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Abstract. A detailed electron microscopy study of cadmi-
um sensitive and resistant muntjac fibroblast cell lines has
identified a wide range of intracellular damage following
exposure to cadmium. Damaged organelles included cell
membrane, mitochondria, Golgi cisternae and tubular net-
work, chromatin, nucleoli, microfilaments and ribosomes.
Although cell membrane damage was generally the earliest
indication of adverse cadmium action, particularly with
continuous cadmium exposures, cells could tolerate exten-
sive membrane loss. Mitochondrial distortion and some
damage to Golgi was also tolerated. The turning point at
which cadmium became lethal was generally marked by a
cascade of events which included damage to both nuclear
and cytoplasmic components. These results for fibroblasts
are discussed and compared with damage reported in
other types of cells.
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Introduction

Cadmium is one of the most widely studied of environ-
mental pollutants. It is taken up readily by plants, animals
and micro-organisms and, at high doses, can cause acute
damage to cells, tissues and whole organisms (Friberg et
al. 1971; Peterson and Alloway 1979; Page et al. 1986). It
has a long biological half-life and is cumulative, so that it
may build up to considerable burdens from repetitive low
level doses (Bremner 1979; Hallenbeck 1984; Bernard and
Lauwerys 1986; Nomiyama 1986). Though much is now
known about protective mechanisms against cadmium poi-
soning, particularly by the universally occurring metallo-
thioneins, (Webb 1979 a), there is still little agreement on
the sensitivities of the different intracellular organelles to
cadmium or on the effects of cadmium once protective
mechanisms have been breached. Ultrastructural studies
on animal tissues and cells in culture have done little to
clarify the situation. While some suggest mitochondria
and/or membrane may be the site of the primary lesion
(Toury et al. 1985; Jamall and Sprowls 1987), others point
to a nucleolar and/or RNA lesion (Sina and Chin 1978;
Puvion and Lange 1980; Morselt et al. 1983; Dudley et al.
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1984). Indeed, all the major cell organelles have been
identified at some time as possible sites of cadmium damage.

The present morphological study has examined the
range of intracellular lesions resulting from both acute and
continuous cadmium exposures using a permanent line of
Indian muntjac fibroblasts sensitive to continuous cadmi-
um at levels as low as 0.1 uM, and three lines derived from
it with resistance of up to 100 times that of the parent line.
Organelles examined included cell membrane, mitochon-
dria, Golgi, microfilaments, microtubules, autophago-
somes, RER, free polysomes, nucleolus and chromatin,
with differences noted in the timing of morphological
changes and in the extent to which damage to each was
tolerated or reversed. A comparison is made between the
cadmium sensitive and resistant muntjac lines, and be-
tween damage to muntjac cells and other cell types report-
ed in the literature.

Material and methods

Cell culture and treatment procedures. All experiments were
carried out using Indian muntjac fibroblasts grown in
monolayer: stock cultures in flasks (25 cm?® surface area),
experimental cells in 3.5 cm diameter dishes. Cells were
cultured at 37°C in HEPES or bicarbonate buffered
Eagle’s Minimal Essential Medium (MEM) supplemented
with 10% foetal calf serum, 2 mM glutamine, with 50
units/ml penicillin and 50 pug/ml streptomycin. Where ap-
propriate, cadmium acetate was added at the same time as
cells were changed to fresh medium, with stock solutions
of cadmium prepared and stored in polyethylene bottles at
4°C. For light and transmission electron microscopy
(TEM), exponentially growing cells were harvested by
trypsinization, plated out in MEM at 10° cells/3.5 cm di-
ameter dish and incubated for 24 h at 37°C to allow com-
plete recovery from any changes caused by trypsin. Medi-
um was subsequently replaced and cadmium added to half
the dishes to give the dose levels indicated in Table 1; cul-
tures were then returned to the incubator for 1, 5, (8), 12,
(18), 24, 48 and (96) h (brackets indicate times used in only
some experiments) before fixing in Karnovsky’s solution.
Each “concentration X time” combination in an experi-
ment included two dishes for direct comparison, i. e. one
with and one without cadmium. Experiments were repeat-
ed at least three times.

For cadmium survival curves, exponentially growing
cells were harvested by trypsinization and plated out at



134

Table 1. Cadmium concentrations used to give acute or chronic
dose levels for the four lines of muntjac. All “concentration
x time” points were in pairs with fresh medium plus cadmium
added to one dish and fresh medium only to the second. With
continuous cadmium doses using cell lines normally cultured in
5 or 10 uM cadmium, each accompanying (or control) dish had
the cadmium omitted

M cells CRS5 cells CCRS cells CCRI10 cells
Acute doses 1 uM* - 25 uM* 40 uM*

(5,10 pM) (10,15 uM) (100 uM)
Chronic doses ~ 5uM 5uM 10 uM

* General dose most useful for acute cadmium damage

Table 2. The series of events which followed change of muntjac
fibroblasts to fresh medium. These were used to monitor cadmium
induced changes in cell activity

Time after Activity Cell line
medium change
10 min Rapid increase in endocytosis  all lines
lh Extensive membrane blebbing CCR5 & CCRI10
lh Build up of fluid in M & CRS
vacuoles
lh Association between all lines
mitochonndria and RER
lh Reattachment of free all lines
ribosomes
5h Increase in Golgi associated CR35,
vesicles CCR5& CCRI10
5h Close contact between mito- all lines
chondria and nuclear
membrane
5-8h Loosening of the granular and  all lines
fibrillar nucleolar elements
12h Increase in mitotic figures all lines

Table 3. Parameters used as indicators of activity for individual
organelles

Mitochondria Close contacts with RER cisternae and,
to a lesser extent, with other cell organelles

Golgi Numerous wide diameter parallel cisternae
with many associated vesicles

Nucleus Increased nuclear membrane surface area
(by identation) and increased contact
with cytoplasmic organelles

Nucleolus More open configuration with granular
and fibrillar components well separated
and nucleolar outline irregular

RER Ribosomes attached over all ER area,

cisternae wide and with opaque contents

Numerous coated pits and internalized
coated vesicles

Cell membrane

Microfilaments Dark and light bands across bundles
within stress fibres
Autophagosomes Decrease in fluid content, concentration

of discarded organelles, change to residual
or dense bodies

5x 10* cells/6 cm dish. Following a 24 h recovery period,
cadmium was added to their culture medium and the cells
incubated at 37°C for 1, 5, 12 or 24 h. Treatment media
were removed, cells were rinsed with phosphate buffered
saline and fresh medium added. All cultures were returned
to the incubator for 6 days. At the end of this period, cells
from the different cell lines were trypsinized, counted and
the ratios of mean cell number of treated cells to the rele-
vant untreated cells, the surviving fraction, were calculat-
ed for each dish. All experiments were carried out with
two or more replicate plates and repeated three times.

Four cell lines were used in the evaluation. The cadmi-
um sensitive parent line (M cell), an immortal but ancho-
rage dependent fibroblast obtained from Flow laboratories
(ATCC no. CCL157), and three lines derived from it,
which had become adapted to growth in the continuous
presence of cadmium (Bouffler and Ord, unpublished
work). These included: CRS cells growing in 5 uM cadmi-
um and surviving with continual repair and/or replace-
ment of damaged components; CCRS cells growing in
5 uM cadmium and CCRI10 cells growing in 10 uM cad-
mium, both with doubling times similar to that of the par-
ent line. Although toxicity curves show these cell lines to
be 50-100 times more resistant to cadmium than the parent
M cell, no significant increases in metallothionein have
been detected in any of them (unpublished work).

Fixation, embedding and cutting procedures. Cells were
fixed for light and TEM directly in their culture dishes, us-
ing a double fixation procedure as follows: medium was
tipped off, cells were rinsed twice in phosphate-buffered
saline, fixed for 1h in Karnovsky’s fixative (pH 7.2),
rinsed in 0.1 M cacodylate buffer and fixed a further 1 h in
2% osmium tetroxide made up in 0.1 M cacodylate buffer.
Fixed cells were loosened from the dish, blocked in agar
(Ord and Smith 1982), dehydrated through increasing con-
centrations of ethanol and impregnated with Spurr resin
(Spurr 1969). Blocks were cut at 80 nm with a Dupont dia-
mond knife, stained in 2% uranyl acetate followed by lead
acetate and examined with a Philips EM 300. Some sec-
tions were also cut at 1 uM with glass knives, stained with
toluene blue and mounted in Spurr resin for examination
with a Zeiss microscope at x 200-400.

Ultrastructural studies. Evaluations of cell damage were
based on comparisons of the morphology of individual or-
ganelles in the presence and absence of cadmium and on
changes in the parameters given in Tables 2, 3. Proof of
irreversible damage to organelles was based on their ap-
pearance in secondary lysosomes for autophagocytosis,
while the slowing of autophagocytosis itself was used as an
indication of interference with Golgi and/or lysosomal ac-
tivities. The timing and frequency of appearance of an or-
ganelle in autophagosomes gave further information about
its sensitivity to cadmium. Changes contributing to lethal
damage were confirmed by fixing separately firmly at-
tached cells (majority viable), loosely attached cells (many
non-viable) and detached cells (non-viable), and compar-
ing their damage. No attempt has been made to give nu-
merical values for damaged organelles, since sectioning in-
troduced too great an error (Smith and Ord 1983). Where
necessary, serial sections were used to confirm specific or-
ganelle forms. No attempt was made to obtain values from
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Fig. 1. Cell survival as a function of cadmium exposure time of
M (—4A—), CCR5 (—M—), and CCRI10 (—@®—) cells at
cadmium concentrations of 1 uM, 25 uM and 40 uM, respectively

morphometric studies, since the asymmetrical distribution
of organelles in these cell lines made such data impossible
to evaluate.

Results

Acute doses of cadmium inhibited cellular activities more
rapidly in M cells than in CCRS or CCR10 cells. The same
cellular organelles were damaged but the extent of damage
to an organelle at any given time differed considerably. In
spite of such differences, however, the following series of
events could be recognized in all three cell lines in re-
sponse to the acute cadmium exposures of Table 1. (I)
Damage to cell membrane was already extensive in all
cells within 1 h of addition of cadmium. (II) Changes in
mitochondrial morphology were prominent by 5h. (III)
Between 5 and 12 h cytoplasmic damage increased to in-
clude the membranes of many Golgi cisternae, while nu-
clear changes included a build up of peripheral heteroch-
romatin and condensation of nucleolar components. (IV)
Between 12 and 24 h acute doses of cadmium produced a
cascade of cell damage which included condensation of
stress fibre bundles, loss of ribosomes, loss of nucleolar
structure, and condensation of chromatin. (V) By 48h
many cells had lost their membrane integrity and/or sus-
tained extensive nuclear damage.

Comparison of these timings with the cytotoxicity
curves of Fig. 1, suggested that membrane damage in itself
was not responsible for cell death; i. e. if a cell was remov-
ed from cadmium after a 1 h exposure to a concentration
which produced extensive membrane damage, that cell
could recover completely. However, the rapid drop in cell
viability when exposures were continued for 5 or 12 h (i.e.
25-50% and less than 10% survival, respectively) suggested
that as damage spread to include cytoplasmic organelles
and nuclear components cadmium damage became rapid-
ly irreversible. Few cells recovered after the longer expo-
sure periods where TEM examination showed that most
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cells contained extensive damage to both nuclear compo-
nents and cytoskeletal elements.

The overlap in timing of damage for mitochondria,
Golgi and nuclear components during the 5-12 h exposure
period prevented a clear evaluation of damage to individu-
al organelles at this critical period. Further information
was gained from studying the damage pattern of CRS5
cells. These cells grow continuously in 5 pM cadmium,
surviving by repair and/or replacement of damaged orga-
nelles rather than damage prevention. As each change to
fresh medium acted as a trigger for increased endocytosis,
with apparent increase in cadmium intake, it was possible
to determine the sequence of damage to organelles by ex-
amining the cells at a series of time intervals following me-
dium change. These waves of damage showed that as with
acute doses of cadmium to M, CCR5 and CCRI10 cells,
membrane discard was the first indication of damage.
Large quantities of myelin bodies were already conspi-
cious at 1h, as were increases in RER and Golgi. By
5-12 h Golgi vesicle scatter, mitochondrial/RER dissocia-
tion and change in mitochondrial form suggested that the
activity of both mitochondria and Golgi were temporarily
affected. Autophagocytosis of some of these organelles in-
dicated that their damage could be irreversible. Though di-
vision timings were only marginally delayed, the large
number of chromosome aberrations and abnormal cytoki-
neses suggested that cadmium could have a long-term ef-
fect on the cells (Bouffler and Ord, unpublished work).
Recovery from each wave of damage appeared to take
place during the 48-96 h period, when decreased endocy-
tosis suggested decreased cadmium uptake.

The chief difference in the chronic damage patterns of
CCRS5 and CCRI0 cells from that of CR5 cells, or from
the acute damage patterns of M, CCRS and CCRI10 cells,
was the decrease in internal cell damage. Membrane dam-
age still appeared with each medium change and some
mitochondrial and Golgi form or activity changes were
present but the latter were markedly less than for CR5
cells or following acute cadmium damage. Cells continued
to divide normally and little cell death could be detected
in the cultures.

Details of normal and cadmium damaged organelles

Membrane. In the four Muntjac lines, as in other firbro-
blasts, there is continual internalization and recycling of
cell membrane as medium is taken up by clathrin coated
endocytotic vesicles (Figs. 2 A, C). The endocytosed fluid
is collected in vacuoles or endosomes, and absorbed. In M
cells, where fluid assimilation is slow, endosomes can
reach up to 3 uM diameter and form a characteristic fea-
ture of the cell (Figs. 2 B). In CRS5 cells, endosomes are
smaller with fragile membranes, while in CCR5 and
CCRI0 cells they are less than 500 nm. There was no ap-
parent increase or decrease in fluid uptake by any of the
four cell lines when cadmium was present in the external
medium. However, as vacuoles were used to collect solid
components as well as fluids, i. e. as autophagosomes or
secondary lysosomes, they rapidly filled with discarded
cell organelles after acute cadmium poisoning (Figs. 2 D,
F). The most common of these components, cell mem-
brane, was present in the vacuoles as large and small myel-
in figures, singly or collected (Fig. 2 E). In all but M cells
(where discarded membrane generally remained as large



Fig. 2. Coated vesicles (cv) and cell membrane turnover in normal and cadmium-treated cells. (A) Cluster of c¢v’s at membrane of ventral
surface (|) of a CRS5 cell 12 h after fresh medium with 5 uM Cd. (B) Fluid filled vacuoles or endosomes of M cell 5 h after change to fresh
medium. C Coated pit at membrane edge in CRS cell. D Three large autophagosomes (}) in a CRS cell 12 h after change to fresh medium
with 5 uM Cd; note large branched mitochondrion (m) at right. E Numerous myelin figures in a CRS5 cell 5 h after change to fresh medi-
um with 5 uM cadmium .F Autophagosome enlarged to show heterogeneity of contents; though CRS cells tolerate cadmium, each change
to fresh medium with 5 uM cadmium results in destruction of many organelles. G Granular autophagosomes (|) in two adjacent CCR5
cells 5 h after exposure to cadmium at an acute level. This type of material has been identified as polysomes. H Residual bodies in cyto-
plasm (cy) of a CR5 cell 48 h after changing cell to fresh medium with S pM cadmium



Fig. 3. The Golgi complex of cells exposed to acute doses of cadmium, or growing continuously in low levels of cadmium. A-D = Golgi
stacks, E, F = peripheral tubular network. A Cross-section through the main body of a CCRS, a muntjac line growing continuously in
5 uM cadmium; Golgi stacks g and associated vesicles occupy a defined area to one side of the nucleus (N); mitochondria m intermingle
with stacks but RER and free polysomes are excluded (av. stack width = 800-900 nm). B Three closely spaced stacks of Golgi cisternae
with vesicles forming at outer edges — in a CCR5 cell 24 h after an acute dose of cadmium. The membranes of cisternae in the central
area have been damaged and are beginning to form a myelin body (av. stack width = 500-800 nm, cisternae depth = approx. 13 nm).
C Three stacks and scattered vesicles in a CCRS5 cell 5 h after an acute cadmium dose; note narrow diameter of stacks (av. = 300400
nm) and increased depth of cistenae (av. depth = 40 nm). D Golgi stack of a CCR10 cell (12 h after change to fresh medium with its
normal culturing cadmium level of 10 uM) showiag the increased width and decreased depth of the very active golgi cisternae; (stack
width = 2000 nm; cisternae depth = 13 nm). Note beginning of tubular network at edges -». E Small area of the extensive tubular
network of a CCR10 cell (average tubule diameter = 20 nm). F A vacuole with partially autophagocytosed tubular material in a CCRS
cell 24 h after an acute dose of cadmium. Such vacuoles are distinctive and initially tubules can be easily recognized



Fig. 4. Mitochondrial form changes in control and cadmium-treated cells. A Orthodox mitochondrion of an M cell 5 h after change to
fresh medium. B Condensed mitochondria of a CCRS cell in depleted medium. Note close association with RER in both A and B. C Two
mitochondria of a CCRI10 cell in which damaged cristae are forming myelin figures within the mitochondrial matrix, (}). D Three dis-
carded mitochondria (]) in an autophagosome of a CR5 cell 1 h after change to fresh medium with 5 pM cadmium. E A large chunky
mitochondrion with poor cristal formation in a CCRS cell, and F a large chunky mitochondrion with excess cristal formation in a
CCRI10 cell; these formed 10-30% of the mitochondria of cells in low levels of cadmium. G Part of a long mitochondrion from a CCR10
cell 12 h after an acute dose of cadmium; note formation of a myelin figure at arrow. H A damaged mitochondrion with electron translu-
cent areas in its matrix 12 h after an acute dose of cadmium



139

Table 4. Form changes in the mitochondria of M, CRS, CCRS5 and CCR10 cells with acute and continuous doses of cadmium. The num-
ber of stars (*) gives an indication of the frequency of the form in the different cell lines, i.e. the more stars the more prominent the effect.
“nil” indicates that this form was not observed with the dose regime indicated. Note that condensed mitochondria, as found with acute

cadmium doses were more common when cadmium was added with depleted than with fresh medium

Acute cadmium doses

Continuous cadmium doses

M cell CR5 CCRS5/CCR10 CRS CCR5/CCR10
Inhibition of mitochondrial interactions *hok Hokk ook o *
Translucent areas in matrix *ok ** * * nil
Destruction of cristae in situ nil * ook * *
Discard in autophagosomes *okk *okok * * nil
Increased length and/or branching * ** nil nil nil
Chunky mitochondria with or without increased cristae nil nil * * *Ex
Condensed mitochondria with wide cristal spaces * * * In situations as expected

for controls only

irregular masses), autophagocytosis was well developed,
the contents of autophagosomes being gradually degraded,
condensed into residual bodies (Fig. 2 H) and ejected. Pri-
or to condensation these contents served as proof of irre-
versible organelle damage to membrane (Fig. 2 E), ribo-
somes (Fig. 2 G), Golgi tubules (Fig. 3 F), mitochondria
(Fig. 4 D) and microfilaments (Figs. 5 G, H), while the ab-
sorption process itself served as an indicator of continued
cell activity. In the cadmium resistant CCR5 and CCR10
cells damage was confined almost entirely to membrane.
When cadmium addition was accompanied by depleted
medium rather than fresh medium the amount of dis-
carded membrane in autophagosomes was markedly de-
creased, though discard of other organelles was similar to
that found with fresh medium.

Golgi. The Golgi complex of the muntjac fibroblast con-
sists of Golgi stacks with associated cis and trans vesicles
and a tubular network. In M and CRS cells Golgi stacks
are scattered throughout the cytoplasm. In CCRS5 and
CCRI10 cells, stacks are concentrated in an area to one side
of the nucleus (Fig. 3 A), separated from, but surrounded
by, RER and free polysomes. The Golgi stacks decrease in
size and number in cultures with depleted medium; addi-
tion of fresh medium is followed by an increase in the
number of stacks, in the diameter and number of cisternae
and associated vesicles per stack but a decrease in cisternal
depth. The tubular network (Fig. 3 E) is more variable, less
prominent and less permanent in its presence, quantity
and distribution than Golgi stacks, intermingling with
other organelles in both cell body and peripheral cyto-
plasm. With acute cadmium doses, Golgi activity de-
creased by 5h as recognized by decreased cisternae per
stack, disorganization of associated vesicles (Fig. 3 C), and
formation of myelin bodies from cisternae membrane
within the stacks themselves (Fig. 3 B). The tubular net-
work initially increased in the presence of cadmium and
was only found in autophagosomes as cadmium damage
reached lethal levels, (Fig. 3 F). Continuous exposure to
low levels of cadmium resulted in an increase in all com-
ponents of the Golgi complex, waves of damage after fresh
medium causing only a temporary inhibition in its activity.

Mitochondria. The variability of mitochondrial forms with-
in the normal growth conditions of control cells (Smith
and Ord 1983) makes their use for evaluating toxic damage

difficult, i.e. mitochondria of muntjac fibroblasts in-
creased in length, decreased in width and changed from
orthodox to condensed forms with depletion of medium
(Figs. 4 A, B). Only a few form changes were considered
reliable indicators of cadmium damage in the present ex-
periments: (1) the appearance of large translucent areas in
the mitochondrial matrix (Fig. 4 H); (2) the bundling of
mitochondrial cristae into myelin figures within the mito-
chondrion itself (Fig. 4 C); (3) the disposal of mitochon-
dria in autophagosomes (Fig. 4 D). Other form alterations
which suggested activity changes but not necessarily dam-
age were: (1) branching of the long cylindrical mitochon-
dria (Fig. 2 D); (2) enlarged, but not apparently swollen
mitochondria (Fig. 4 E): (3) condensation of mitochondri-
al matrix (as in Fig. 4 B), (4) change in matrix/cristal ra-
tios or increase in width of intracristal spaces, (Figs. 4
F-G). The frequency of the different types of change are
given in Table 4.

Ribosomes. All four muntjac lines have prominent inter-
connecting RER networks occupying large areas of cyto-
plasm; their cisternae can be wide or narrow and are gen-
erally filled with electron opaque material (see Figs. 4 A, B).
Free polysomes are present but not abundant in M and
CRS5 cells, thought their numbers are greater in CCRS5 and
CCRI10 cells. On addition of cadmium, RER activity ini-
tially increased in all cell lines. Even when cells showed
marked mitochondrial and Golgi damage, RER still re-
tained a full complement of ribosomes and free poly-
somes. When lethal levels of cadmium were reached free
polysomes decreased and autophagosomes appeared with
granular contents resembling polysomes (Fig. 2 G). Since
only a few cells had appreciable quantities of single ribo-
somes even when lethality reached 100%, it was assumed
that once ribosomes were damaged they were rapidly
destroyed.

Cytoskeleton. The cytoskeleton of the muntjac fibroblast is
composed of both microfilaments and microtubules tightly
associated to form stress fibres (Fig. 5). Bundles from these
reach down to the adhesive foci which attach the cell to the
substratum. In the M and CRS5 cells stress fibres form the
most prominent component of the wide but thin stretches
of peripheral cytoplasm, acting as pathways along which
the endocytotic vesicles and possibly other organelles
move (Fig. 5 D). In the CCRS and CCRI10 cells stress fi-



Fig. 5. Cytoskeletal elements in normal A-D and cadmium treated E-H cells. A Thin bands of stress fibres crossing dorsally above the
nucleus (note the dark and light banding) and B three adhesive foci on ventral surface of an M cell; nucleus (N) at upper edge. C An
adhesive plague of a CRS5 cell to show the bundle of microfilaments and external glycocalyx (p) at attachment site. D A stress fibre tract
leading into a CR5 cell from an adhesive plaque (to right but out of picture); cell was in 4-day-old medium and the abundance of asso-
ciated vesicles is an indication of their slower movement. E Stress fibre area in an M cell 12 h after an acute cadmium exposure; adhesive
plaque ts at right edge of picture - ; microfitaments have disappeared leaving microtubules and associated coated vesicles only. F Four
adhesive plaque areas in an M cell 12 h after exposure to acute levels of cadmium; floating or loosely attached cells frequently showed
condensation of these fibre bundles fb. G Mixed content autophagosome with five discarded fibre bundles in an M cell 5 h after exposure
to acute levels of cadmium. H One of many autophagosomes with pale flocculent contents believed to be microfilament components; this
type of autophagosome generally appears well after other organelle damage, here in a CCRS5 cell 48 h after an acute cadmium exposure



Fig. 6. Nuclei A-D and nucleoli E-G of normal and cadmium-exposed M cells. A A CRS5 nucleus with clear nucleoplasm and single
nucleolus n. B A CRS nucleus 5 h after an acute dose of cadmium; opaque material in nucleoplasm does not necessarily indicate irrever-
sible damage. C Nucleus of a CCRS5 cell (12 h after exposure to an acute dose of cadmium) showing large amounts of heterochromatin
(cut has just missed nucleolus). D necrotic nucleus of a CCR10 cell 48 h after exposure to an acute dose of cadmium; adjacent cell
nucleus — is also irreversibly damaged. E Active nucleolus of an M cell 1 h after change to fresh medium; note looseness of granular and
fibrillar components and irregularity of nucleolar perimeter. F Granules (1) in the perinucleolar region in a CRS5 cell 24 h after addition
of 5 uM cadmium without fresh medium. G Condensed nucleolus of a CCRS5 cell 24 h after an acute dose of cadmium; dense granular
material has almost disappeared
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bres are greatly reduced, micofilaments forming less orga-
nized tracts and networks. Cadmium damage to cytoske-
leton, most easily seen in M and CRS cells, was identified
by the following changes: (I) the condensation of fiber
bundles at adhesive foci (Fig. 5 F); (II) the separation of
stress fibres into their individual filament and tubular
components; (III) the loss of microfilaments leaving tract
areas with microtubules only (Fig. 5 E); (IV) the appear-
ance of bundles of microfilaments in mixed content auto-
phagosomes (Fig. 5 G); (V) the appearance in peripheral
cytoplasm of numbers of autophagosomes with pale floc-
culent contents (Fig. 5 H) coincident with the dissolution
of stress fibres and believed to contain microfilament mate-
rial. These changes, if severe, led to detachment of the cell
from the substratum.

Nucleus. Over 90% of muntjac fibroblasts in culture have a
single nucleus; approximately 80% of these have one nu-
cleolus with loosely associated granular and fibrillar com-
ponents (Fig. 6 E). During much of interphase the nucleo-
plasm is clear and there is little to no heterochromatin at
the nuclear membrane (Fig. 6 A); during G2 small patches
of chromatin are present in the nucleoplasm and in late G2
_blocks of chromatin appear before the dissolution of the
nuclear membrane. Damage by cadmium has been divided
into two stages: stage 1, which occurred slowly and could
be reversed; stage 2, which was irreversible and resulted in
cell death. Stage | included: (I) decreased contact between
cytoplasmic organelles and nuclear membrane; (I) accu-
mulation of heterochromatin in nucleoplasm and at nucle-
ar membrane (Figs. 6 B, C); (III) condensation of the nu-
cleolar edges with the appearance of perinucleolar gra-
nules in a small number of cells (Fig. 6 F). These changes
could be seen in cells exposed to low levels of cadmium
and in cells in early stages of acute treatments. Stage 2: (I)
severe nucleolar condensation with segregation or loss of
granular component (Fig. 6 G); (II) extensive condensa-
tion of chromatin; (III) nuclear pyknosis (Fig. 6 D); (IV)
rupture of the nuclear membrane. Changes (III) and (IV)
represent necrotic damage and these cells were considered
dead. Stage 1 changes were already evident by 5-12 h;
stage 2 changes seldom appeared before 12-24 h after
acute cadmium exposures.

Discussion

In spite of the considerable number of reports in the litera-
ture on cadmium damage at the ultrastructural level, no
consistent pattern of cell organelle damage has emerged.
This is not surprising, since cadmium’s ability to inhibit
enzyme systems in vivo, to replace zinc in protein sites, to
interfere with calcium uptake and to react with lipids
(Eichhorn 1975; Vallee and Ulmer 1972; Frazier and
Kingsley 1976; Webb 1979 b; Kopp 1986), suggests that it
would affect more than one cell site. If the sensitivity of
each vulnerable site varied with its activity during the pres-
ence of cadmium, then different cells could sustain signifi-
cantly different morphological damage. Consequently, dif-
ferent ultrastructural studies would not be expected to
show the same patterns of damage, particularly where the
cells involved are highly specialized or contain cadmium
protective mechanisms.

Our in vitro study, though based on one cell type, has
attempted to maximize the range of morphological

changes recognizable at the EM level by using a series of
time points to give a “moving picture” of damage, using
cell lines with different cadmium sensitivities, using varied
treatment regimes including acute and continuous expo-
sures with high and low concentrations of cadmium and
by varying the culture conditions to give different degrees
of cell activity in the presence of cadmium. With these
conditions we have been able to identify a wide spectrum
of intracellular damage, some transitory, some more per-
manent and possibly contributing to cell death.

Cadmium-induced damage in muntjac fibroblasts oc-
curred in the following chronological order. (1) Membrane
damage was always the first visible sign of damage on ad-
dition of either acute or chronic levels of cadmium; it was
independent of the cell’s sensitivity to cadmium occurring
in sensitive, tolerant and resistant cell lines. (2) Membrane
damage was followed closely by mitochondrial form
changes and decreased Golgi activity. (3) Golgi damage,
nucleolar condensation and inhibition of nuclear activity
leading to heterochromatin accumulation all occurred dur-
ing the subsequent 12 h; differences in the relative extent
or timing of this damage could be attributed to the dose
level of cadmium used, the state and activity of the cells
when exposed to it, or morphological differences in the
cadmium resistant cell lines. (4) Nucleolar segregation,
microfilament condensation and ribosome detachment
from free polysomes or RER occurred at the borderline
where cell survival was no more than a few percent. (5) At
the lethal dose level extensive nuclear changes occurred,
e.g. chromatin condensation and nuclear membrane rup-
ture accompanied by extensive vacuolation of the cyto-
plasm and loss of outer membrane integrity.

Damage to specific organelles

In muntjac: fibroblasts membrane discard was the most
consistent indicator of cadmium damage. It appeared at
all dose levels, at all sampling times and was more promi-
nent with chronic than acute dosing. Visible indications of
a lesion did not appear at the membrane itself, nor at the
fluid uptake stage, but as an inhibition of membrane re-
cycling. Membrane damage as a contributor to cadmium
poisoning has received far less attention than nuclear or
mitochondrial damage, yet molecular studies leave no
doubt of cadmium’s ability to react with membrane com-
ponents (Frazier and Kingsley 1976; Webb 1979 b). Its ab-
sence from all but a few ultrastructural studies (Johansson
et al. 1983; Toury et al. 1985) may be due to the use of cells
with lower rates of membrane turnover or to the reversible
nature of the lesion itself. Since membrane integrity can be
of the greatest importance to the functioning and/or
movement of some cell types, e.g. embryonic cells, the pos-
sible consequence of this lesion (even if reversible) should
not be overlooked when evaluating factors contributing to
cadmium poisoning.

The Golgi, responsible for glycosylation of lysosomal
enzymes and new cell membrane, retained its morphologi-
cal integrity until lethal cadmium levels were approached.
However, a number of changes, including a decrease in
the number of Golgi associated vesicles, the number and
diameter of Golgt body cisternae and disarray among cis-
ternae, suggested that its activity was affected earlier.
Though these changes are indicative of decreased Golgi
activity, it should be noted that they can occur in normal



cells under conditions which decrease overall cell activity
(Ord 1979). A number of other investigators have reported
changes connected with the Golgi complex, i.e. increases
or decreases in Golgi activity, increases or decreases in ly-
sosomal activity, increases in autophagosomes or dense
bodies (Castano 1971; Nishizumi 1972; Hoffmann et al.
1975; Fowler et al. 1975; Richardson and Fox 1975;
Johnsson et al. 1983). If lysosomal enzyme activities were
inhibited, then cellular materials discarded in autophago-
somes would not be recycled, so depriving the cell of valu-
able repair and rebuilding materials.

The fate of the mitochondrion with cadmium poi-
soning has been difficult to assess. Two levels of mito-
chondrial damage were recognized. (I) Lethal damage
which was followed by discard through autophagocytosis;
this was characteristic of acute cadmium dosing, and more
common in the cadmium-sensitive M cells. (II) Non-lethal
damage which resulted in a variety of reversible and irre-
versible form changes; this was more typical of the cadmi-
um-resistant CCRS and CCR10 cells under conditions of
continuous exposure. Literature reports suggest that the mi-
tochondrion is one of the organelles most consistently
damaged by both acute and chronic cadmium exposure
(Jacobs and Jacobs 1956; Castano 1971; Nishizumi 1972;
Faeder et al. 1977; Ord and Al Atia 1979; Meiss et al.
1982; Toury et al. 1985). Indeed, in cells unprotected by
metallothionein it has been presented as the site of the pri-
mary biochemical lesion (Jamall and Sprowls 1987). There
is no clear support for considering mitochondrial damage
as the primary lesion in the cadmium tolerant or resistant
muntjac cells, though an energy lesion could certainly be
considered as a contributory factor in assessing damage.
The case for mitochondrial damage as the primary lesion
is stronger for M cells, but as many types of damage are
precipitated within a very short time the contribution of
mitochondrial damage cannot be separated from that of
nuclear, microfilament, ribosomal, Golgi and/or mem-
brane damages.

RER activity increased with both acute and chronic
cadmium dosing in CR5, CCRS5 and CCRI0 cells. The
numbers of free polysomes increased in cadmium-treated
CCRS and CCRI10 cells. Ribosomes detached only at le-
thal levels of cadmium, but once ribosome damage and/or
detachment occurred, it was irreversible and the ribosomes
were destroyed. There are numerous literature reports con-
cerning cadmium damage which suggest changes in ribo-
somes, RER, SER and/or free polysomes but these pre-
sent no consistent pattern of change (Stowe et al. 1972;
Faeder et al. 1977; Kuliszeweki and Nicholls 1981; Meiss
et al. 1982; Morselt et al. 1983 ; Dudley et al. 1984). Indeed,
the stability of ribosomes in the presence of cadmium
would be necessary to explain the fact that many cells pro-
duce cytosolic proteins as protective mechanisms against
cadmium poisoning. If ribosomes were easily damaged, or
their activity inhibited, protective proteins could not be
synthesized at a time when they were most needed.

While damaged membrane could be replaced and
much of the mitochondrial damage was tolerated, stress fi-
bre damage with resultant detachment of cells from the
substratum appeared irreversible. Like membrane, howev-
er, this type of damage has received scant attention in the
literature, possibly because morphological signs of micro-
filament damage are part of a cascade of events leading to
cell death. Damage to brush border of kidney and micro-
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villae of intestinal mucosa has been noted (e.g. Castano
1971; Richardson and Fox 1975) but without mention of
their microfilament structure. Teratogenic effects have
been reported following cadmium exposure (reviewed by
DeGraeve 1981) which could relate to microfilament and/
or cell membrane damage but no appropriate study has
been made to link teratogenesis with the integrity of these
organelles during cell migration in embryo formation. In
the present study the persistence of microtubules in stress
fibre areas which had lost their microfilaments suggested
that the microtubules were less sensitive to cadmium than
the microfilaments. If so, then the different dependencies
of cells on microfilaments and/or microtubules could be
one factor contributing to a variable cadmium response
among morphologically different cells.

Nuclear activity changes were indicated early in cad-
mium exposures, e.g. loss of nuclear/cytoplasmic interac-
tion, reversible nucleolar changes and heterochromatin ac-
cumulation. Nuclear damage was prominent as lethal lev-
els of cadmium were approached, e.g. segregation of nu-
cleolar components, condensation of chromatin, loss of
nuclear membrane integrity. Chromosome aberrations and
abnormal mitoses occurred with both lethal and sublethal
levels of cadmium; (these have been dealt with elsewhere,
Bouffler and Ord, unpublished work). Nucleolar damage
receives considerable attention in the literature. The stud-
ies of Puvion and Lange (1980) and Cervera et al. (1983)
investigating the bases of nucleolar segregation and accu-
mulation of perinucleolar granules present evidence for
the involvement of some step(s) in transcription, RNA
processing and/or RNA metabolism in cadmium-induced
damage. They suggest that an RNA lesion is one of the
most important effects of cadmium. Though perinucleolar
granules did not show an accumulation in the muntjac fi-
broblast equal to that of the liver (Puvion and Lange 1980)
or HeLa cell (Cervera et al. 1983), nucleolar condensation
and subsequent segregation were similar; the lower num-
bers of perinucleolar granules may simply reflect a differ-
ence in RNA storage and/or processing in the muntjac
cell. A number of other literature reports also indicate nu-
clear damage, frequently stressing nucleolar changes
(Stowe et al. 1972; Webb et al. 1972; Hoffman and Niyogi
1977; Sina and Chin 1978; Enger et al. 1979; Morselt et al.
1983; Dudley et al. 1984).

There is no doubt that cadmium induces changes at
many sites in the muntjac fibroblast and that in all proba-
bility both nuclear and cytoplasmic damage contribute to
cell death. Proof of this, however, comes only with separa-
tion of damage to the two components. Though this is im-
possible using morphological studies, it has been accom-
plished using micrurgy techniques with Amoeba proteus,
(Ord and Al Atia 1979). Amoeba proteus is a mobile cell
which suffers a similar spectra of morphological damage
as muntjac fibroblasts on exposure to cadmium. When
nuclei were transfered between cadmium treated and con-
trol cells the resultant combinations of “cadmium treated
nuclei in control cytoplasms” and of “control nuclei in
cadmium treated cytoplasms” showed conclusively that
both contained irreversible damage which contributed to
their subsequent death.

In the present study, the wide range of changes with
different cadmium exposures, and the time overlap of
damage to a number of cell organelles, show clearly that
cadmium can damage many different organelles. In addi-
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tion, they show that the extent of damage to a particular
organelle may change with differences in cell activity, with
different cadmium levels and in the presence or absence of
a protective mechanism. Comparisons of these results with
literature-reported damage for other cell types suggests
that the function and/or morphology of a cell may also in-
fluence the damage sustained by the different organelles.
When environmental variables are added to the many vari-
ables contributed by the cell itself, it becomes possible to
see why such difficulty has arisen in assessing the damag-
ing capacity of cadmium, and in prediciting its potential
danger to man or his environment.
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