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Role of the Golgi Apparatus in Cellular Pathology
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ABSTRACT The Golgi apparatus response to pathological disorders is predominantly as an
intermediary component of membrane biogenesis where it is involved in processing, sorting and
secretion of materials via secretory granules, and in the formation of lysosomes. A common initial
response of the Golgi apparatus to any stress is an alteration or cessation of secretory activity. In
the transformed cell, the Golgi apparatus is altered both morphologically and biochemiecally, sug-
gesting a shift from a secretory to a membrane-generating mode of functioning. However, since
fewer or less well-developed Golgi apparatus are frequently found in transformed cells, analytical
methods of membrane isolation developed for normal tissues may not always yield equivalent
results when applied to tumors. Cell surface alterations characteristic of malignant cells may result
from modifications occurring at the level of the Golgi apparatus. Some lysosomal dysfunctions may
result from underglycosylation of acid hydrolases by the Golgi apparatus. The use of cell-free
systems between endoplasmic reticulum and Golgi apparatus or within Golgi apparatus cisterane
is providing a new approach to the elucidation of the role of the Golgi apparatus in normal as well

Golgi apparatus, Pathology, Lysosomes, Secretion

as pathological states.

INTRODUCTION

Generally, pathological disorders concerned with the
cell surface or cell surface determinants (e.g., cancer),
secretion (albuminemia, lipoproteinemias), lysosomes
(inheritable storage diseases), or protein or glycolipid
glycosylation (viral diseases) involve the Golgi appara-
tus at at least some stage of disease etiology.

The pathology of the Golgi apparatus reflects its nor-
mal pattern of functioning as a cell component of mem-
brane biogenesis (Morré et al., 1979) with a major role
in the secretion of materials for export to the cell sur-
face (Fig. 1) (Farquhar and Palade, 1981; also see
Beaudoin and Grondin, 1991). It is involved as well in
the processing of membrane proteins and glycoproteins
(Farquhar, 1985; Kornfeld and Kornfeld, 1985) and
in the formation of lysosomes (Creek and Sly, 1984;
Farquhar, 1985); where dysfunction may result in a
variety of disorders. Analysis is complicated by the or-
ganization of the Golgi apparatus as a series of dif-
ferent membrane compartments through which pro-
teins move sequentially on their way either to the
plasma membrane or to lysosomes (Pfeffer and Roth-
man, 1987). The cisternal membranes within the Golgi
apparatus show a gradient from rough endoplasmic re-
ticulum-like at the forming face to plasma membrane-
like at the mature face (Mollenhauer and Morré, 1991).
Although the Golgi apparatus is best characterized as
a compartment of the secretory route, it may also act as
an intermediary in the endocytic route (Klausner,
1989).

There are perhaps no diseases in which the primary
causes have been unequivocally traced to a Golgi ap-
paratus dysfunction. Disorders in which one or more
specific glycosyltransferases, normally located exclu-
sively or at least predominantly in the Golgi appara-
tus, are either overexpressed or underexpressed prob-
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ably are the best candidates. In most examples, the
Golgi apparatus response is through its functional role
as an intermediary in membrane flow from the endo-
plasmic reticulum to the plasma membrane (i.e., ex-
pression of viral antigens) in the processing and pack-
aging of lysosomal enzymes (i.e., inheritable storage
disorders), or in processing and packaging of secretory
materials for export out of the cell (i.e., hyperlipopro-
teinemia). In these examples, Golgi apparatus involve-
ment in disease etiology is most likely secondary but
nonetheless important to the overall expression of the
pathologic phenotype. A fundamental problem is that
diseases are generally characterized and diagnosed by
end product abnormalities (e.g., secretion/storage dis-
eases, lysosomal diseases) rather than by intermediate
product alterations that, nonetheless, may be the pri-
mary contributing factor to the disease.

PATHOLOGIC ALTERATIONS OF GOLGI
APPARATUS FUNCTION
Secretory activity

One of the best studied examples of pathological con-
ditions involving altered secretory activity is the li-
poproteinemias associated clinically with atherogene-
sis and cardiovascular disease. In the liver, the
secretory vesicles derived from Golgi apparatus con-
tain particles of very low density lipoproteins (VLDL)
and low density lipoproteins (LDL). These particles en-
ter the circulation and consistently have been impli-
cated in atherogenesis (Eisenberg and Levy, 1975). The
apoprotein moieties of the lipopoteins are synthesized
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Fig. 1. Diagrammatic representation of the Golgi apparatus and
functional relationships to other cell components indicative of the
potential contributions of Golgi apparatus dysfunction to disease.

on polyribosomes and associated messenger RNA, pre-
sumably bound to membranes of the rough endoplas-
mic reticulum (Schumacher and Adams, 1969).
Strongly osmiophilic 30 to 80 nm lipoprotein particles
approximating the size range of plasma VLDL appear
in smooth endoplasmic reticulum within minutes after
refeeding fasted animals (Jones et al., 1967). Next they
appear in Golgi apparatus (Hamilton et al., 1967) and
are found in the space of Disse within 15 minutes
(Hamilton et al., 1967). They proceed from there di-
rectly to the circulation (Schumacher and Adams,
1969). Subsequent correlative biochemical, immuno-
chemical, and morphological studies, made possible by
the isolation of intact Golgi apparatus from liver, con-
firmed that the lipoprotein particles of the Golgi appa-
ratus are precursors of plasma VLDL (Mahley et al.,,
1968) and contain the same major lipoprotein apopro-
teins as serum VLDL (Alexander et al., 1976).

Administration of a variety of hepatotoxic drugs and/
or experimental conditions results in alterations in the
lipid or lipoprotein contents within the Golgi appara-
tus. For example, the Golgi apparatus is transformed
into a cluster of dilated vacuoles devoid of coarse elec-
tron-dense particles 30 minutes after administration of
carbon tetrachloride to rats (Reynolds, 1963). Dis-
rupted or dilated particle-free Golgi apparatus were
found in rat livers after administration of a choline-
deficient diet (Amick and Stenger, 1964) puromycin
(Jones et al., 1967; Treolar et al., 1974) or orotic acid
(Jatlow et al., 1965). The increased biochemical activ-
ity and morphological prominence of the Golgi appara-
tus observed with chronic ethanol administration may
be an adaptive phenomena resulting from promoted
lipoprotein secretion (Lieber, 1985).

Fig. 2. Electron micrographs of liver from mice given daily doses
of T2 toxin. A: Section of liver from control mouse showing typical
distribution of cellular components; B: Initial response of the Golgi
apparatus was loss of secretory vesicles within 24 hours and then
recovery of secretory activity after 5-7 days of T2 toxin treatment.
% 23,000.

Alterations of secretory activity (as determined by
the presence or absence of secretory vesicles) is a com-
mon initial response of Golgi apparatus to any stress.
For example, Mollenhauer et al. (in press), upon in-
ducing toxic stress in mice by administration of tricho-
thecene mycotoxin T-23, found changes in the rough
endoplasmic reticulum and smooth endoplasmic retic-
ulum-associated vesicles (Fig. 2). They attributed these
changes to inducement of a block of transfer of secre-
tory product by the T-2 between endoplasmic reticulum
and Golgi apparatus. Although the Golgi apparatus per
se is a relatively resistant cell component, some of its
functions involving the synthesis and/or storage of
secretory products and its activities in membrane traf-
ficking appear to be quite labile.

Since lipoprotein particles are major carriers not
only of triglyceride but also of cholesterol, cholesterol
packaging for delivery to the cell surface and to the
circulation also is thought to occur in the Golgi appa-
ratus (DeGrella and Simoni, 1982; Glaumann et al.,
1975; Hamilton et al., 1967; Mahley et al., 1969; 1970;
Mills et al., 1984; Morré et al., 1971). Disruption of the
normal transport pathway of cholesterol was observed
by Blanchette-Mackie et al. (1988) when they incu-
bated fibroblasts derived from patients with type-C-
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Niemann-Pick disease with LDL. There was excessive
accumulation of unesterified cholesterol, which was ac-
counted for by premature accumulation of cholesterol
in the Golgi apparatus and massive cholesterol storage
in lysosomes.

In other extreme pathological conditions, secretion
may stop entirely (Ghadillary, 1982), or normal secre-
tion may be reduced as in neoplasia (Redman et al.,
1979). Secretion at the level of the Golgi apparatus
may be affected by the specificity of a terminal carbo-
hydrate group or sequence of amino acids. Alteration of
the terminal sugar sequence may result in the en-
hanced uptake by the liver of circulating glycoproteins
after removal of the terminal sialic acid groups and
exposure of galactose groups (Gordon, 1973) and then a
subsequent return to a normal rate of uptake upon fur-
ther removal of the exposed galactose groups.

Membrane flow

A second major function of the Golgi apparatus that
occurs in parallel to secretion is delivery of membrane
to the cell surface. Here, for example, significant alter-
ations occur with viral disorders and neoplasia.

Viral disorders. Green et al. (1981) were among
the first to demonstrate the passage of viral proteins
through the Golgi apparatus. Evidence for a flow
mechanism to account for the appearance of viral gly-
coproteins at the cell surface membrane has been re-
viewed extensively (Morré et al., 1979; Stephens and
Compans, 1988). Most enveloped viruses acquire their
envelopes by budding through cellular membranes.
Enveloped RNA viruses bud most frequently through
the plasma membrane (Compans and Choppin, 1971;
Compans and Dimmock, 1969; Lenard and Compans,
1974). Other enveloped viruses (i.e., alpha viruses,
arena viruses, orthomyxoviruses, paramyxoviruses,
retroviruses, and rhabdoviruses) may bud into cyto-
plasmic endomembrane spaces, e.g., endoplasmic retic-
ulum or Golgi apparatus. Some, like the herpes virus,
are assembled within the nucleoplasm and acquire an
envelope upon budding at the inner nuclear envelope
(Stephens and Compans, 1988).

The protein portions of viral glycoproteins are coded
for by the virus. Then they are glycosylated at the
Golgi apparatus. In a study of the glycosylation of en-
velope glycoprotein of vesicular stomatitis virus pre-
cursors, Hunt and Summers (1976) used pulse-labeled,
virus-infected HeLa cells with radioactive sugar pre-
cursors to show the addition of sugar residues (glu-
cosamine and mannose) proximal to the linkage with
protein by rough endoplasmic reticulum, the addition
of more distal sugars (galactose, sialic acid, fucose, and
possibly more glucosamine) in a light density endo-
membrane fraction now known to be the Golgi appara-
tus, as well as the accumulation of mature glycoprotein
in the plasma membrane.

All coronaviruses, with the exception of TGEV
(Laude et al., 1987), contain E1 proteins lacking N-
terminal cleavable signal sequences. O-Glycosylation
of the E1 proteins occurs most likely when the virus
particles are transported through peripheral loops of
the Golgi apparatus cisternae (Niemann et al., 1982;
Tooze et al., 1988). Results obtained with cell fraction-
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ation experiments and metabolic labeling of monensin-
treated infected 3T3 17C11 cells indicate that at least
the first step of O-glycosylation occurs in the Golgi ap-
paratus (Niemann et al., 1982).

In contrast to influenza and other viruses which bud
from the plasma membrane of the host, nucleocapsids
of herpes virus acquire envelopes from the inner leaflet
of the nuclear envelope. Antigens become associated
not only with the membranes of the nuclear envelope,
but with endoplasmic reticulum and plasma membrane
as well (Nii et al., 1968), and reach the cell surface via
the Golgi apparatus.

The envelope of the best characterized member of the
Bundyviridae family, the Uukuniemi virus, contains
two glycoproteins, G1 and G2, which along with the N
protein accumulate in the Golgi apparatus region of
Uukuniemi virus-infected cells (Kuismanen et al.,
1984). Subsequently, this region undergoes expansion.
Similarly, G1 and G2 accumulate in hamster kidney
and chick embryo cells infected with a temperature-
sensitive mutant, ts12, of Uukuniemi virus (Gahmberg
et al., 1986). The N protein failed to accumulate in the
Golgi apparatus region at the restrictive temperature
(39°C) although G1 and G2 were retained in the Golgi
apparatus and could not be chased to the plasma mem-
brane even after 6 hours’ incubation in the presence of
cycloheximide at nonpermissive temperatures.

Synthesis and incorporation of the membrane glyco-
protein (G protein) vesicular stomatitis virus have
been studied extensively in cell-free systems (Morrison
and McQuain, 1977; Rothman and Lodish, 1977), as
has its intracellular transport (see Wattenberg, this
volume). Movement and processing of the G protein has
been studied comparing different “donor” and “ac-
ceptor” fractions in both cell-free systems and with per-
meabilized cell preparations. Ativators of mammalian
GTP-bindings proteins such as GTPyS and aluminum
tetrafluoride in a cell-free system enhanced formation
of non-clathrin-coated vesicles that failed to bind to or
fuse with recipient Golgi apparatus membranes
(Melangon et al., 1987). An additional inhibitory cyto-
solic component with GTPyS-binding properties was
required for inhibition of vesicular transport by
GTP~S.

Neoplasia (cancer). The role of the Golgi appara-
tus in cell transformation and neoplasia is not as well
understood as its involvement in the processing of
membrane proteins and glycoproteins (Dunphy and
Rothman, 1985; Farquhar, 1985; Kornfeld and Korn-
feld, 1985) as well as in lysosome formation (Creek and
Sly, 1984; Farquhar, 1985). However, several authors
have noted the possibility of a relationship between cell
transformation and the Golgi apparatus (Morré and
Ovtracht, 1977; Reutter and Bauer, 1978; Reutter et
al., 1978; Nicolson, 1984; Morré, 1989).

Both morphologic and biochemical investigations
have provided evidence for an altered Golgi apparatus
in the transformed state. Compared with host liver, a
change in the dimensions of Golgi apparatus in hepato-
mas was noted by McCarthy et al. (1974). Likewise, in
a series of 35 Morris hepatomas of differing growth
rates, an effect on the lengths or number of cisternae of
the Golgi apparatus was largely independent of growth
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rate (Hruban et al., 1972, 1979). To varying degrees,
hepatomas compared with normal liver also lost the
ability to elaborate specific secretory proteins into se-
rum (Redman et al., 1979). Several investigators (Hud-
gins et al., 1971; Reutter and Bauer, 1978) suggested
that the Golgi apparatus of transformed cells may shift
from a secretory to a membrane-generating mode of
functioning.

Ghadially (1982) noted that most tumors do not con-
tain an abundance of Golgi apparatus compared with
their cell of origin. The Golgi apparatus is nearly al-
ways poorly developed or difficult to identify in fast-
growing anaplastic tumors while relatively well differ-
entiated tumors usually have a well developed Golgi
apparatus provided the tissue of origin also has a well
developed Golgi apparatus. Furthermore, a correlation
exists between the degree of differentiation and the
size of the Golgi apparatus; that is, the less differenti-
ated tumors have smaller Golgi apparatus. Finally,
some tumors exhibit marked hypertrophy, dilatation,
and distortion of the Golgi apparatus. Mostly the Golgi
apparatus of tumors seems to acquire a morphology
similar to that of Golgi apparatus observed in juvenile
or dividing cells (Eisenberg and Levy, 1975).

Aspects of endocytic membrane trafficking in tumor
cells have been less well studied. Pancreatic acinar
carcinoma cells, when supplied with radiolabeled cat-
ionic ferritin, retained the capacity to interiorize and
recycle plasma membranes (Kanwar et al., 1983). As
determined by electron microscopic autoradiography,
the tracer internalized in undifferentiated granule-de-
ficient cells primarily to lysosomes.

The biochemical evidence for a functionally altered
Golgi apparatus in transformation frequently has been
inferred from the known subcellular localization of gy-
coconjugate processing enzymes in various parts of the
Golgi apparatus rather than from direct measurements
done either in situ or with isolated fractions. Often
altered glycoproteins and glycolipids in tumorigenesis
have L-fucose or N-acetylneuraminic acid as terminal
sugars (Reutter and Bauer, 1978). Although few good
examples are available, many authors have concluded
that at least some of the glycoproteins modified in
transformation may be involved in alterations in cel-
lular adhesion and communication that contribute to
the aberrant social behavior that is characteristic of
the transformed phenotype (Nicolson, 1984). Thus, in
addition to its likely function as a shipping and receiv-
ing center for membrane quanta, the Golgi apparatus
may be responsible as well for imparting to the mem-
branes some of the specific characteristics important to
their postulated roles in control of growth and cell ad-
hesion (Farquhar, 1985; Farquhar and Palade, 1981;
Morré et al., 1979).

In both rodent and human hepatoma cells, transport
rates of secretory gycoproteins through the endoplas-
mic reticulum and Golgi apparatus are variable, but
the extent that they are influenced by transformation
is unknown (Lodish et al., 1983; Yeo et al., 1985). Over-
all, the pattern of processing and movement through
the Golgi apparatus appears to be similar to that for
nontransformed cells and tissues. Thus, in Golgi appa-
ratus, functional alterations are being sought cur-
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rently in terms of more subtle changes such as alter-
ations in transit times (Bostrom et al., 1986) and in the
activities of specific glycosyltransferases (Ikehara and
Takahashi, 1983).

Fucosyltransferase, located in the Golgi apparatus,
is involved in the formation of both fucoproteins (Re-
utter and Bauer, 1978) and fucolipids (Bosmann, 1969;
Steiner et al., 1973). Alteration of this enzyme, along
with sialytransferase in transformed cells, indicates a
central role of the Golgi apparatus during tumorigen-
esis in affecting altered patterns of cell-surface glyco-
sylation. The precise mechanisms whereby the Golgi
apparatus may contribute to an altered glycosylation of
cell surface glycoproteins and glycolipids presently are
not known. The pool size of GDP-L-fucose in Morris
hepatoma 7777 was found to be 12.8 nmoles/g wet
weight compared with 6.5 nmoles/g wet weight for nor-
mal liver. In addition, specific activities of GDP-fucose:
glycoprotein fucosyltransferase were increased at least
twofold to threefold over that of normal liver in a num-
ber of rat hepatomas (Reutter and Bauer, 1978),
whereas in these tumors the specific activities of sia-
lyltransferase generally were decreased (Reutter and
Bauer, 1978). However, galactosyltransferase-specific
activity remained unchanged. CMP-sialic acid:glyco-
protein sialyltransferase activity was found to be un-
changed or decreased during tumor progression (Creek
et al., 1984) while that of galactosyltransferase was
unchanged (Elliott et al., 1984) during hepatocarcino-
genesis induced in the rat by 2-acetylaminofiuorene.

There have been no definitive biochemical studies
dealing with Golgi apparatus isolated from trans-
formed cells or tissues. Much difficulty in comparing
tumors with normal tissue has arisen from the fact that
analytical methods of membrane isolation developed
for normal tissues of origin do not yield equivalent re-
sults when applied to tumors. Some of the reported
differences may, in reality, be the result of contaminat-
ing membranes or a failure on the part of the tumor
cells to fractionate decisively. Functional changes in
membranes are frequently expressed in terms of ultra-
structural alterations and vice versa. It is important
that only observations of well-fixed and well-preserved
material be considered. What may appear as an ultra-
structural alteration under certain circumstances may
be only a response to fixation or some pathological
change resulting from a delay, perhaps, between time
of harvest and actual fixation.

Endomembranes play an essential role in oncogene
expression in that oncogene products functioning at the
cell surface are translated on membrane-associated
polyribosomes and delivered to the plasma membrane
via the Golgi apparatus and other endomembrane com-
ponents. An example is the v-sis oncogene of Simian
sarcoma virus, which has strong sequence homology
with platelet-derived growth factor (PDGF) but lacks
an obvious stop-transfer sequence or membrane anchor
and might be secreted to stimulate growth in an auto-
crine fashion (Hunter, 1985). Another example is the
receptor for epidermal growth factor (EGF), which also
is synthesized on polyribosomes of endoplasmic reticu-
lum, glycosylated in Golgi apparatus, and delivered to
the cell surface and has homology with the v-erb-B on-
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cogene of avian erythroblastosis virus. The v-erb-B pro-
tein appears to be a truncated form of the EGF recep-
tor, which retains the proposed membrane anchor
domain but lacks most of the external EGF binding
domain (Hayman and Beug, 1984; Schatzman et al.,,
1986). Doubltess, as new information is generated in
this rapidly expanding and important area of cancer
research, new understanding of the role of the Golgi
apparatus in neoplasia will emerge.

Altered surface in neoplasia/signal transduc-
tion. Cell surface alterations are characteristic of ma-
lignant cells (Burger, 1973; Emmelot, 1973; Hakomori,
1973, 1975; Herschman, 1972; Rapin and Burger, 1974;
Vasiliev and Gelfand, 1968). Both transformation (neo-
plasia) and malignant behavior (metastasis) generally
are considered to involve fundamental alterations in
the properties of the cell surface. Scanning electron
microscope studies have suggested that the surface of
malignant cells is generally more irregular than nor-
mal with a relative increase in the number of surface
microvilli and cytoplasmic lamellipodia suggestive of a
retention in tumors of those features characteristic of
rapidly dividing cells. Most likely, membrane alter-
ations expressed at the cell surface arise through bio-
synthetic or processing modifications and are products
of formation of internal endomembranes. Other char-
acteristic alterations of the cell surface of malignant
cells include antigenic changes, altered agglutinability
by phytohemagglutinins, changed electrokinetic prop-
erties, modified contact relationships, deviations in
permeability, and/or transport characteristics and en-
zymatic and compositional changes.

Altered formation of lysosomes

The fact that more than 35 lysosomal storage dis-
eases have been described in humans emphasizes the
importance of lysosomal dysfunction in pathology.
Most of these result from lysosomal enzyme defects
which lead to an accumulation of natural substrates of
the enzymes in lysosomes. Modifications of the Golgi
apparatus and its functioning are of concern when con-
sidering these congenital lysosomal diseases. For ex-
ample, Seegmiller et al. (1971, 1972) showed that mod-
ification of the Golgi apparatus was associated with a
chondrodystropic mutation in mice. Although some of
these disorders occur due to failure of the cell to syn-
thesize the active form of the relevant enzyme, the de-
fect may be due to an inability to sort and transport an
active enzyme from its site of synthesis and subsequent
transport through the Golgi apparatus to the lysosome.

Lysosomal enzymes have a common recognition
marker that directs the enzymes to the lysosomes and
thus prevents their secretion (Hickman and Neufeld,
1972). Sly and Fischer (1982) suggested that the role of
the recognition marker was to direct acid hydrolases to
the lysosomes and thus may serve as a sorting mecha-
nism for lysosomal enzyme transport to lysosomes.
Considerable evidence indicates that phosphomanno-
syl residues present on high-mannose-type oligosac-
charide units of acid hydrolases act as the recognition
marker to mediate enzyme uptake by various cell types
and target them to the lysosomes (Bach et al., 1979;
Distler et al., 1979; Fischer et al., 1980; Hasilik and
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Neufeld, 1980; Kaplan et al., 1977; Natowicz et al,,
1979; Sando and Neufeld, 1977; Ullrich et al., 1978;
Von Figura and Klein, 1979).

After enzymes destined for lysosomes are transferred
from the endoplasmic reticulum to the Golgi appara-
tus, two membrane-bound enzymes in the early (prob-
ably cis) portion of the Golgi apparatus catalyze the
phosphorylation of a specific subset of high-mannose
oligosaccharide chains at the 6-carbon position of man-
nose (Pohlman et al., 1982; Goldberg and Kornfeld,
1983). The processing enzymes involved in the addition
of the mannose-6-phosphate recognition label have
been localized to the Golgi apparatus compartments.
The biosynthesis of the phosphomannosyl recognition
marker on lysosomal enzymes is by a two-step reaction.
First, N-acetylglucosamine-1-phosphate is transferred
from UDP-N-acetylglucosamine to mannose residues by
UDP-GlcNac:N-acetylglucosaminyl-1-phosphotransfer-
ase, which selectively phosphorylates lysosomal en-
zymes and gives rise to a phosphodiester intermediate
(Hasilik et al., 1981; Reitman et al., 1981; Waheed et
al., 1982). Then the phosphomannosyl recognition
marker is generated by removal of the N-acetylglu-
cosamine by an N-acetyulglucosamine 1-phospho-
diester a-N-acetylglucosaminidase (Varki and Korn-
feld, 1980, 1981; Waheed et al., 1981). This allows high
affinity binding of the recognition marker to the 215
kD mannose-6-phosphate receptors in the Golgi appa-
ratus. Subsequently, there is a low pH-mediated disso-
ciation of the ligands from the receptor, followed by a
proteolytic cleavage and a dephosphorylation. Then the
receptor recycles back to the Golgi apparatus to pick up
another ligand molecule and the lysosomal enzymes
are packaged into lysosomes.

Cells of patients with I cell disease (mucolipidosis IT)
and pseudo-Hurler polydystrophy (mucolipidosis II)
characteristically cannot synthesize the phosphoman-
nosyl marker since they lack phosphotransferase activ-
ity (Reitman et al., 1981; Hasilik et al., 1981; Varki et
al., 1981; Waheed et al., 1982). The inability of their
lysosomal enzymes to bind to the mannose-6-phosphate
receptors is the major contributor to these and other
diseases (Table 1). Although the mannose-6-phosphate
pathway is important in targeting enzymes to lysos-
omes, there is evidence that there are also other mech-
anisms available for localizing acid hydrolases to lysos-
omes. Thus far, however, attempts to demonstrate a
receptor that binds lysosomal enzymes independent of

the recognition marker have been unsuccessful (Korn-
feld, 1986).

PATHOLOGIC ALTERATIONS OF GOLGI
APPARATUS MORPHOLOGY

There are numberous reports in the literature of al-
terations in Golgi apparatus morphology under differ-
ent pathological conditions (Ghadially, 1982). Morpho-
logical alterations involved with lipoporteinemias and
neoplasia are already summarized under the previous
section. Characteristics used to indicate pathological
alterations of the Golgi apparatus at the ultrastruc-
tural level may include any or all of the following: de-
gree of development (number and size), morphology of
the structure as well as the numbers and appearance of
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TABLE 1. General classification of lysosomal storage disorders®

References

I. Disorders in which no immunologically detectable enzyme is
synthesized. This includes conditions with grossly abnormal
structural genes.

IL. Disorders in which a catalytically inactive polypeptide is
synthesized. The mutation may also affect the stability or
transport of the polypeptide.

I1. Disorders in which a catalytically active enzyme is synthesized
that is not segregated into lysosomes.

IV. Disorders in which a catalytically active enzyme is synthesized
that is unstable in prelysosomal or lysosomal compartment.

V. Disorders in which activator proteins of lipid-degrading
hydrolases are missing.

VI. Disorders in which lysosomal enzyme deficiencies result from
intoxication with inhibitors of lysosomal enzymes.

Hasilik and Neufeld, 1980; Myerowitz and Neufeld, 1981; Waheed
et al., 1982; von Figura et al., 1983a.

Proia and Neufeld, 1982; Bach and Neufeld, 1983; Steckel et al.,
1983; Reuser et al., 1985; Hoogeveen et al., 1984.

Reitman et al., 1981; Hasilik et al., 1981; Varki et al., 1981, 1982;
Waheed et al., 1982; Hickman and Neufeld, 1972.

von Figura et al., 1983b, 1984; Steckel et al., 1982; Waheed et al.,
1982; D’Azzo et al., 1982.

Conzelmann and Sandhoff, 1978; Stevens et al., 1981; Inui et al.,
1983; Sandhoff, 1984.

Dorling et al., 1980.

'Reproduced from Kornfeld, 1986, with copyright permission of the Rockefeller University Press.

secretory vesicles, presence of specific secretory prod-
ucts, and small Golgi apparatus-associated vesicles,
numbers of cisternae per stack, cisternal diameters,
and width of cisternal lumens.

Number, size, and form of cisternae

The Golgi apparatus usually consists of four to six
stacks of lamellae, vacuoles, and vesicles in almost all
varieties of cells. In the vicinity of the Golgi apparatus
can be seen lysosomes, secretory granules, coated ves-
icles, multivesicular bodies, and small vesicles.

In the Golgi apparatus of pathological tissues, some
of the morphological changes reported to occur include
hypertrophy or atrophy, dilatation, or collapse of the
elements, changes in its intracellular position as well
as quantitative/qualitative differences in the contents
of the Golgi apparatus (Ghadially, 1982). The reports of
only slight alterations occurring in the Golgi apparatus
in pathological tissues are so frequent that it is not
possible to cite them all in this chapter; therefore, a few
examples which illustrate the significance of such
changes will be discussed.

The Golgi apparatus of somatotropic cells in mal-
nourished rats were enlarged, while the secretory
granules occupied a lesser volume (César et al., 1987).
Golgi apparatus stacks were smaller in diameter in
livers of vitamin A-deficient rats (Morré et al., 1981)
and characterized by small, often highly fenestrated,
saccules (Fig. 3A, B). With vitamin A excess (Fig. 3C),
Golgi apparatus membrane surface was increased and
more variable, ranging from nearly normal in appear-
ance to much larger than normal. Saccules were larger
and many lacked the numerous fenestrations usually
present. Also, unusual cisternal configurations were
encountered. An increase in Golgi apparatus mem-
branes resulting from vitamin A applications to neo-
plastic rabbit epithelium was observed previously
(Prutkin, 1975). An effect of vitamin A excess on mem-
brane flow through the endoplasmic reticulum-(lysos-
ome-)-Golgi apparatus-plasma membrane export route
of rat liver was subsequently confirmed using pulse-
chase methodology with [°°Slmethionine as label
(Morré et al. 1988).

Hypertrophy of the Golgi apparatus elements such as
the stacks, vesicles, and vacuoles evidenced by either
multiple Golgi apparatus occupying larger areas of cy-
toplasm or an increase in the number of sets of stacks
and associated vesicles and vacuoles frequently corre-
lates with increased secretory activity or compensatory
hypertrophy due to malfunction in an adjacent cell. An
early example is the study of Nakayama et al. (1969),
in which hypertrophy of the Golgi apparatus in the
ACTH-secreting cells of the adenohypophysis was
found in experimentally induced adrenal cortical re-
generation in the rat that was restored to normal when
adrenal regeneration was completed and the adreno-
corticotrophic hormone (ACTH) levels had been re-
stored to normal.

Organization of Golgi apparatus zone

The Golgi apparatus is a multifunctional organelle
that acts as a terminal to link to moderate various
activities of the cell and directly influences the move-
ment of membrane and products to and from the cell
surface as well as to lysosomes. Its zone of influence
may extend many microns from the complex itself and
includes such ancillatory structures as the trans Golgi
network (TGN) (Griffiths and Simons, 1986) (Fig. 1).

Under certain conditions, the Golgi apparatus ap-
pears to become easily disorganized. For example, Mer-
isko et al. (1986b) found that when acinar cells of pan-
creatic lobules were incubated under anoxic conditions
which inhibited adenosine triphosphate (ATP) synthe-
sis with resultant blockage of intracellular transport of
secretory proteins, transitional elements of the endo-
plasmic reticulum lost their protrusions and the Golgi
apparatus became highly disorganized. Fibrillar aggre-
gates, often containing vesicle-free, small globular
cages (a network of basketlike structures) and occa-
sionally vesicle-free, clathrin-like cages, appeared on
the cis side of the stacks of Golgi apparatus cisternae as
well as on the trans side of the Golgi apparatus stacks.
There was a striking increase in the population of
coated vesicles trans to the Golgi complex and through-
out the apical region of the anoxic acinar cells.

In an immunocytochemistry study, Merisko et al.
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Fig. 3. Electron micrographs of liver of rats fed diets containing deficient (A,B) or excess (C) amounts
of vitamin A with numerous unusual cisternae (arrows). A shows a Golgl apparatus stack (dictyosome)
in face view. (Adapted from Morré et al., 1981, with permission of Wissenschaftliche Verlagsgesellschaft
mbH, Stuttgart, W. Germany)
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(1986a) observed a redistribution of clathrin heavy and
light chains in anoxic pancreatic acinar cells. They
found that coated vesicles increased in number in the
cells incubated under N,. Clathrin light chains were
localized among zymogen granules and in small masses
at the periphery of the Golgi apparatus. By electron
microscopy, antibodies for light and heavy chains re-
acted with numerous coated vesicles located in clusters
on the trans side of the Golgi apparatus stacks, while
fibrillar aggregates cis to the Golgi apparatus stained
less intensely and much less uniformly than the coats
of the coated vesicle population.

A variety of degenerative changes were seen in atrial
cardiocytes from dystrophic compared to nondystrophic
mice (Nomura et al., 1987). Development of the Golgi
apparatus was impaired, and the relative area occupied
by the Golgi apparatus was significantly smaller in the
right atrium than in nondystrophic controls. The au-
thors suggested that the synthesis of atrial natriuretic
polypeptide is inhibited in drystrophic mice and that
its impaired secretion in the heart may account for the
water and electrolyte imbalance seen in dystrophic
cases.

ER-GA associations and transition vesicles

The recent development of cell-free systems between
endoplasmic reticulum and Golgi apparatus as well as
within the Golgi apparatus cisternae is providing new
insights into the vesicular transport mechanism. The
morphological basis for tranfer of membrane materials
from endoplasmic reticulum to Golgi apparatus long
has been considered to be mediated by small (ca. 60
nm) transition vesicles that bleb off specialized part-
rough, part-smooth regions of the endoplasmic reticu-
lum. These vesicles are covered by a nap-like coat ma-
terial not containing clathrin (Croze et al., 1982;
Mollenhauer et al., 1976; Orci et al., 1986) and are
thought to coalesce to form new Golgi apparatus cis-
ternae or to fuse with existing Golgi apparatus for de-
livery of material from the endoplasmic reticulum.

A number of conditions have been used in an attempt
to define the underlying mechanism involved in the
transfer of materials from the endoplasmic reticulum
to the Golgi apparatus. For example, reduced temper-
ature appears to affect post-translational processing
and secretion in a number of cell systems. At 10°C,
Tartakoff (1986) demonstrated that secretory proteins
of the exocrine pancreas accumulated in pre-Golgi ap-
paratus transition vesicles, while at 22°C or higher
progress through the Golgi apparatus and into con-
densing vacuoles occurred. With hepatic cells, secre-
tory proteins were blocked in a pre-Golgi apparatus at
18°C, but these proteins were exocytosed normally at
20°C (Fries and Lindstrom, 1986).

In situ, transitional endoplasmic reticulum of liver
incubated over a range of 4°C to 12°C showed little
evidence of transition vesicle formation. However, be-
tween 16°C and 18°C, transition vesicles were formed
and accumulated, presumably due to an inability of the
vesicles to fuse with the cis Golgi apparatus. Between
18°C and 20°C, quite abruptly the number of transition
vesicles declined as the temperature block was relieved
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(Brand et al., 1985; Fries and Lindstrom, 1986; Saraste
et al., 1986; Tartakoff, 1986).

van Deurs et al. (1987) found that delivery of inter-
nalized ricin from endosomes to cisternal Golgi ele-
ments is a discontinuous temperature-sensitive pro-
cess. At 37°C, a ricin-horseradish peroxidase conjugate
(Ri-HRP) was consistently observed in flattened cister-
nae of the Golgi apparatus region in 30 to 40% of the
Golgi apparatus examined after 30—60 minutes of in-
cubation, whereas at 18°C no Ri-HRP reached the
Golgi apparatus region even after 180 minutes of incu-
bation. No labeling of cisternal Golgi elements was de-
tected following incubation with a monovalent trans-
ferrin-HRP conjugate or with unconjugated HRP.

BIOCHEMICAL AND CYTOCHEMICAL
ALTERATIONS OF GOLGI APPARATUS
IN PATHOLOGY

In normal cells and tissues, different functionalities
are attributed to different regions of the Golgi appara-
tus. For example, processing of asparagine-linked oli-
gosaccharides begins at the cis face (Kornfeld and
Kornfeld, 1985) continues through the middle Golgi
apparatus regions (Bumol and Reisfeld, 1982; Nishim-
oto et al., 1982) and culminates with glycosylation at
the trans side (Griffiths et al., 1983; Hanover et al.,,
1983; Quinn et al., 1983; Strous et al., 1983). To what
extent these different functionalities are perturbed in
different pathological states involving the Golgi appa-
ratus is only beginning to be revealed.

Inflammation induced in rats by subcutaneous injec-
tion of turpentine resulted in the release of Galg-
4GlcNac «a2-6-sialyltransferase from rat liver Golgi
membranes upon sonication followed by incubation at
reduced pH (Lammers and Jamieson, 1988). Release of
the sialyltransferase was substantially inhibited by
pepstatin A, a potent inhibitor of cathepsin D-like pro-
teinases as well as when sonicated Golgi apparatus
membranes were incubated with antiserum raised
against rat liver lysosomal cathepsin D. The acute-
phase behavior of this enzyme might be explained by
the possibility that a major portion of sialyltransferase
containing the catalytic site is released from a mem-
brane anchor by a cathepsin-like proteinase that is lo-
cated at the luminal face of the Golgi apparatus.

Bainton et al. (1989), using both trimetaphosphatase
histochemistry and an antibody to a Golgi apparatus
membrane antigen as markers to study phagocytosis,
observed a rapid reorganization of the Golgi apparatus
region of macrophages. The Golgi apparatus, which
were tightly clustered around the centrioles, dispersed
into vesicles and reorganized near the basal surface
while there was swelling, fragmentation, and decrease
in number of Golgi apparatus cisternae. The mem-
brane antigen was found in the large basal vacuoles as
well as associated with the adherent basal surface of
the macrophages.

RESPONSE TO DRUGS

Although it is remarkedly resistant to morphological
alteration, the Golgi apparatus frequently does re-
spond in one way or another to various inhibitors, ef-
fectors, or environmental stimuli. Examples are listed
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TABLE 2. Examples of inhibitors, promoters, and modulators of
Golgi apparatus structure and/or function*

Protein synthesis inhibitors (cycloheximide, puromycin)
RNA synthesis inhibigors (actinomycin D, enucleation)
Respiratory inhibitors (cyanide, DNP)
Antimicrotubular agents (colchicine, Vinca alkaloids)
Antimicrofilament agents (cytochalasins)
Antimetabolites (ethionine, fluoro-phenylalanine
Sugars and glycosides (mannose, ouabain)

Tons and metals (Ca™ ", Pb)

Hormones; miscellaneous drugs (estrogens, antipyrine)
Environmental factors (temperature, water stress)
Pathogens (viruses, fungi)

'Reproduced from Morré et al., 1977, with copyright permission of the Rock-
efeller University Press.

in Table 2. For example, the extent of the cisternae
may increase and one or more additional cisternae may
be added when secretion is inhibited. In contrast, when
secretion is stimulated, the Golgi apparatus may be
reduced by at least one cisterna per stack. Chemical or
physical dissembly of microtubules leads to loss of cell
polarity and a reversible disorganization of the Golgi
apparatus in that the stacks of cisternae are dispersed
throughout the cytoplasm (Sandoval et al., 1984; Thy-
berg and Moskalewski, 1985).

When oubain, which is known to interfere with so-
dium and potassium transport, was added to cultures of
rat and mouse sensory ganglia, some of the Golgi ap-
paratus swelled, and then eventually nearly all of the
Golgi apparatus disappeared and in their place large
numbers of vacuoles appeared (Whetsell and Bunge,
1969). Also, light ether anesthesia modifies activities
of some enzymes involved in the metabolism of the
Golgi apparatus (Katona, 1975). For instance, alkaline
phosphatase activity was increased significantly, but
acid phosphatase was slightly decreased after an initial
rise upon exposure to light ether anesthesia. TPPase
activity decreased but 10 hours later returned to above
control level. Galactosyltransferase was slightly in-
creased while no significant changes were observed in
arylsulphatase-A, but the activity of arylsulphatase-B
decreased. Earlier, glycosidase (Bosmann and Kessel,
1970) and glycoprotein:glycosyl transferase (Kessel
and Bosmann, 1970) were altered in cell lines resistant
to certain drugs (Bosmann, 1971). In a more recent
study, Martin and Morré (1988) found decreased activ-
ity of galactosyltransferase in Golgi apparatus frac-
tions isolated from liver of rats fed excess vitamin A.

CONCLUDING REMARKS

The Golgi apparatus as a multifunctional cell com-
ponent of membrane biogenesis likely is involved in
most pathological disorders. That the Golgi apparatus
is modified by many types of injuries is not new. As
early as 1914, Cajal observed that the Golgi apparatus
is a particularly vulnerable organelle. However, it is
important to emphasize that carrying to completion es-
sential metabolic processes within the cell invariably
demands interrelationships of a number of cell compo-
nents such as the mitochondria, endoplasmic reticu-
lum, Golgi apparatus, and others. Frequently, no one
component of the cell is singly affected.

D.M. MORRE
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