' biliary region and 
the 'baso-lateral' regions exposed to the blood sinusoids. Physiologically, the plasma 
membrane comprising the vascular pole and especially the microvilli at the sinusoidal 
region feature in the transport of metabolites to and from the blood and for interaction 
with hormones and numerous blood-borne substances that regulate hepatic functioning. 
The plasma membrane comprising the biliary pole is involved in the discharge of bile into 
the canalicular spaces. 

Plasma membrane preparations are now used to study an ever-increasing number of 
hepatic functions. However, the question of how representative of the various cell surface 
functional domains the isolated fractions are has received relatively little attention. In this 
review the preparation and properties of liver plasma membranes are discussed giving 
emphasis to anatomical and physiological correlates. Since liver plasma membranes are 
used increasingly to study changes underlying disease states, the current status of mem- 
brane modifications in hepatobiliary disease, malignancy and after exposure to toxic sub- 
stances is discussed and assessed. Mechanisms governing the biogenesis and turnover of a 
functionally polarised plasma membrane are also considered. The literature survey 
extends mainly from 1968 when the landmark review of Benedetti and Emmelot [1] 
appeared. 

II. Anatomical correlates of liver plasma membrane diversity 

Earlier microscopic investigations of liver [2-5]  have been superceded by those using 
transmission and scanning electron microscopy and a new picture of the inter-relation- 
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TABLI I 

SURFACF AREA AND VOLUMt- OF THE FOUR MAJOR LIVER CI-LL TYPES 

Data from a stereological study using rat liver [ 11 ]. A recent estimate of the relative surface area of 
the three major hepatocyte surface regions is: sinusoidal, 72%; lateral, 15%; bile, 13% [ 175 ]. 

Aggregate plasma 
membrane surface 
area in cell type (%) 

Percent of 
parenchymal volume 

Hepatocytes 73.5 77.8 

Non-hepatocytes 26.6 6.3 
l.lndothelial cells 15.2 2.8 
Kupffer cells 4.3 2.1 
Fat-storing cells 7. I 1.4 

Intercellular spaccs 15.9 
Disse space 4.9 
Sinusoid lumen 10.6 
Bile canaliculi 0.4 

ships of  liver cells and the nature of  the sinusoidal spaces and bile channels has now 
emerged [6]. The application of  stereological techniques has helped to define the relative 
cell surface areas contributed by liver parenchymal and non-parenchymal cells (Table I). 

IIA. Parenchymal and other liver cells 

The cellular heterogeneity of  liver has been analysed, especially with respect to the 
functions and morphology of  the non-parenchymal cells [7---I0]. As the technology of  
subcellular fractionation of  liver tissue becomes more sophisticated, knowledge of  the 
contribution of  various cell populations to the isolated fractions becomes increasingly 
desirable. The relative distribution between hepatocytes and non-parenchymal cells of  
organelles has now been thoroughly quantified [11,12]. These studies show, for example, 
that although non-hepatocytes account for only 8% of the total surface area of  all liver 
membranes, they constitute 26.5% of all plasma membranes and 15.1% of the Golgi 
apparatus [I 11. In addition to transient red blood cells, at least four major categories of  
non-parenchymal cells have been described. The sinusoids are lined with thin fenestrated 
endothelial cells that demarcate the space of  Disse which extends to the sinusoidal plasma 
membrane of  the hepatocyte. Mobile Kupffer cells, characterised by amoeboid protusions 
and fat (stellate) cells storing vitamin A are found between the endothelial cells and 
hepatocytes. Endothelial cell arrangement and the permeability of  the outer-endothelial 
fenestrations varies between species, being most marked between herbivores and car- 
nivores [13]. The closely-knit endothelial cell network may function, for example, in 
controlling entry of  chylomicrons into the space of  Disse [14] and in protecting hepato- 
cytes from parasitic infection in herbivores. Morphological surface characteristics and 
functional distinctions (see below) are now being reinforced further by knowledge of  the 
origin of  non-parenchymal cells. For example, Kupffer cells (sometimes referred to as 
hepatic macrophages) are not self-sustaining but originate from the bone marrow [15]. 



30 

Fig. 1. Scanning electron micrograp h showing topographical relationships between domains on file 
hepatocyte surface among sinusoids (S) and the bile canalieuli (B.C.). A continuous net of bile cana- 
liculi run "along the exposed cell surfaces of the liver plates, The perisinusoidal space of Disse some- 
times extends into intercellular recesses (arrows). Magnification, approx. ×2500. Photo~aph kindly 
given byP.  Motta. 
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Bile ductule cells are associated with channels delivering bile away from the liver lobules. 
Nerve fibres are also found in the space of Disse and between hepatocytes [I 6]. 

liB. M,,rphoh~gv of  the hepatocyte cell surface regions 

Scanning electron microscopy has provided new details of the configurations and sur- 
face topography of hepatocytes. The plate theory [171 which proposed that the adult 
mammalian liver consisted of interacting polyhedral hepatocytes arranged in plates (lam- 
inae) and forming a sponge-like cellular mass perforated by a communicating system of 
cavities (lacunae) which contain the sinusoids is now generally accepted. The hepatocytes 
are irregular or elongated polyhedrons about 25 30/am by 20 25 ~m in width having six 
or more faces covered with microvilli, except at the intercellular channel regions. About 
25-50 microvilli//xm 2 of hepatocyte cell surface are found [18]. Scanning electron 
microscopy (Fig. 1) illustrates the features of the major functional regions [6,10. 21]. 
The bile canaliculi form channels containing numerous microvilli; in many instances the 
canaliculi carved out of the hepatocyte surface bifurcate into two or more branches. In 
the context ~f the isolation of plasma membranes from the functionally distinct surf~tce 
regions two further important observations emerge from scanning electron microscopy 
studies. First, branches of the bile canalicular channels may extend across the contiguous 
surface areas ending blindly near (about 0.1 /ira) the sinusoidal surface region. Thus, in 
some instances, the blood sinusoidal and bile canalicular plasma membranes are in close 
proximity, although the blood and bile spaces are still segregated by tight junctions. Sec- 
ond, the existence of intracellular extensions of the bile canalicular channels postulated 
by Pt]iiger in 1869 [22] and Kupffer in 1876 1231 has been confirmed by scanning elec- 
tron microscopy [61 and this opens up the possibility of a closer anatomical anti func- 
tional continuity between the bile canalicular plasma membrane and the Golgi apparatus 
and possibly other intracellular regions. 

Integrated stcreological and biochemical studies have shown differences in particle 
densities determined in freeze-fractured areas of lateral, sinusoidal and canalicular plasma 
membranes 124]. Thus, although particle density was the same in the bilayer half abut- 
ling on the external side of the cell, particle density on the cytoplasmic half varied 
between regions with the canalicular plasma membranes possessing the highest particle 
density. 

Pathological modification to surface membrane topography has tYequently been 
reported, especially at the bile canalicular region under conditions of choleretic infusion 
and intra- and extra-hepatic cholestasis. Such studies indicate that surface morphology at 
this region may be regulated by the degree of bile secretion [25 201 . Modifications to 
microfilaments that insert into the bile canalicular microvilli and the tight junctional com- 
plex t\~rming the pericanalicnlar web have also been reported [27,31 I. 

Iii. Devolution of plasma membrane functions 

IliA. Cellular asTwcts 

Before describing those functions attributed to the sinusoidal, contiguous and biliary 
regions of the hepatocyte plasma membrane, it is appropriate to categorise liver functions in 
the context of the cell populations involved. In addition to its role in secretion of plasma 
proteins, storage, conjugation and detoxication, the liver is involved in the catabolism of 
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metabolites during plasma clearance. A hepatic glycoprotein recognition system has been 
identified [32- 39] and a role in the uptake and degradation of  a wide range of  plasma 
components, including lipoproteins [40,41], chylomicron remnants [42] and enzymes 
[43] has been demonstrated using liver plasma membranes. The separation of  hepato- 
cytes from the sinusoidal cells (mainly endothelial and Kupffer cells) following enzymic 
dissociation of  liver has aided in apportioning the role(s) played by these major cell types. 
Hepatocytes feature in the recognition and removal of  circulating glycoproteins contain- 
ing a terminal galactose, whereas glycoproteins terminating in N-acetylglucosamine or 
mannose are preferentially taken up by non-parenchymal cells [460]. Carcinoembryonic 

TABLE II 

BIOCHEMICAL STUDIES ON LIVER 
ACCORDING TO REGIONAL LOCATION 

PLASMA MEMBRANE FUNCTIONS CLASSIFIED 

Region Physiological functions Biochemical parameters Refs. 
examined explored 

Blood sinusoidal Recognition, uptake and Asialoglycoproteins 32-34'.36,37,39,164 
degradation of metabolites Glucuronidase 43 

Fatty acids 45 
Bile acids 46,47,477 
Bromosulphonaphthalein 48,468,475 
Plasma lipoproteins 41 
Chylomicron fragments 42 
Guanine nucleotides 49 

Hormone receptors, Prolactin 50-52, 478 
binding, etc. Proinsulin 53 

Insulin 54 -62,30 
Growth-inducing hormones 63,447 
Prostaglandins E i ,2 64,65 
Adrenalin 66 -69,74,75,457 
Glucagon 68 -72,459,435 
Angiotensin 73 
Thyroxine 455,484 
Oestrogen 476 

Binding of cations Calcium 76,77,79,80,482 

Effect of toxins Cholera toxin 81,47 l 
Lectins 81 - 83 
Cytochalasins 84 
Phallotoxins 85-89 
Procaine 79,90 

Antigens Histocompatihility 91 - 94 
lmmunoglobulin A 95,465 

Transport of metabolites Amino acids 96 
D-glucose 97 

Contiguous Adhesion Specificity 98,483 
Cell-cell communication Gap junctions 99-107 
Tissue permeability Tight junctions 108.109 
Hormone receptors Insulin 110,111 

Bile canalicular Bile release Bile composition and enzymes 1 12-121 
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antigen appears to be taken up initially by Kupffer cells and is then transferred to hepato- 
cytes for excretion in bile (165] thus suggesting that some form of metabolic cooperation 
between liver cells may occur. 

The endothelial cells also have a special role in the phagocytosis of vastly supraphysiol- 
ogical concentrations of protein. For example, concentrations of insulin above 5 ,uM are 
degraded by endothelial cells, whereas normally, insulin, following induction of its innne- 
diate metabolic effects, is degraded by hepatocytes [44]. 

IIIB. Regional devolution of plasma membrane functions on hepatocytes 

The functions carried out at the three major hepatocyte functional regions, and the 
related biochemical studies are summarised in Table I1. The wide range of functions 
occurring at the blood sinusoidal region and in which the underlying biochemical mechan- 
isms are being studied is striking and underlines the metabolic versatility of the hepato- 
cyte. It is likely that this list of functions will lengthen as other toxins, infectious agents 
and iron complexes [60] are shown to interact with the sinusoidal plasma membrane 
of the hepatocyte. It is easy to distinguish between the extensive functions at the blood 
sinusoidal and the limited number of bile canalicular functions, but more difficult to pin- 
point a physiological boundary between the sinusoidal and contiguous plasma mem- 
brane regions, since the extent of access of various blood-borne substances to the inter- 
hepatocyte clefts is variable. 

IIlC. ltepatocyte functional heterogeneity 

A comment should be made on the apparent heterogeneous distribution between liver 
lobules of hepatic components and functions including, for example, enzymes [120 
124], glycogen metabolism [125] and albumin synthesis [126]. These differences, com- 
bined with differences in amounts or distribution of hepatocyte organelles shown by 
stereological studies [11 ] and the separation of at least two major populations of hepato- 
cytes [4701 have to be borne in mind when using the sub-cellular fractionation approach. 
Differences in size between centrolobular and periportal cell morphology occur with age 
[128]. 

IV. Preparation of plasma membrane fractions 

Following the initial description of the morphological and biochemical properties of 
rodent liver plasma membranes [1], the basic methodology has been modified extensively 
mainly to improve membrane purity and yield. The rnajor technical modifications used 
can be summarised as follows: (a) use of various tissue disruption methods [129 131 ] : 
(b) changes in ion content and tonicity of media [ 132- 141 ] ; (c) improving fraction pu- 
rity, especially diminishing mitochondrial contamination, by modified centrifugation con- 
ditions [ 142 - 145 ] ; (d) the use of rate-zonal centrifugation techniques [ 146--151 ] : (e) 
adaptation of the method to two-phase polymer separations [152 154]; and (f) use of 
rapid immunological procedures [155- 156]. Common to all these techniques of liver 
plasma membrane preparation is the adoption of a mild tissue homogenisation step to 
mininfise fragmentation of the bile canaliculi, an observation described by Novikoff in 
1955 [ 158]. The plasma membrane fragments sediment at low speed (in a 'nuclear fraction') 
and are subsequently separated from cell debris, nuclei, mitochondria and vesicles. The plas- 
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ma membrane fractions prepared by these methods generally account tor approx. 1 -2 mg 
membrane protein/g liver wet weight, and have an equilibrium density in sucrose gra- 
dients of 1.16-1.18 g/cm 3 (the theoretical yield calculated on the basis of stereological 
data [5] should be approx. 2 -3  mg membrane protein per g liver weight [157]). The 
fractions consist mainly of membrane sheets, many of which are attached to each other 
by intercellular junctions, and bile canalicular profiles together with large numbers of 
vesicles; intact intracellular organelles are largely absent. About 8-20% of plasma mem- 
brane marker enzymes are recovered by these procedures and contamination by nuclear, 
endoplasmic, lysosomal, mitochondrial and Golgi components assessed using enzymic 
morphological and chemical markers is low. 

Plasma membranes equilibrating at a lower density in sucrose gradients (I.12---1.15 
g/cm 3) that contain very few intercellular junctions but are enriched in the same enzymic 
and chemical markers have also been prepared from the post-nuclear supernatant nor- 
mally discarded in the classical methods described above [131,135,159,160]. These frac- 
tions consist predominantly of vesicular profiles and can account for up to 30% of the 
plasma membrane enzymic markers, but in contrast to the plasma membranes isolated at 
the 1.16-1.I 8 g/cm a sucrose density interface, they contain a higher content of glycosyl 
transferases, activities usually assigned to the Golgi apparatus and endoplasmic reticulum. 

Adding to the heterogeneous nature of the various plasma membrane fractions 
described above is the demonstration that the standard Neville-Emmelot plasma mem- 
brane fraction of sucrose density 1.16 1.18 g/cm 3 can be subfractionated following 
mechanical disruption to yield 'light' and 'heavy' components equilibrating at sucrose 
densities 1.12..-1.14 and 1.16--1.18 g/cm 3, respectively [133,134,141,149,160--162, 
326]. The 'heavy' subfraction retains the sheets with junctions and large vesicles present 
in the parent fraction, whereas the 'light' subfraction is vesicular. The 'light' fraction also 
represents a further increase in specific activity of many plasma membrane marker 
enzymes; for example, 5'-nucleotidase and alkaline phosphodiesterase. 

The anatomical and physiological considerations described earlier in this review pro- 
vide a basis for resolving the diverse properties shown by the plasma membrane subfrac- 
tions of differing densities and composition prepared by the various methods. Gentle 
homogenisation of liver generating low shear forces disrupts hepatocytes releasing large 
strips of the plasma membrane attached by tight junctions to relatively intact bile cana- 
liculi. The plasma membrane fragments originating predominantly from bile canaliculi, 
and lateral surface regions, together with small variable amounts of sinusoidal membrane 
are sedimented at low speed together with nuclei, and heavier mitochondria and are thus 
separated from the bulk of other intracellular organdies and membrane components. Fil- 
tration of tissue homogenates through muslin cloth removes cell debris and many of the 
non-parenchymal cells undisrupted by the gentle homogenisation, especially endothelial 
cells [163,164]. The use during tissue dispersion of alkaline low ionic strength media, for 
example, bicarbonate or borate buffers [136] in combination with low Ca 2÷ (less than 
1 mM) [132] appears to aid in minimising fragmentation of the plasma membrane, thus 
enhancing the rapid sedimentation at low speeds of partial membrane 'ghosts' containing 
large fragments of the pericellular membrane. Procedures that aim to study blood sinus- 
oidal functions using plasma membranes purified from low speed pellets minimise the 
number of mechanical manipulations involved, e.g. in studies of glucagon activation of 
adenylate cyclase activity or in the purification of the organic anion transport-protein 
partially purified liver plasma membrane have been extensively used [70,475]. The micro- 
villar blood-sinusoidal region of the hepatocyte plasma membrane rapidly forms vesicles 
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predominantly of  the right-side~mt configuration [166 168] even under mihl comtitions 
of  cell disruption and these have to be pelleted at higher centrifugal forces. 

V. Functional characteri~tion of plasma membrane fractions 

Topographical assigmnent of  tile plasnla memhrane stlbfractiollS to tile correct hep;ito- 
cyte surface regions is an obvious advantage for biochenlical studies of  functions occur- 
ring tit specific domains. Four lines of  evidence help assign to tile apprt)priate cell surlklce 
region the plasma lllenlbrane suhfractions prepared by the above procedures. Tile utility 
of  tile morphological markers, intercellular junctions and l~ile canalicular profiles has 
already been alluded to in assigning components in tile classical 'nuclear fraction" derived 
plasma membrane to a nminly bile fronl-contiguous surface origin [I 5S]. Second. histo- 
chemical evidence [169 171] pinpointing high phosphatase activities al bile calmliculi 
supports tiffs regional assignment, and also suggesl that 'light" vesicular plasma memhranes 
recovered after vigorous Immogenisation of the standard fraction and charactcrised hv 
extlemely high phosphatase activities arc derived lnainly fronl the microvilli projecting 
into tile bile canalicular spaces (Fig. 2). Third. analysis of  glucagon-z, ctivated adenvlale 
cyclase activity in plasma membranes prepared from "nuclear" and 'micr~somal" fractions 
also aids in identifying the microsomally-derived plasma membrane vesicles .,nd tile heavv 
plasma membrane subfraction derived fwm the 'low speed" pellet as originating mainly 
from the sinusoidal and contiguous plasma nlembrane regions respectively. Tile light sub- 
fraction released by high shear forces from plasma membranes prepared t'ron~ low-speed 
pellets of  hypotonic homogenates contained an adenylale cyclase activily that was Ill}l 

activated by a range of  glucagon C()llCelllrations. ~,nd this can he interpreted as ltlrther evi- 
dence in support of  all origin from a mm-hormonally activated region of liver ceils, most 
likely tile bile canalicular region [1601. Fourth. direct evidence for plasnla membrane 
fractions containing nmmhranes having access to blood was ohlained by use of a domain- 
specific labelling lechnique [170.1731 (Fig. 2). Pelt't,sion int,~ tile portal vein of  radio- 
labelled ligands, e.g. glucagon, wheat germ agglutmill and asiatofctt, m known to intel;,ct 
with specific receptor sites on tile hepatocyte's vascl,lar pole. tbllox~ed by preparati~m 
alld analy'sis of  plasma membrane fractions flOlll  ' i l l . lcleal" g.nld "illicrosomaI" pellets 
demonstrated that 'light' plasma nmmbrane vesicles present in microsoma] amt nuclear 
pellets of  sucroseidispersed ]lonlogenates are tile flit)St suitable for Sludv  t)f blood sintis- 
oidal functions [131,160,164,172,173]. Fractions containing intact bile canalicular 
attached to sheets, or the shear-released vesicles are most suitable for stt,dy of biliary 
flmctions [112.114.116.117.142,149.174.175 ]. 

Knowledge of  the major sites of  origin on the cell st, rfacc of  tile various plasma mem- 
hrane fractions described helps to resolve some apparent ctmtradicti~ms ill tile properties 
of  plasma membranes isolated by different methods. This is illustrated by variations in 
insulin binding properties of  'light' and 'he~,vy" plasma menlbr:,ne fractions. Thus. in 
studies using liver dispersed in a hypotonic mediuna, or isotonic sucrose, higher binding 
was associated wi.lh 'hea W" membranes (density in sucrose 1.16 1.1 g g/on13 ) than v.itll 
'light" membranes (1.13 1.14g/cm "~) 152.1761, whereas in another study 1133] a light 
vesicular plasma membrane fraction pre[x, red using a different methodology bound higher 
a n l o u n t s  t)f insulin than heavy plasma memhrancs. Tile extent of  {'raglllentatiorl t)t" tile 
plasma membrane anti the relative anlollnts of  sint, soidal and bile canalicular membranes 
recovered in tile "light" fractions appear to be factms governing tile suhcellular distribu- 
tion of cell surface receptors, since the sinusoidal membranes are a richer source of 
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Fig. 2. Diagram showing a domain-specific approach for labelling and identifying in subcellular frac- 
tions plasma membrane vesicles derived from the hepatocyte's blood sinusoidal surface [172,173]. 
Iodinated ligands (e.g. wheat germ agglutinin, glucagon, desialofetuin) were perfused for 2 rain into 
liver and became attached to receptors shown, after tissue dissociation using collagenase, to be located 
mainly on the hepatocyte's cell surface. After flume homogeniuttion and preparation of plasma mem- 
brane subfractions from low-~peed (nuclear) pellets [ 149] and microsomal fractions [ 131,160] radio- 
activity was recovered mainly in 'heavy' plasma membrane subfraction (density 1.16-1.18 fJcm 3) 
containing intercellular junctions and vesicles and in the subfraction (density 1.11-1.I4 g/cm3) 
prepared by flotation from the microsomal fraction and containing vesicles originating from the blood 
sinusoidal surface. Vesicles (density 1.12-1.14 g/cm 3) released by shearing forces from the plasma 
membrane prepared by the standard Nevflle-Emmelot procedure contained lowest radioactivity, thus 
suggesting a bile canalicular (B.C.) origin. 
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hormone binding membranes relative to the contiguot, s membranes present in the 'heavy' 
subfraction. In addition, the binding of polypeptide hormones to intracellular mem- 
branes, e.g. Golgi [177,179] and nuclei [180] can also influence the hormone-binding 
capacity when impure fractions are used. Further complicating the resolution on the basis 
of blood sinusoidal or biliary origin of the various membrane subfractions is the unknown 
molecular basis of the gradation of the sinusoidal into contiguous plasma membrane 
region and morphological evidence that tile proximity of canalicular and sinusoidal 
regions on hepatocytes can vary considerably [6]. These considerations, combined with 
others discussed above demonstrate some difficulties in achieving by current subcellular 
fractionation procedures the preparation of membrane subfractions fully resolved with 
respect to the sinusoidal, contiguous and canalicular plasma membrane regions. 

VI. Hepatocyte intercellular junctional complexes 

Intercellular junctional complexes that attach adjacent hepatocytes may be considered 
as discrete membrane functional differentiations located within the contiguous cell surface 
domain. Three major classes of junctions are described on hepatocytes. The tight junc- 
tions (zonulae occludentes)control transepithelial flux between cells [181,182]. They 
t\mn a continuous belt-like structure around the bile canalicular space [6]. Freeze-cleave 
studies show tight junctions to be composed of strands of intramembranous particles 
present in the plasma membrane of each cell [181,182J. Their interdigitation creates the 
permeability barrier that controls passage of molecules between tile blood and bile spaces 
[183]. Presently, knowledge of the chemical composition of the tight junction region of 
tile plasma membrane is limited [469] 9wing to the lack of methodology tbr their prepa- 
ration. Desmosomes (maculae/facia adherens) are sites of adhesion between adjacent 
hepatocytes, and although advances in their isolation and characterisation fronl other tis- 
sues are reported [186,187], hepatic desmosomes have not been isolated and studied bio- 
chemically. Far greater knowledge of gap junctions has emerged since it was shown that 
their isolation was possible by taking advantage of their relative insolubility in detergents, 
especially N-dodecyl sarcosinate [99 1071. Gap junctions have been shown ultrastruc- 
turally to be composed of aggregates of intramembranous particles in the apposed plasma 
membranes, paired particle-to-particle across the intercellular space, so constructing a 
direct channel for exchange of ions and small molecules between cells [188]. The absence 
of any biochemical or immunological markers has required their purification from plasma 
membrane fractions to be dependent upon morphological monitoring, especially of the 
regular polygonal structure seen in negatively stained preparations (Fig. 3B). The insolu- 
bility m mild detergents of collagen fibres present in isolated liver plasma membrane frac- 
tions and the use of highly impure coUagenases to dissolve these fibres, have delayed their 
molecular characterisation and thus far, even when proteolytic treatment is avoided dur- 
ing preparation, consensus on the nature of the polypeptide(s) believed to construct the 
intercellular channels and believed to correspond to the intramembranous particles ob- 
served by freeze-fract u ring techniques has yet to be achieved [ 100 - 109,189,190]. Mod- 
els of gap .iunbtion structure based on electron microscopy and X-ray diffraction have 
been proposed [191,419] (Fig. 3A). 

Ultrastructural [ 192,260] and electrophysiological studies [ 189,191J indicate that the 
number and area of gap junctions and the extent of coupling between hepatocytcs are 
reduced after hepatectomy, but the full complement of gap junctions returns within 
2 days of the operation. 
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Fig. 3. (A) Diagrammatic representation of the organisation of the hepatic gap junction as inferred 
from X-ray diffraction and electron microscopical studies. The model proposes hexagonal symmetry 
and the hydrophilic channel is located between the subunits [191 ]. An alternative model that pro- 
poses that the channels run between twisting subunits has been proposed on the basis of image proces- 
sing of negatively stained plasma membranes [419 ]. 

Vll. Biochemical properties of the hepatocyte plasma membrane 

VIIA. Enzyme distribution and properties 

Analytical subcellular fractionation studies have provided much information on the 
equilibrium densities of  liver plasma membrane enzymes [166,194---195]. Preparative 
studies on the distribution of  an increasing number of  marker enzymes among plasma 
membrane subfractions have been interpreted to reflect their uneven distribution on the 
hepatocyte surface. For example, many of  the recognised marker enzymes are present at 
highest specific activities relative to homogenates in bile-canalicular fractions, although 
lower levels of  enrichment are also measured in blood-sinusoidal fractions [149 ,160-  
162]. By far the lowest activities o f  such marker enzymes are measured in contiguous 
region fractions. Increasingly, exceptions to this distribution pattern are being noted: 
thus, CMP-neuraminic acid hydrolase [197], glutamyl transpeptidase [198] and glucagon- 
activated adenylate cyclase [1601 may have primarily a blood-sinusoidal plasma mem- 
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Fig. 3. (1~) Isolated hepatic gap function ne.eatively stained with sodium silicc~tungstate (magnitiea- 
tion, X250 000). Inset: after filtration showing the hexagonal packing of the above model with centre- 
t,,-centre spacing between uni ts  ot 'aI)(;tl[ R II|ll. 

brahe locat ion.  (Na" + K+)-ATPase is mainly found in the Ctmliguous plasma membrane 
fraction [47¢~l. 

A hi, tuber of plasma menlbrt, ne enzymes have been purified, and characterised by 
molecular and kinetic studies {Table 1[I). Furthermore, in many instances the location in 
the membrane of the enzyme's active site relalive to the exterior and interior of the cell 
has been determined. Most of the classical plasma membrane marker enzymes are ccitt- 
enzymes l r~),~ 202[ which is a tk~rtuilous location in view of their extensive use in s~zb- 
eel':liar tractionation studies, since most plasma membrane vesicles pr,~duced during lis- 
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sue homogenisation maintain the same topographical orientation as in the intact cell 
[166 168,203]. These ectoenzymes are widely distributed on manmaalian cells and have 
similar kinetic and antigenic properties [204--207]. Many, and probably all plasma menl- 
brane ectoenzymes are glycoproteins, but little is known currently of the n~lture and bio- 
logical role of the sugar components in hepatocyte plasma membranes [480]. 

Plasma membranes are particularly rich in enzymes inw)lved in nucleotide metabolism. 
The hepatic adenylate cyclase has been purified partially [267,344] and it may resemble 
the enzyme purified from kidney and thyroid membranes in view of the facility with which 
mammalian adenylate cyclases can be shown by cell fusion studies to be activatablc by 
various hormones and receptors [268,4481. Most (80-907:-) of guanylate cyclase is recov- 
ered in liver tissue supernatants [239] but a small proportion attached to membranes dif- 
fers in kinetics and molecular size [781. The liver plasma membrane enzyme also differs 
from the soluble form in being activalable by proteolysis [343]. The (Na+ + K*)-ATPase 
of liver plasma membranes has not been purified, possibly owing to its poor stability. 
Although the enzyme has a baso-lateral location in epithelia [446] the enzyme has been 
reported to be present at both the sinusoidal and canalicular [270-..273] plasma mem- 
brane regions but recent cytochemical and biochemical studies indicate a location mainly 
at the sinusoidal and contiguous regions [269,479]. In view of its postulated participation 
in mediating the Na ÷ transport-dependent component of bile formation 1270] the 
enzyme activity has been studied in normal and cholestatic liver. 

Although possessing specific Ca2+-binding properties [ 7 6  80] (a Ca2*-binding glyco- 
protein has been isolated from hepatoma cells [482]), controversy surrounds the 
question of whether there is a Ca2*-activated ATPase in the hepatic plasma membrane 
[77,364]. Complicating the issue is the demtmstration in liver plasma membrane fractions 
of a Ca2+-activated ATP pyrophosphohydrolase [453] of broad specificity that hydrol- 
yses a variety of dinucleotides and sugar nucleotides at the pyrophosphate bond [217-- 
222]. Nucleotide pyrophosphatase, after purification to homogeneity, also displayed 
alkaline phosphodiesterase 1 activity [217,221], and is a glycoprotein shown by lacto- 
peroxidase-catalysed iodination of isolated hepatocytes tc) be surface located, and thus 
optimally positioned for hydrolysis of external sugar nucleotides [222-224,274]. 

Despite intensive investigation the function(s) in the liver plasma membrane of 5'- 
nucleotidase is still unclear. The membrane-bound enzyme differs kinetically from a solu- 
ble activity [275,277]. Evidence for interaction with phosphatidylinositol [214] (primar- 
ily an inner leaflet phospholipid) and with actin in the [brm of its nuclease complex [215, 
216] suggest that it is deeply anchored into the plasma membrane. It is generally thought 
that 5'-nucleotidase is involved in the transmembrane transport of adenosine and other 
nucleosides produced by hydrc~lysis of tri- and nronophosphates as demonstrated in heart 
tissue [2761. 

Plasma membrane enzymes hydrolysing peptides [230,231] and phospholipids [241-  
245] have been demonstrated, but their physiological role is unclear. Glycosyltransferases 
are present in rough and smooth endoplasmic reticulum and the Golgi apparatus [480], 
but they are also present in lower amounts in liver plasma membrane fractions, especially 
those enriched in sinusoidal membranes [250-252].  Postulated roles in cell recognition 
[473,474] and in the uptake of circulating glycoproteins [472] have not been adequately 
verified. The extensive interaction of intracellular membranes with the sinusoidal plasma 
membrane that underlies secretion and plasma membrane biogenesis (section IX) may 
result in spill-over of some enzymes into the sinusoidal region of the hepatocyte's surface 
membrane. Recently, a plasma membrane location has been shown for NADH-oxidase 
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lig. 4. Schematic diagram showing the disposition of some proteins of the liver plasma (redrawn from 
l touslay and Palmer [285]). The diagram encompasses a large number of observations on the proper- 
ties of the enzymes as described in section VIIA and Table III. G.C., guanylate cyclase; 5'-nut, 5'-nu- 
clcotidase: II, hormone interacting with glucagon receptor (glue. rec.) which, in turn, inleracts with 
adenylate cyclasc (A.C.) when the receptor site is occupied. P.D.I-I., alkaline phosphodiesterase, cAMP 
PD, cyclic AMP phosphodiesterase; - - -  -o microfilaments interacting in an unknown way with 5'-nu- 
cleotidase. P.I.. phosphatidylinositol. ~ , carbohydrate side chains. 

and a role in hormone mediated receptor activation of  adenylate cyclase was suggested 
[253 -256] .  

Analysis of  liver plasma membrane proteins using immunological methods has pro- 
vided important insights into the nature of  enzymic and lectin and hormone binding 
activities. Information on molecular inter-relationships, and especially topographical 
aspects of  membrane enzymes has been obtained [ 2 3 1 , 2 7 8 2 8 4 ] .  Current information 
on the properties of  liver plasma membrane proteins, especially their composition and 
orientalion in the lipid bilayer established by lipid melting experiments [285], permits a 
schematic formulation (Fig. 4). 

I'HB. ('heroical composition 

Liver plasma membranes, in common with all mammalian plasma membranes contain 
tile highest amounts of  glycosylated protein and lipid relative to other membrane sys- 
tems. Tile large number of  functions occurring at the various plasma membrane regions of  
the hepatocyte (Table It) is reflected in the complex pattern of  polypeptides resolved 
electrophoretically.  The polypeptide patterns differ characteristically from those of  other 
hepatic membrane systems [166,286- 290[. Compared to simpler plasma membranes, e.g. 
erythrocytes,  progress is slow in relating polypeptides to enzymic, binding, and transport 
activities etc. Both actin [291 ], and myosin [292,293] have been shown to be associated 
with the liver plasma membrane. Many glycosylated polypeptides 1100,287--280], iden- 
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tiffed in gels using the Schiff-periodate reagent, lectin-binding [294], and incorporation 
of radioactive sugars [349] are present, especially in the 70000-150000  molecular 
weight range, and many of these correspond to the enzymes purified from liver mem- 
branes (Table III). b-Type cytochromes (cytochromes bs, P-450, P-420), mainly located in 
endoplasmic reticulum and outer mitochondrial membranes have also been shown to be 
associated in low amounts with liver plasma membranes; their functional roles, if any, at 
the plasma membrane remain to be established [295,296]. Hepatoma cell plasma mem- 
branes are being used increasingly to isolate glycoproteins [297] and membrane-asso- 
ciated mucopolysaccharides [298,299,421]. Differences in the polypeptide and glycopro- 
tein patterns of plasma membranes originating mainly from each of the functional domains, 
are mainly in the staining intensity of polypeptides of similar electrophoretic mobility 
[160,294]. Lectin-binding studies indicate that a diverse range of glycoproteins are 
present in sinusoidal plasma membrane fractions (Evans, W.H. and Carey, F., unpublished 
results). Since many major polypeptides are present in approximately similar amounts in 
the plasma membrane subfractions, it may be that functional distinctions are more 
related to differences in glycoprotein (and possibly glycolipid) composition. Gap junction- 
containing regions have generally a very much simpler protein composition [101-107].  

The neutral and phospholipid composition of liver plasma membrane have been ana- 
lysed and compared with that of intracellular membranes and organelles [136,300 309] .  
The plasma membrane subfractions are characterised by a high cholesterol/phospholipid 
ratio and sphingomyelin content [312]. The fatty acid profiles have also been examined 

Cytoplasmic 0 Extracellular 
lO0.t, 80 f 60~ 40, 20, J 20, 40, 60: 80, IOOL, 

L . . . . .  Phosphatldyl Choline 

1 
Ethanolam~ne i J 1 Phosphatldyl 

I J Phosphatldyt Senne 

~ne 

/ 
Phosphatldyl Chohne 1---L.l.. I I I I  I.III 

Sph~rK:JomyeSn [,r." / / . . r  / / . ~  / / / / / / / A 
/ 

Phosphatldyl Elhanolam~ne i . . . . . . . . .  : . . . . .  J. I 

1 ,J Phosphatidyl Senne 

Blood Sinuso~al 
Plasma Membrane 

Contiguous 
Plasma Membrane 

t Bile Canalicular 
Plasma Membrane 

Fig. 5. Tentative transverse distribution of the major phospholipids in the bilayer at the three major 
hepatocyte plasma membrane regions. The distributions were determined on the basis of phospholipid 
accessibility to hydrolysis by phospholipase c of Clostridium welchLi. Phosphatidylinositol was not 
hydrolysed but is thought to be mainly located in the cytoplasmic half of the bilayer [I 67,315]. The 
overall composition range of rat liver plasma membrane phospholipids expressed as tool% is: phospha- 
tidylserine, 3.5 - 9.0; phosphatidylinositol, 4.2-8.8; sphingomyelin 10.7 --23.2; phosphatidylcholine, 
30.0-46.2; phosphatidylethanolamine, 18.5 -24.7 [ 300-309]. 
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I310,31 I]. Analysis of the neutral and phospholipid compositions of plasma membranes 
derived from the three functional domains indicated that they were less variable than the 
differences recorded in polypeptide and enzymic composition [312]. The major differ- 
ences in lipid composition and lipid/protein ratio were found between 'light' and 'heavy' 
plasma membranes [I 60,312]. (;angliosides are highly concentrated at the plasma mem- 
brane [313]. Analysis of the transverse organisation of the phospholipids indicated a sim- 
ilar asymmetric distribution to that found in erythrocyte membranes, with phospbatidyl 
choline being the major lipid in the outer bilayer 1167]. t lowever, differences were fot, nd 
between the canalicular and sinusoidal plasma membrane fractions and the contiguous 
fraction (Fig. 5). The arrangement of phospholipids in the bilayer is an important factor 
when investigating mechanisnls for the biogenesis of the plasma membrane, and especially' 
in expMning the resilience of the canalicular plasma membrane region to the action of 
bile during its transfer to and acct, mulation in the biliary networks 1314,315]. 

It is generally accepted that glycoproteins, which account for about 4% of the liver 
plasma membrane dry weight [316], are asymmetrically orientated in the plane of the 
membrane [3171. Many studies confirm that the hepatocyte plasma membrane (at its 
three major functional domains)is no exception to this generality [318 322]. No lectin- 
binding sites are present at the gap junctional region [323], an observation consistent 
with biochemical analysis of isolated junctional proteins [104,106.324]. 

VIII. Plasma membrane pathological modifications 

To identify membrane and molecular lesions occurring in hepatic disorders, two major 
approaches utilising plasma membranes have been used extensively. In the first, the prop- 
crties of plasma mernbranes from normal and experimentally manipulated animals have 
been compared in a number of respects (Table IV), and in the second, agents have been 
added directly to isolated membranes. Although useful information has emerged from 
studies that compare 'normal' membranes with those from diseased or poisoned liver, this 
general approach in a number of instances needs to be evaluated in the context of the fol- 
lowing reservations. 

The plasma membrane is the biosynthetic product of a series of events involving coor- 
dinated activity of a number of intracellular membrane systems and the cytoskeleton. 
Consequently any lesions affecting their integrity will be reflected sooner if not later in 
plasma membrane properties, especially in the context of the speed of metabolic turnover 
and the revel of secretory/absorption phenomena (see section IX). This is illustrated by a 
detailed examination of the effects of phallotoxins and related substances on liver physi- 
ology, where wide-ranging effects on membranes and the cytoskeletal components are 
now reported [3721. 

A second qualification is that the regional complexity of the hepatocyte plasma mem- 
brane opens a Pandora's box with regard to the permutation of deviant fractionation 
possibilities open to plasma membrane fragments of differing size and density especially 
when they are prepared from the wide range of hepatoma that have been compared only 
with respect to a low yield of a single plasma membrane fraction properties. The different 
methods of cell disruption and fractionation used when comparing normal and abnormal 
tissues or cells can lead to plasma membrane fragments from overlapping or different 
surface regions being isolated. Analytical fractionation of hepatoma has shown that in 
contrast to the bimodal density distribution of many plasma membrane markers of liver 
tissue, a single modality is obtained, and that 5'-nucleotidase activity may be low or 
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absent [345]. These differences are further accentuated for example, when membranes 
prepared from different hepatoma are compared [346,377]. 

A third reservation that applies to many studies using liver plasma membrane also 
emerges from the biochemically heterogeneous nature of the fractions obtained by using 
the various procedures. Whereas the standard (Neville-Emmelot) preparation and its many 
variants yields membranes suitable for investigating modifications induced by choleresis, 
cholestasis etc., the same fraction, although deficient in sinusoidal plasma membrane frag- 
ments is also used for investigating blood-sinusoidal functions, especially membrane- 
receptor properties and modifications. The tact that hormone-binding studies have 
yielded functionally meaningful results may be related largely to the expression of these 
properties at the contiguous region and the retention, especially in methods that minimise 
the number of steps, of fragments from the microvilli present at the major blood sinus- 
oidal plasma membrane region. Clearly, further studies utilising more clearly defined 
blood sinusoidal plasma membranes are needed. 

A fourth qualification concerns the use of liver tissue plasma membrane fractions to 
investigate functions that are increasingly attributed to the hepatic non-parenchymal cells 
(see section IliA). The resolution of liver tissue into its component cell types, their 
enzymic analysis [378-380] and analytical fractionation [381], and the availability of 
methods for preparing plasma membrane subfractions and other membrane fractions from 
isolated hepatocytes [382] will be expected to feature more in future studies. 

IX. Plasma membrane biogenesis and turnover - their role in the generation of func- 
tional polarity 

The liver plasma membrane is a largely biogenetically inert organelle. Thus, ribosomes 
are absent and the capability for synthesis of lipids is limited, being confined mainly to 
smooth endoplasmic reticulum vesicles [383-389].  However, it is the locus of intensive 
metabolic activity conditioned by intra- and extracellular events. This is especially the 
case at its blood sinusoidal region where secretory, and absorptive activities are mainly 
localised. The extent of metabolic involvement of the contiguous (lateral) plasma mem- 
brane region is unclear. Undoubtedly some endocytotic processes occur as shown by 
autoradiographical studies of iodinated insulin uptake [110,111]. Intensive metabolic 
activity must also underly the discharge of bile across the canalicular membranes into the 
biliary spaces. 

IXA. Biogenesis 

Kinetic studies on the incorporation of labelled precursors into liver plasma membrane 
and intracellular membrane proteins and carbohydrates are often interpreted as indicating 
a biogenetic route involving a sequence from the rough endoplasmic reticulum to the cell 
surface via the smooth endoplasmic reticulum and Golgi apparatus [390-399].  The 
kinetics of membrane protein movement to the cell surface are similar to that of albumin 
[396] and ~2u-globulin secretion [397]. Approx. 2 - 4  h elapse before maximal incorpora- 
tion of precursors into plasma membrane protein is achieved [398,399] but carbohy- 
drates are incorporated into liver plasma membranes at a faster rate, with a maximum at 
about 1-2 h [400,353]. It is not the intention to discuss here detailed mechanisms for 
biosynthesis of membrane proteins and lipids but to comment on some possible pathways 
for transferring them to their final position at the various plasma membrane regions. Sim- 
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ply, how is the process of plasma membrane synthesis so arranged, such that segregated 
functional zones are generated and maintained? Although many of the details await direct 
experimental analysis, two possible mechanisms and three routes for transfer of plasma 
membrane components to their final position at the hepatocyte surface can be postu- 
lated. Transfer of membrane components, for example, phospholipids from their site of 
synthesis at the cytoplasmic face of the endoplasmic reticulum [402,403] to the plasma 
membrane may involve exchange proteins similar to those featuring in the exchange of 
endoplasmic reticulum and mitochondrial phospholipids [404]. This could explain, for 
example, the 10-fold more rapid transfer of cholesterol and its precursors lanosterol and 
lathosterol from the endoplasmic reticulum to the hepatocyte's sinusoidal plasma men> 
brane than would be expected if the Golgi apparatus were implicated [4501. Mechanisms 
for the transfer of membrane p.roteins via a cytoplasmic rather than a n]embrane-medi- 
ated ,nechanism have not been described, and routes postulating vesicles [405] or mem- 
brane tlow [3~.)0,395] are currently in vogue. 

Three major routes to the hepatocyte surface that generate an unequal distribu- 
tion of many plasma membrane components can be described (Fig. 6). The first route 
entails the insertion of components randomly into the plasma membrane, followed by 
lateral translocation of components in the plane of the membrane that may be aided or 
controlled, for example, by cytoskeletal elements [406 408]. A second route involves 
the insertion of components directly into the plasma membrane regions where they carry 
out their functions. Lateral movement, especially between the major domains, would be 
restricted by various functional interactions. For example, insulin receptors a t  the bhnld 
sinusoidal plasma membrane region have beet] shown to aggregate and be inlerioriscd 
rapidly following interaction with circulating hormone [409], and such receptor-medi- 
ated endocytotic process would minimise the extent of lateral redistribution. The inser- 

Random 

BS BS BS 

c I T J  

Insertion Domain-Specific Insertion Sinusoidal Insertion 
a : Polypept~de hormone receptor B s Iocahon BS = Blood s.lUSOldal plasma membrane 

b - Junchonal Droteln C IOcahon C : COI l t I , (JLJOLJ5 plasma mer~lbran~, 

(: - Canahcular prote.1 B (" Io(:ahorl BC : Bile. canallcular plasma membrane 

T3 = Ti.qht lUU(:tLou 

Fig. 6. l)iagranl showing three routes o f  i~scrtion o f  componcnt,~ resulting in the synthesis o f  a multi- 
domain plasma membrane. Arrows show roules from intracellular site(s) o f  synthesis to File hcpato- 
¢yte's three major plasma membrane domains, and in tile route o f  sinusoidal insertkm, lhc lateral 
tran ;ocation in the plane o f  tile menlbrane, possibly overcoming the barrier o f  the t ight junct ion.  For 
othei  details,  see text.  
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tion of gap junction polypeptides into the contiguous plasma membrane region can lead 
to junction formation by close packing and intercalation of the subunits with correspond- 
ing subunits on neighbouring hepatocytes. Once assembled, the gap junction polypeptides 
would become locked at regions of closely apposed plasma membrane. Junctions, once 
formed are difficult to dissociate, and complete junctions are retained on the surfaces of 
isolated hepatocytes [410[; evidence supporting their breakdown as complete units after 
internalisation into lysosomal regions has also been presented [411 ]. Similarly, membrane 
proteins implicated in discharge of bile would be directly inserted into the bile canalicular 
plasma membrane region. These pathways of insertion would, of course directly generate 
the unequal distribution of some components in the plasma membrane. A third route 
restricts the insertion of plasma membrane components to one plasma membrane region 
and can be regarded in some aspects as a corollary of secretion. Since Golgi vesicles pre- 
dominantly interact with the blood sinusoidal plasma membrane region, they provide a 
vehicle for the insertion of glycoconjugates into the plasma membrane in a selective or 
gross way [177]. After insertion into the sinusoidal plasma membrane region, some cate- 
gories of components would become localised around the site of insertion, whereas others 
could move laterally and into the contiguousplasma membrane regions. Autoradiographical 
evidence for the insertion of membrane glycoconjugates into the plasma membrane by 
this pathway has been obtained in liver prelabelled with various radioactive sugars [322, 
413]. The constancy in liver of secretion in equilibrium with processes that internalise 
plasma membrane components (see section IXB), would account for the generation and 
maintenance of these gradients. Information on the topographical location of 5'-nucleo- 
tidase in hepatocytes illustrates the insertion of a specific plasma membrane component 
by this pathway. 5'-Nucleotidase is synthesised mainly by membrane-bound ribosome 
[360], a common site for synthesis of intrinsic membrane proteins in liver [414] and the 
enzyme has been shown to be present in Golgi membranes where histochemical evidence 
suggests translocation of the active site from the cytoplasmic side in the cisternal ele- 
ments to the luminal side in secretory vesicles [412]. After insertion into the blood sinus- 
oidal plasma membrane, this ectoenzyme would be in a position to move laterally, thus 
explaining the lower enzyme levels present at the contiguous plasma membrane region. 

However, discussions of mechanisms generating functional domains in liver by invok- 
ing lateral mobility between plasma membrane domains must give due regard to the role 
of the tight junctions in segregating the bile canalicular plasma membrane region frt~m the 
remainder of the plasma membrane. If the tight junction prevents any lateral spiltover 
into the bile canalicular plasma membrane of glycoproteins initially inserted into the 
blood sinusoidal and lateral plasma membrane regions, how can one account tor the high 
levels of glycoenzymes shown to be present in this region by biochemical and histochem- 
ical techniques? An alternative route postulates direct interaction between the C~)Igi com- 
plex and the canalicular membrane but the evidence is indirect and circumstantial. For 
example, following bile duct ligation there is a large increase in the Golgi apparatus in the 
nonobstructed lobules that compensate to maintain bile formation [26]. Also, when 
increased bile formation is induced by perfusion of liver with taurocholate, morphometric 
analysis showed an increase in Golgi components and vesicles of diameter more than 
1000 A of unknown origin in the pericanalicular region [461]. On the other hand, it may 
be argued that if some classes of membrane proteins can move through that part of the plas- 
ma membrane comprising the tight junction (this may depend for example on the number 
and proximity to each other of the sealing strands in the junction), they would then 
become trapped within the bile canalicular region, thus making it the anatomical correlate 
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BlOod Sinusoidat p m 

0 T ht Junction 

y e ~letn~u ~Smm~'~, Golgi pm 

Fig. 7. Diagrammatic representation of the various possible routes of biogenesis, turnover and interplay 
of the plasma membrane regions of the hepatocyte. A. Route of insertion of glycoproteins from Golgi 
dictyosomes and secretory vesicles to the blood sinusoidal plasma membrane region. Evidence for any 
direct interaction of such vesicles with the bile canalicular plasma memblane is circumstantial (?). B. 
Direct vesicle shuttling from and to the blood sinusoidal plasma membrane. C. Direct shuttling of vesi- 
cles from the blood sinusoidal plasma membrane to the Golgi apparatus. D. Endocytosis of sinusoidal 
plasma membrane vesicles and their breakdown after interaction with lysosomes. Membrane compo- 
nents are reutilised for membrane synthesis de hove. E. Vesicle shuttling from blood sinusoidal to the 
bile canalicular plasma membrane region. F. Lateral movement of plasma membrane components in 
the plane of the membrane. G. Translocation between Golgi and lysosomal compartments. For further 
explanations, see text. 

appeared. A further mechanism shown to operate in secretory epithelia including liver 
features the direct interaction of interiorised plasma membrane components with Golgi 
dictyosomes (route C) [51,436,437]. Vesicles shuttling to and from the plasma mem- 
brane may also interact with Golgi components on their route, especially in view of the 
apparent role of the Golgi apparatus in directing the biogenesis of cellular components. 
Finally, an adaptation of such mechanisms for removal and recycling of plasma mem- 
brane components may involve translocation of vesicles endocytosed from the blood 
sinusoidal plasma vesicles and transported across the hepatocyte's interior to the bile 
canalicular membrane (route E), since this membrane-mediated route could explain the 
rapid appearance in bile of components for which there are receptors at the blood-sinus- 
oidal plasma membrane. 

Recent work on the fate of polypeptides bound to hepatocyte surface receptors is now 
beginning to provide experimental evidence for the intracellular route of internalised 
polypeptide hormone-receptor complexes and the membrane compartments involved. For 
example, following the interactions of ~2Sl-radiolabclled insulin or prolactin with the plas- 
ma membrane sinusoidal and lateral regions [110,409,444], radioactivity was detected by 
autoradiography at 10 min in secretory elements of the Golgi apparatus and lysosome-like 
vacuoles, and at 20 min the hormone was found mainly in the lysosomal compartment 
[ 110,111 ]. Corroborative evidence using subemllular fractions has also been obtained [51, 
438]. Thus, the general concept is emerging that certain polypcptide hormones and their 
plasma membrane receptors are degraded in specific organcltes inside the cell. This leads 
to the possibility that insulin, prolactin and other polypeptide hormones may produce 
their biological effects after transfer to the inside of the cells. 
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A class of endolytic vesicles has been identified that may be involved in facilitating 
tile rapid transport of immunoglobulin A from blood to bile without lysosomal involve- 
ment. IgA is a major component of bile [462,463] and autoradiographical [464] and bio- 
chemical [465] studies suggest that a direct route (corresponding to E in Fig. 7) may 
account for its rapid transcellular passage after receptor binding at the sinusoidal plasma 
membrane leading to release into bile. This route may also cater for transfer of other 
blood-borne substances also found in high concentrations in bile. e.g. insulin [466]. 

Coated vesicles, one of the candidates for plasma membrane recycling, and possessing 
a characteristic composition and lattice-like coat [439 441], have not been isolated from 
liver, although naorplmlogical evidence for their presence has been obtained [422,467]. 

X. Concluding remarks 

Since the preparation and biochemical analysis of liver plasma membranes were reported 
some 15 yea,s ago, these membranes have emerged as the loci of an increasing number of 
enzymic and receptor-implicating hepatic functions. Liver plasma membrane fractions 
have featured widely m studies directed towards unravelling the molecular lesions ,,nder- 
lying diseases of the hepato-biliary system. The present review emphasises lhe heteroge- 
neous nature of the hepatocyte plasma membrane. By focusing on anatomical anti physio- 
logical correlates, subcellular fraction heterogeneity is resolved by considering tile hepato- 
cyte plasma membrane as a functional mosaic constructed of three major regions or 
domains. Subfractionation techniques that separate plasma membrane fragments accord- 
ing to an origin from the blood-sinusoidal, contiguous (lateral) and bile canalicular regions 
are discussed, and information on the chemical and biochemical differences is presented. 
Although most of the biochemical functions.occur predominamly at the blood-sinusoidal 
plasma membrane region, most membrane fractions used originate mainly from a 
restricted region of the pericellular membrane and contain mainly contiguous and bile 
canalicular membranes. It is stressed that methods yielding blood sinusoidal plasma mem- 
branes are often more appropriate tklr use in studies of the ever-increasing blood-sinusoi- 
dal plasma membrane functions listed in Table II. The major intercellular junctions present 
in the contiguous plasma membrane region, viz. desmosomes, tight and gap junctions are 
also considered as an example of further functional specialisation within a given domain. 

The differentiation of the hepatocyte plasma membrane into three functional domains 
is discussed in the context of biogenetic and degradative processes that constantly synthe- 
sise and maintain these functional differences within the framework of a continuous 
membrane. Various mechanisms and routes for the biogenesis of lhe plasma membrane 
domains are evaluated. A major consideration is the intensive metabolic activity confined 
mainly to the plasma membrane's blood-sinusoidal region. Indeed, such is the intensity of 
secretory and endocytotic activities localised at the blood sinusoidal plasma membrane 
that plasma membrane components at a given time are located not only at the cell st,r- 
face, but are also to be found migrating into tile cell where opportunities for interacting 
with other intracellular membrane components arise. These interactions between deriva- 
tives of the sinusoidal plasma membrane and intracellular membrane compartments 
make measurements of the turnover and degradation rates of cell surface components 
difficult. The dynamic biogenetic interactions between the surface domains, the nature of 
the transitory region between sinusoidal and contiguous plasma membrane regions 
together with the role of the tight junctions in segregating the bile canalicular plasma 
membrane from the contiguous membrane are further aspects about which much needs to 
bt learnt. 
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A final aspect of  hepatocyte  physiology concerns the control  of  endocytosis and 
exocytosis and plasma membrane recycling between the various domains o f  the 
membrane. Many polypeptides and proteins bind to receptors at the sinusoidal plasma 
membrane and are rapidly interiorised. Some also are released into bile, and this trans- 
hepatocyte route, as examplified by lgA and bile acids, is, of  course, a component  of  
their entero-hepatic circulation. These routes raise intriguing questions at the organ level 

regarding the transporting mechanisms, especially the nature of  the putative vesicles that 
may migrate transcellularly between the sinusoidal and canalicular domains, the identifi- 
cation of  intracellular 'ports of  call', if any, the propelling mechanisms involved, and the 
recognition mechanisms controlling trans-cellular movement and the interaction with the 
appropriate plasma membrane domain interfacing with the bile canaliculi. At the organ- 
ism level, the biological mechanisms that come into operation after parturit ion for exana- 
pie, leading to suppression of  hepatic secretion of  IgA into bile and simultaneously 
redirecting into milk consti tute further modulations of  plasma membrane physiology. 
Clearly, when these mechanism have been further explored at the level o f  plasma mem- 
brane biochemistry,  our understanding of  hepatic physiology, and epithelial cell function- 
ing in general will have taken a major step forward. 
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