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A B S T R A C T  

Cultured KB cells (derived from a human oral carcinoma) grown in monolayers were in- 
jured by one of three agcnts: starvation by arginine deprivation or trcatment with high 
doses of either ultraviolct radiation or x-radiation. The different agents produced changes 
in nucleolar structure and varying accumulations of triglyceridc and glycogcn. All three 
agents produced an increase in number and size of lysosomes. Thcse were studied in acid 
phosphatase preparations, viewed by both light and electron microscopy, and, occasionally, 
in vital dye, estcrase, and aryl sulfatase preparations. Ultrastructurally, alterations in lyso- 
somes suggcsted that "residual bodies" developed in a variety of ways, i.e., from the endo- 
plasmic reticulum, multivesicular bodies, or autophagic vacuoles. Following all three agents 
the endoplasmic reticulum assumed the form of " rough"  or "smooth"  whorls, and, aftcr 
two of the agents, arginine deprivation or ultraviolet radiation, it acquired cytocbemically 
demonstrable acid phosphatase activity. Near connections between the endoplasmic reticu- 
lum and lysosomes raisc the possibility that in KB cells, at least when injured, the endoplas- 
mic rcticulum is involved in the formation of lysosomes and the transport of acid phosphatase 
to them. 

I N T R O D U C T I O N  

Strains of cultured cells grown for short periods 
in nutrient media deficient in a single amino acid 
remain viable, for restoration to complete medium 
results in survival of a proportion of the cells (8, 
13). Similarly, cells treated with high-level (lethal) 
doses of radiation remain viable for a certain 
length of time before the onset of death (33, 57). 
Such injured cells grown in controlled fashion lend 
themselves to a study of the events leading to cell 
death. 

This report  describes the profound changes in 
the structural organization and cytochemical 
properties of KB cells following injury; in two in- 
stances (ultraviolet and x-irradiation) the changes 

are irreversible while in the other (arginine dep- 
rivation) they are still reversible. The  most dra- 
matic alterations occur in the endoplasmic retic- 
u lum and the lysosomes. 

M A T E R I A L  A N D  M E T H O D S  

The heteroploid KB line, derived from a human oral 
carcinoma (12), was used in these investigations. The 
cells were grown at 37 ° as monlayers on glass cover- 
slips in Petri dishes containing Eagle's minimum 
essential medium (14) with added 10 per cent calf 
serum, non-essential amino acids, glutamine, and 
antibiotics. Cultures were refed every other day. 

Amino acid-deprived cells were grown in a deficient 
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medium from which arginine, an essential amino 
acid for KB cells (15), had been omitted. They were 
placed in this medium after attaining the log phase 
of growth (1 to 3 days) in complete nutrient  medium. 
Coverslips were removed and the cells studied after 
intervals of deprivation of 16, 40, 48, and 64 hours, 
and 3, 4, and 5 days; others, after deprivation for 

similar time intervals, were restored to complete 
medium and left in it for periods of 1, 2, 3, 4, 5, or 7 
days. 

Ultraviolet radiation was generated by a 30-watt 
germicidal lamp (Sola), backed by a polished reflector 
and mounted 88 cm from a designated target plane. 
The cells were subjected to ultraviolet irradiation for 

FrOURE 1 Living KB ceils, deprived of arginine for 40 hours; phase contrast. Large, 
multiple nucleoli (iV) are evident within nuclei. Arrows indicate the spike-like cytoplasmic 
extensions characteristic of injured cells. X 310. 

FIOURE ~ Unfixed cells, deprived of arginine for 16 hours, vitally stained with neutral 
red. The colored granules are concentrated in the nuclear hof or Golgi area, but some, 
mostly small, are evident elsewhere in the cytoplasm. X 780. 

FIGURE 3 Cells deprived of arginine for 64 hours; acid phosphatase preparation. Fixed 
in formaldehyde-calcium for ~ hours and incubated with B-glycerophosphate as substrate 
for 60 minutes. Note concentration of acid phosphatase-positive granules (lysosomes) in 
nuclear hof or Golgi area; compare with Figs. ~ and 4. Individual lysosomes are evident 
where they are not too numerous. X 1,000. 

FIGURE 4 Unfixed cells, deprived of arginine for 40 hours, vitally colored by acridine 
orange and viewed in the fluorescence microscope. Note general correspondence in size, 
distribution, and number between fluorescent cytoplasmic granules and lysosomes (Fig. 
3). The large, multiple nucleoli are evident within the nuclei. X 950. 

FIGURE 5 Untreated cell; acid phosphatase preparation. Fixed in glutaraldehyde, and 
incubated with 5'-cytidylic acid as substrate for ~0 minutes. Note concentration of lyso- 
somes in nuclear hof or Golgi area. Unstained nucleoli are evident in the nucleus. )< 
1,400. 

FIGURE 6 Cell deprived of arginine for 64 hours; acid phosphatase preparation. Fixation 
and incubation as in Fig. 5. The increase in lysosome number with deprivation is illus- 
trated by comparing this cell with the untreated cell in Fig. 5. X 1,~30. 

FIGURE 7 Cells 5 hours after ultraviolet irradiation. Fixed in glutaraldehyde; incubated 
with thiamine pyrophosphate for ~ hours. No enzyme activity is evident. However, as in 
substrate-free controls, the nucleoli are darkened. × 800. 

FIGURE 8 Cells 2~ hours after x-irradiation. Fixed in formaldehyde-calcium for 5 minutes; 
incubated with adenosine triphosphate for 60 minutes. As in Fig. 7, the color in the nucleoli 
is non-enzymatic and is also present in no-substrate controls. Arrows indicate ring-like 
structures )< 1,000. 

FmURE 9 Untreated cells; Sudan black B preparation. The dark spheres, mostly periph- 
eral, are presumed to be triglyceride-rich lipid droplets. Note smaller, lighter stainng 
granules; some are probably mitochondria and some in the nuclear hof area (arrow) 
are probably lysosomes. X 1,300. 

FmVRE 10 Cell deprived of arginine for 40 hours; Sudan black B preparation. Lipid 
droplets presumably rich in triglyceride have increased greatly (cf. Fig. 9). X 760. 

FIGTJRE l l  Cell £3 hours after ultraviolet irradiation; Sudan black B preparation. Their 
increase in lipid droplets presumed to be rich in triglyceride is less marked than in x-ir- 
radiated or arginine-deprived cells (Fig. 10). X 870. 
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56 seconds, wi thout  at tenuat ion by mesh filters. This 
gave a dose of 790 e r g / m m  2 or 7.3 hits per  cell, a 
lethal dosage for 99.9 per cent  of a populat ion of 
HeLa  cells (33). During exposure to the ultraviolet 
radiat ion the cells were covered by 10 mi of phos- 
phate-buffered saline; after t rea tment  this was 
replaced by 20 ml of fresh complete  nutr ient  medium. 
Cells were studied at intervals of 4, 5, 16, 17, and 24 
hours after irradiation. 

X-radiation was delivered by a Picker ins t rument  
opera ted  at 280 kv and 20 mA, at a distance of 55 
cm (or 70 cm) with a half  value layer of 2.0 m m  Cu, 
at an exposure rate of approximately 97 r (or 47.5 r) 
per  minute.  The  cells were subjected to an exposure 
of 1300 r as determined by a Victoreen chamber  and 
eleetrometer;  To lmach  and Marcus  (57) have shown 
tha t  this dosage results in the death  of H e L a  cells in 
2 days (60 to 80 per cent) or 5 to 15 days (20 to 40 
per  cent). Dur ing  irradiation the cells were in com- 
plete nut r ient  medium;  it was replaced by fresh me- 
d i u m  following treatment.  Cells were studied at 24 
hours, 2-, and 5-day intervals after irradiation. 

Normal ,  uninjured  cells, grown in complete me- 
d ium for 2 to 5 days, were studied as controls in each 
separate experiment.  The  experiments on amino acid 
deprivat ion were repeated on five separate occasions; 
the ultraviolet and x-irradiation experiments,  on 
three. 

Light Microscopy 

Live cell preparations were examined by the 
phase microscope or colored with the vital dyes neu- 
tral red (2 drops of 0.5 per cent  aqueous solution in 
2 ml medium) and acridine orange (0.2 ml of 1/2000 
aqueous solution in 20 ml medium).  After staining 
for 10 minutes, the cells were examined by light mi- 
croscopy, the acridine orange preparat ions in a 
Leitz-Wetzlar  ultraviolet  fluorescence microscope. 

Fixed cell preparations were used for cytochemical  
studies. Fixation was carried out  at room tempera ture  
in formaldehyde-calcium (1) for 5 minutes, or in 1.5 
to 3 per  cent  glutaraldehyde (55), in basal nut r ient  
med ium or Earle's salt solution, for 11/~ to 3 minutes. 
The  coverslips bearing the cells were washed in 
Earle 's ba lanced salt solution before fixation, in 7.5 
per  cent  sucrose after fixation, and in 7.5 per  cent  
sucrose after incubation.  The  fixed cells were incu- 
ba ted  for the following enzyme activities: (I) acid 
phosphatase,  by a modified Gomori  technique (26) 
with cytidine 5 ' -monophosphate  (40) or thymidine 5'- 
monophospha te  (48) or f l-glycerophosphate (26) as 
substrate, and by the Barka-Anderson procedure  (4) 
with naphthol  A S - T R  phosphate  as substrate;  (2) 
thiolacetic esterase (37); (3) indoxyl esterase (29); 
(4) DPNH-te t ran i t ro  blue tetrazolium reductase 
(DPNH-TNBT)  (See reference 47, substituting 

FmuRn 1~ Portion of uninjured cell. This region shows Golgi apparatus (G); dense 
bodies, numbered 1 through 4; and multivesieular bodies (MV). Also labeled are nucleus 
(N) and mitochondria (M) . )<  13,000. 

FIGURE 13 Portion of cell deprived of arginine for 64 hours. The mitochondria show: 
(1) tubule-like structures (T), seen in both transverse and longitudinal section; and (e) 
homogeneous, relatively structureless areas in which are seen granules (arrows) t ha t  may 
be the original intramitochondrial granules. The vesiculated endoplasmic retieulum, ER; 
lipid, probably rich in triglyceride, L, are seen. X 18,000. 

FmURE 14 Peripheral cytoplasm (upper left) and bleb from cell deprived of arginine for 
5 days and restored to complete medium for 7 days. The glycogen is present as individual 
granules and clumps; two clumps are visible. )< 15,000. 

FIGURE 15 Portion of uninjured cell. The Golgi apparatus (G) is extensive; elongate 
mitochondria (M) are numerous; and multivcsicular bodies (arrows) are concentrated in 
the vicinity of the Golgi apparatus. The cndoplasmic reticulum (ER) is sparse. The clear 
areas (T) have the size and form of Sudan black B-posit ive spheres (cf. Fig. 9), and it is 
presumed that  they were occupied in vivo by triglyceride-rich lipid that  was extracted 
during processing for electron microscopy. The edge of the nucleus is seen at N and some 
microvilli at MI. )< 9,000. 

FIaURE 16 Cell deprived of arginine for 16 hours and restored to complete medium for 7~ 
hours. The endoplasmic reticulum (note ribosomes on its surface) is in tile form of whorls 
and vesicles (arrows). L indicates material presumed to be triglyceride-rich material that  
has crenated during the processing for electron microscopy. >( 14,000. 
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TNBT for NBT); (5) thiamine pyrophosphatase 
(TPPase) or nucleoside diphosphatase with inosine 
diphosphate as substrate (42); (6) nucleoside triphos- 
phatase with adenosine triphosphate as substrate 
(58); and (7) aryl sulphatase at pH 5.7 (24). 

Sudan black B (3) was used to color lipids, es- 
pecially those rich in triglycerides, and the acid he- 
matein test with pyridine extraction control, to visu- 
alize phospholipids (2). These tests were made on 
cells fixed in formaldehyde-calcium for 5 minutes at 
4 ° or room temperature. 

Electron Microscopy 

Ceils were grown on coverslips previously coated 
with a thin layer of carbon (50). They were fixed by 
one of the solutions described by Robbins and Go- 
natas (51) for cultured HeLa cells. Best results were 
obtained with 2 per cent aqueous osmium tetroxide 
diluted with an equal volume of Earle's balanced 
salt solution, (1 : 1), for 20 minutes at room tempera- 
ture, followed by 60 minutes' fixation in a solution 
composed of 10.6 ml 2 per cent osmium tetroxide, 
0.6 ml 40 per cent formaldehyde, and 10 ml 0.15 M 
NaHCO3, 0.15 M NaCI (1:3). Dehydration with 
Cellosolve (ethylene glycol mono-ethyl ether) was 
followed by embedding in Epon 812, Araldite, or 
Maraglas. For embedding, the coverslip, cells up- 
ward, was placed on a glass slide and covered with 
enough embedding medium to keep it in place. Gela- 
tin capsules filled with embedding medium were then 
placed, open end down, over the cell monolayers 
(31, 50). When hardened, the capsules were snapped 
off at the carbon layer~coverslip interface; the cells 

remained on the fiat block surface, ready for section- 
ing. 

For demonstrating acid phosphatase activity, 
eoverslips were treated as described for light micros- 
copy, with 5'-cytidylie acid as substrate and with 5 
per cent sucrose present in the medium. The incuba- 
tion time varied from 15 to 120 minutes, depending 
on the staining intensity as monitored by the light 
microscope. Following incubation, the cells were 
washed in 7.5 per cent sucrose and postfLxed and 
embedded as described above for unincubated cells. 
As controls, cells were incubated either in the acid 
phosphatase medium without substrate or in com- 
plete medium containing 0.01 M sodium fluoride. 

Thin sections were cut on a Porter-Blum MT-2 
ultramicrotome and were studied unstained or follow- 
ing staining with ethanolic uranyl acetate (60), lead 
citrate (49), or both. They were examined in a Sie- 
mens Elmiskop I using the double condenser and 
operated at 80 kv. 

O B S E R V A T I O N S  

Uninjured (Control) K B  Cells 

In  normal  KB ceils spread in monolayers, cell 

inclusions arc easily seen by phase contrast micros- 
copy (Fig. 1). These include nuclei, nucleoli, 
mitochondria,  granules that  arc probably lyso- 
somes, and triglyccridc-rich lipid droplets. 

Following addit ion of the vital dyes, neutral  red 
or acridine orange, color appears in granules; 
these are concentrated in the nuclear hof or Golgi 

FIGURE 17 Portion of cell deprived of arginine for 16 hours. Arrows indicate accumula- 
tions of electron-opaque material in smooth membranous structures, possibly the endo- 
plasmic reticulum. The shapes suggest that these bodies may be forming lamellated dense 
bodies (Figs. 18, 19). Also seen arc components of the Golgi apparatus: saccules (S), vacu- 
oles (V) and small vesicles (IRE) ; a multivesicular body (MV) ; and a mitochondrion (M). 
X $8,000. 

FIGURE 18 Portion of cell deprived of arginine for 5 days. The increased electron opacity 
and their shapes suggest a later stage in the development of lamellated dense bodies (cf. 
Fig. 17). Note mitochondria (M) and helical aggregates of ribosomes (arrow).)< ~4,000. 

FIGURE 19 Portion of cell deprived of arginine for 5 days. Note numerous lamellated dense 
bodies, Golgi apparatus (G), and multivesicular body (MV). X 19,000. 

FIGURE ~0 Small portion of cell deprived of arginine for 5 days. The lameilated dense 
body shows parallel membrane arrays. X 45,000. 

FIGURE 21 Portion of cell deprived of arginine for 5 days. The cytoplasm is more electron- 
opaque than normal and is highly vacuolated. Two of the vacuoles (arrows) contain struc- 
tures that appear to be altered lamellated dense bodies. )< 15,000. 
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region (Figs. 2 and 4). They are probably lyso- 
somes since granules of similar size and distribu- 
tion are seen in fixed sections incubated for acid 
phosphatase activity (Figs. 3, 5, and 6), the 
"marker"  used for lysosomes (@ reference 41); in 
general, the Barka procedure gave the same results 
as the Gomori  technique. Bodies like them are 
also seen in esterase and aryl sulphatase prepara- 
tions, and in Sudan black B or acid hematein 
preparations (Fig. 9). (Sudan black B stains tri- 
glyceride droplets more intensely.) In these cells 
it is not possible, by light microscopy, to attack 
the problem of biochemical heterogeneity among 
lysosomes. 

At  the level of light microscopy no reaction 
product is seen when cells are incubated to demon- 
strate nucleoside diphosphatase or thiamine pyro- 
phosphatase activity under our conditions. These 
preparations were not studied by electron micros- 
copy. 

D P N H - T N B T  reductase preparations show 
many filamentous and granular mitochondria 

throughout the cytoplasm. They are sometimes 

visible after Sudan black B staining (Fig. 9) and, 
infrequently, after incubation for nucleoside tri- 

phosphatase activity, as described by Essner et al. 
(18). 

Non-enzymatic staining of nucleoli occurs when 
KB cells are incubated for thiamine pyrophospha- 
tase and nucleoside tri- and diphosphatase activi- 
ties. This enhances the visibility of some aspects of 
their structure (Figs. 7 and 8). 

There is relatively little endoplasmic reticulum 
in control cells (Fig. 15). Using the presence of 
acid phosphatase activity and a delimiting mem- 
brane as a tentative identification of lysosomes 
(39, 40), these are of two types in KB cells: multi- 
vesicular bodies and dense bodies of moderate 
electron opacity (Figs. 19 and 15). They are con- 
centrated in the nuclear hof area where the Golgi 
apparatus is located. 

Other  structures seen in electron micrographs 
include: (1) mitochondria, spherical or elongated 
in thin sections, with cristae sometimes extending 
across their width (Figs. 12 and 15) ; (2) ribosomes, 
singly or in rosettes, spirals, or helices 1, generally 
considered to be polysomes; some are attached to 
the endoplasmic reticulum but most seem to lie in 
the cytoplasmic matrix;  (3) microtubules, about 
23 mg  in diameter, more numerous near the cell 
periphery, and preserved rather well by osmium 

I Helical aggregates of ribosomes have previously 
been reported only in differentiating plant cells (16) 
and embryonic animal ceils (5, 59). 

FIGURE ~ Portion of cell deprived of arginine for 64 hours; incubated for acid phospha- 
tase activity, with 5'-cytidylic acid as substrate. In unincubated material such cells have 
numerous lamellated dense bodies (Figs. 17 to 19). In this incubated preparation the bodies 
are moderately well preserved and show abundant reaction product (L). Reaction product 
is also seen in Golgi saccules with fenestrated regions (arrows). The nucleus (N) and mito- 
chondria (M) are free of reaction product. )< 18,000. 

FIGURE ~3 Portion of cell deprived of arginine for 5 days. At arrow, one of the lamellated 
dense bodies shows a near connection to a region of smooth endoplasmic reticulum con- 
taining electron-opaque material. Note ribosomes on endoplasmic reticulum farther re- 
moved from lamellated dense body. A small portion of the nucleus is seen at N. )< ~5,000. 

FIGIrRE ~4 Portion of cell deprived of arginine for 5 days. A vacuole which resembles an 
autophagic vacuole, with electron-opaque material within it, is seen at AV; and a helical 
aggregate of ribosomes at P. × 30,000. 

FIGURE ~5 Portion of cell deprived of arginine for 17 hours. Fixed in glutaraldehyde and 
incubated for acid phosphatase activity with 5'-cytidylic acid as substrate; thin section not 
stained with heavy metal. Reaction product is present in the whorls of endoplasmic reticu- 
lum (ER) and in lamellated dense bodies (L). The reaction product of the latter appears 
continuous, at arrows, with that of the endoplasmic reticulum. X ~%000. 

FIGURE ~6 Portion of cell deprived of arginine for 16 hours. Fixation and incubation as in 
Fig. ~5. Note reaction product in lysosomes containing membranous arrays. × ~5,000. 
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tetroxide fixation; (4) microvilli at the surface 
(Fig. 15); (5) desmosomes between adjacent cells; 
(6) annulate  lamellae, sometimes clearly seen as 
continuous with the endoplasmic reticulum (Fig. 
27); and infrequently (7) centrioles (Fig. 38). 

Injured KB Cells 

After all three agents employed, variable num- 
bers of cells round up and show blebbing; many 
produce cytoplasmic strands extending from the 
surface (Fig. 1). Considerable variety is seen 
among individual cells. We will at tempt to describe 
the more typical changes. 

I. ARGININE DEPRIVATION 

Damage to the ceils increases with increasing 
deprivation time. Sudanophilic spheres, presum- 
ably triglyceride-rich lipid, appear early and ac- 
cumulate in considerable numbers (Fig. 10). 
Mitochondria may appear normal in many cells 
even after 5 days of deprivation, bu t  in some cells 
profound alterations are apparent  after 64 hours. 
An uncommon finding is the presence of tubule- 
like structures which course in roughly parallel 
fashion throughout the length of the mitochondria 
(Fig. 13). 

Helical and spiral ribosomal aggregates are 
found after even a 5-day period of deprivation 
(Figs. 18, 24). Their  persistence is interesting in 
light of reports, from electron microscopy (23, 54) 
and biochemical assay (34), that polysomes dis- 
appear following amino acid deprivation or vita- 
min deficiency. 

In  early stages of degeneration, the nucleoli 
seem little changed in morphology except that in 
some cells they show electron-opaque "caps" at 

their periphery. With more advanced degenera- 
tion, nucleoli and nuclei show radically altered 
morphology. Microtubules are seen except in 
badly damaged cells. 

The endoplasmic reticulum becomes much more 
extensive and commonly forms whorls (Figs. 16, 
25). Whether it is straight or in whorls, the endo- 
plasmic reticulum is often vesiculated. The influ- 
ence of different fixatives upon these appearances 
was not studied (cf. reference 53). 

In  the early stages of injury, the endoplasmic 
reticulum (including the nuclear envelope) shows 
reaction product resulting from acid phosphatase 
activity (Figs. 25, 29) ~, but  this is rarely seen be- 
yond 16 hours. Acid phosphatase reaction product 
is also seen in one or more of the Golgi saccules 
and in cytoplasmic bodies of characteristic shape 
(Fig. 22). These bodies, which we speak of as 
lamellated dense bodies, in unincubated cells 
show clear delimiting membranes and numerous 
membranous lamellae inside (Fig. 20). They ap- 
pear in section as rings and shapes resembling 
wishbones (Fig. 17); their three-dimensional form 
is probably like that of water tumblers. They in- 
crease in size and electron opacity with increasing 
deprivation time, to form rectangular and triang- 
ular bodies (Figs 18 to 20). Presumably many of 
the numerous larger lysosomes seen by light mi- 
croscopy (Fig. 6) are of this type. 

The lamellated dense bodies often lie close to 
the endoplasmic reticulum, and near connections 
between the two have been noted on several oc- 

2 Cells injured by all three agents show no reaction 
product in the endoplasmic reticulum, Golgi saccules, 
or lysosomes when incubated in substrate-free or 
fluoride-containing media (Fig. 37). 

FIGURE 27 Portion of cell deprived of arginine for 16 hours and restored to complete 
medium for 48 hours. Note annulate lamellae (A) including one that shows continuity with 
the endoplasmic reticulum, at ER; aggregations of glycogen particles (GL); and a variety 
of lysosomes (L). A small portion of the nucleus is seen at N. X 1~,000. 

FIGr_rRE ~28 Portion of cell deprived of arginine for 64 hours and restored to complete me- 
dium for ~4 hours. Lysosomes contain arrays of membranes which showed a "unit-mem- 
brane" structure in the original photograph, at arrows. X ~0,00C. 

FIGURE ~9 Portion of cell deprived of arginine for 17 hours. Fixation in glutaraldehyde 
and incubation for acid phosphatase activity with 5'-cytidylic acid as substrate. Reaction 
product is present in nuclear envelope (NE), endoplasmic reticulum (ER), and outer part 
of lamellated dense body (L). Arrows indicate proximity of the endoplasmic reticulum and 
lamellated dense bodies. X ~7,500. 

612 THE JOURNAL OF CELL BIOLOGY • VOLUME ~7, 1965 





casions (Fig. 23). In  incubated sections the rcae- 
tion product in endoplasmic reticulum strand and 
lamellated dense body may form a continuous 
layer (Figs. 25, 29). 

Bodies resembling autophagic vacuoles are also 
seen in unincubated sections. Some seem to be 
early stages in which cytoplasm is sequestered 
within a membrane.  The origin of this membrane 
is not established by our observations, but  appear- 
ances are encountered which are consistent with 
its origin from the endoplasmic reticulum (Fig. 31 ), 
as suggested for rat hepatccytes (43). Membranous 
arrays and other electron-opaque materials char- 
acteristic of "residual bodies," to be considered in 
the Discussion, are encountered in these seques- 
tered areas (Fig. 24). Such residual bodies have 
demonstrable acid phosphatase activity (Fig. 26); 
lamellated dense bodies are encountered in vacu- 
oles in later stages of degeneration (Fig. 21), but  
whether these are autophagic vacuoles is unknown. 

II .  RESTORATION OF ARGININE-DEPRIVED CELLS 

When arginine-deprived cells are restored to 
complete nutrient medium, many recover. After 2 
days of deprivation, about 90 per cent appear in- 

jured. If  at that time they are restored to complete 
medium, at the end of 7 days only 10 per cent of 
the cells on the coverslips show signs of injury. 
However,  if ceils are first deprived for 3 to 4 days, 
up to 40 to 50 per cent of the cells on the coverslip 
are still injured even after restoration for 7 days. 

Even when cells are deprived for only short 
periods before restoration, more than the usual 
number of annulate lamellae and glycogen clumps 
are found (Figs. 14, 27). Glycogen clumps are not 
seen in cells that have not been deprived and then 
restored to complete medium. In cells deprived for 
extended periods (5 days) before restoration, the 
glycogen becomes even more prominent and is no 
longer confined to focal areas. 

Lysosomes are present in the restored cells, ap- 
parently as numerous as in deprived cells. They 
generally contain membranous arrays of various 
forms (Figs. 27 and 28). The endoplasmic retic- 
u lum may remain in whorls, at least for 3 days 
after restoration. 

I I I .  ULTRAVIOLET IRRADIATION 

The ultraviolet dosage used produces more 
rapid change than arginine deprivation does. By 

Flovn~ S0 Portion of cell 24 hours after ultraviolet irradiation. The following structure 
are labeled: nucleus, N; Golgi apparatus, G; vesiculated endoplasmic reticulum (ER); and 
lysosome-like granules with inner membranes (arrows). Small electron-opaque structures 
may be sections through forming lysosomes. X 91,000. 

I~'IGVRE 81 Portion of cell 4 hours after ultraviolet irradiation. The endoplasmic reticulum 
(ER) is more abundant than in untreated cells; it is vesiculated in regions (V) ; and it ap- 
pears (at arrows) to be isolating regions of cytoplasm. )< 8,000. 

FIOURE 82 Portion of cell ~4 hours after ultraviolet irradiation. A whorl of endoplasnlic 
reticulum shows extensive vesicolation. X 21,000. 

FIGURE 33 Portion of cell 24 hours after ultraviolet irradiation. Whorls of inembrane, 
probably smooth endoplasmic reticulum, have included nunaerous glycogen granules 
(arrows). X 45,000. 

FIGURE 34 Portion of cell 5 days after x-irradiation. Visible in the field are annulate 
lamellae (A), the one above sectioned transversely and the one below longitudinally; clear 
vacuoles (V), probably resulting from extraction of triglyceride-rich lipid during processing 
for electron microscopy; a moderately electron-opaque material (X) within ribosome- 
studded endoplasmic reticulum; and edges of two dense bodies (D).)< 19,500. 

FIGURE 35 Portion of cell 24 hours after ultraviolet irradiation. Whorl of endoplasmie 
reticulum (arrow) encloses a mass of glycogen granules (GL). X 15,000. 

FIGURE 36 Portion of nucleus 24 hours after ultraviolet irradiation. The periphery of tile 
nuc]eolus is of high electron opacity and extends into the nucleus in irregular fashion. )< 
20,000. 
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24 hours after irradiation, the cells are injured 
about as much as when grown in deficient medium 
for 5 days. In some ways, the responses to the two 
types of injury are different. 

The following differences may be noted in the 
irradiated cells: (1) Fewer triglyceride-rich lipid 
droplets are present (Fig. 11); however, they are 
more numerous than in untreated cells (Fig. 9). 
(2) Less glycogen is present. (3) The numerous 
aucleoli (Fig. 7) show electron-opaque material at 
their periphery (Fig. 36). (4) Although multivesic- 
ular bodies (of greater electron opacity than in 
normal cells), bodies with a ring-like appearance, 
and other apparent  residual bodies are present 
(Figs. 30 and 38), few, if any, lamellated dense 
bodies are found (Fig. 30). (5) The endoplasmic 
reticulum that forms whorls is of the "smooth" 
variety with few or no attached ribosomes. The 
whorls may enclose glycogen and other cytoplas- 
mic entities (Figs. 31 to 33 and 35). The cyto- 
chemically demonstrable acid phosphatase activity 
that appears in the endoplasmic reticulum remains 
even 16 and 24 hours after injury (Figs. 39 to 41). 

IV. X-IRRADIATION 

At  24 hours after x-irradiation, few changes are 
evident, but  by 5 days the cells are dramatically 
altered. Certain of the alterations differ from those 
in arginine-deprived or ultraviolet-irradiated cells. 
In  addition to the usual droplets considered to be 

triglyceride-rich lipid (Fig. 34), a material that 
may contain lipid accumulates within the rough- 
surfaced endoplasmic reticulum (Fig. 34) (@ 
reference 46 which describes triglyceride accumu- 
lation within vesicles of endoplasmic reticulum, 
following orotic acid feeding; and reference 6 
which describes the presence of dense material 
within rough endoplasmic reticulum after irradia- 
tion). The  nucleoli commonly show ring-like struc- 
tures (Fig. 8). 

Membrane-delimited electron-opaque bodies 
are numerous (Fig. 34); however, they are not in 
the same shapes as the lamellated dense bodies. 
Near connections between them and the endo- 
plasmic reticulum are occasionally encountered. 
Vacuoles with electron-opaque materials within 
them are also seen. Incubation for acid phospha- 
tase activity yields reaction product in bodies of 
these sizes and shapes. 

The  endoplasmic reticulum of these cells gives 
no sign of acid phosphatase activity by the meth- 
ods used in this study. In these cells, in contrast to 
ultraviolet-irradiated cells but  similar to arginine- 
deprived ceils, the whorls of endoplasmic reticulum 
are rough-surfaced. Spiral aggregates of ribosomes 
are encountered frequently. 

D I S C U S S I O N  

Among the changes noted following injury of KB 
cells are several reported in other cultured cells 

FIGVI~E 87 Portion of cell ~4 hours after ultraviolet radiation, incubated in substrate-free 
control medium at pH 5.0. Neither reaction product nor lead binding is seen anywhere. 
Note nuclear membrane (NM), endoplasmic reticulum (ER), and lysosome-like body (L). 
X 10,500. 

FIGURE 38 Portion of cell 16 hours after ultraviolet irradiation. Note multivesicular 
bodies (MV), some with electron-opaque material in areas; other lysosome-like bodies 
(arrows); and a centriole (C). X 18,500. 

FmVRE 39 Portion of cell ~4 hours after ultraviolet irradiation. Fixation in glutaralde- 
hyde and incubation for acid phosphatase activity with 5'-cytidylic acid as substrate. Re- 
action product is seen in nuclear envelope (NE), endoplasmic reticulum (ER), and Golgi 
saccules (G). There are non-enzymatic deposits (arrow) on the plasma membrane, also 
found in substrate-free control cells, at interfaces between cells. )< 10,500. 

FIGURES 40 and 41 Portions of cells 24 hours after ultraviolet irradiation. Fixation in 
glutaraldehyde and incubation for acid phosphatase with 5'-cytidylic acid as substrate; 
thin sections not stained with heavy metal salts. Reaction product is seen in nuclear en- 
velope (NE), endoplasmic reticulum (ER), Golgi saecules (G), and lysosome (L). Fig. 40, 
X 12,000; Fig. 41, X 19,500. 
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when damaged. These include accumulation of 
lipid rich in triglyceride (8, 35, 38), appearance of 
ring-like structures in nucleoli (38), mitochondrial 
change (36), structural alteration of the endoplas- 
mic reticulum (9, 32, 38), and increased number 
and size of lysosomes (52). Not previously reported, 
to our knowledge, are increased numbers of an- 
nulate lamellae, persistence of helical ribosomal 
aggregates, glycogen accumulations, and the ap- 
pearance of cytochemically-demonstrable acid 
phosphatase activity in the endoplasmic reticulum. 

The common occurrence of polysomes, rough 
endoplasmic reticulum, and annulate lamellae 
suggests that synthesis of some proteins, possibly 
lysosomal hydrolases, continues in these injured 
cells. 

The continuity of acid phosphatase reaction 
product in the endoplasmic reticulum and adjacent 
lysosomes has been seen on several occasions. This, 
together with near connections between the endo- 
plasmic reticulum and lysosomes, seen in both 
arginine-deprived and x-irradiated cells, is con- 
sistent with the suggestion from this laboratory 
(45, 48, 30) and that of Brandes (7) that some lyso- 
somes form from the endoplasmic reticulum. The 
fact that the Golgi apparatus seems not to be di- 
rectly implicated in lysosomal production in these 
situations distinguishes them from those described 
in other tissues (40). However, the evidence pre- 
sented here does strengthen the view (45) that acid 
phosphatase, and presumably other acid hydro- 
lases, are transferred from their sites of synthesis, 
the polysomes, either directly to lysosomes, or via 
the Golgi apparatus, by the endoplasmic reticu- 
lure. It may be presumed that in some cells (19, 25, 
44, 48) the extent of transfer is sufficiently high to 
be demonstrable cytochemically, but that this is 
not the case in KB cells until after injury. Whether 
injury induces increased rate of synthesis of acid 
hydrolases, increased concentration of enzyme pro- 
teins in the endoplasmic reticulum, or "unmask- 
ing" of enzymes is not known. Our observations 
are also consistent with the view (43, 56) that the 
endoplasmic reticulum is involved in the sequestra- 
tion of cytoplasm to form autophagic vacuoles. 

It is apparent that, in the absence of kinetic data, 
it is possible only to speculate concerning func- 
tional changes within lysosomes. It  has become 
customary to consider the appearance of membra- 
nous arrays and other electron-opaque materials 
inside lysosomes as suggestive evidence of intracel- 

lular digestion and the accumulation of undigested 
residues (10). Admittedly, some or much of this 
material might, with time, have undergone further 
digestion. Nevertheless, we believe it warranted to 
consider these bodies as residual bodies (10). They 
appear in large numbers after all three forms of 
injury to KB cells. Structurally, the most striking 
of the residual bodies develop during arginine dep- 
rivation, and we have called these lamellated dense 
bodies. They sometimes resemble crystals. 3 The 
transformation of lysosomes into "mulfilaminated" 
bodies which can be considered residual bodies is 
seen when HeLa cells are exposed to acridine 
orange (52). Granules that are probably residual 
bodies are also seen in HeLa and MAC-21 cells 
after prolonged growth in unchanged nutrient 
medium with low pH (22), in HeLa cells treated 
with 5-bromodeoxyuridine (27) or grown in serum- 
free medium (32), in aging transformed FL cells 
(20), and in human cartilage cells after 48 hours 
in culture (21). 

Injured KB cells may prove to be favorable ma- 
terial in which to study the functional significance 
of residual bodies, as well as their origin from the 
endoplasmic reticulum, multivesicular bodies, 
autophagic vacuoles or other lysosomes. It  is not 
yet known which, if any, of the ultrastructural 
changes we have observed in such cells are re- 
versible and which reflect irreversible damage 
leading to cell death. 
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3 Crystal-like structures have been reported in 
cultured cells (11, 17, 22, 28), but these apparently 
consist of exogenous materials (asbestos, etc.) en- 
gulfed from the medium and, unlike the KB material, 
they are enclosed within phagocytotic vacuoles. 

618 THE JOURNAL OF CELL BIOLOeY " VOLUME 27, 1965 



R E F E R E N C E S  

1. BAKER, J.  R., The structure and chemical com- 
position of the Golgi element, Quart. J. Micr. 
Sc., 1944, 85, I. 

2. BAKER, J.  R., The histochemical recognition of 
lipine, Quart. J. Micr. Sc., 1946, 87,441. 

3. BAKER, J.  R., Further remarks on the Golgi ele- 
ment, Quart. J. Micr. Sc., 1949, 90, 293. 

4. BARKA, T., and ANDERSON, P. J.,  Histochemical 
methods for acid phosphatase using hexazo- 
nium pararosanilin as coupler, J. Histochem. 
and Cytochem., 1962, 10, 741. 

5. BEHNKE, 0 . ,  Helical arrangement of ribosomes 
in the cytoplasm of differentiating cells of the 
small intestine of rat  foetus, Exp. Cell Research, 
1963, 30,597. 

6. BENCOSME, S. A., KALNINS, V. I., and STICH, 
H. F., Immediate and delayed effects of ion- 
izing radiation on hepatic cells, in Proceedings 
5th International Congress for Electron Mi- 
croscopy, Philadelphia, Academic Press, Inc., 
New York, 2, VV-2, 1962. 

7. BRANDES, D., Observation on the apparent  mode 
of formation of "pure"  lysosomes, J. Ultra- 
stmct. Research, 1965, 12, 63. 

8. COHEN, E. P., NYLEN, M. U., and SCOTT, D. B., 
Microstructural changes induced in mamma- 
lian cell cultures by omission and replacement 
of a single essential amino acid, Exp. Cell Re- 
search, 1961, 23,443.  

9. DAVID-FERREIRA, J.  F., and MANAKER, R. A., 
An electron microscope study of the develop- 
ment of a mouse hepatitis virus in tissue cul- 
ture cells, J. Cell Biol., 1965, 24, 57. 

10. DE REUCK, A. V. S., and CAVmRON, M. P., (ed- 
itors), Ciba Foundation Symposium on Lyso- 
somes, Boston, Little, Brown & Co., 1963. 

11. DOURMASHKIN, R. R., and DOUGHERTY, R. M., 
Phagocytosis of crystalline particles by cells 
grown in tissue culture, Exp. Cell Research, 
1961, 25,480.  

12. EAGLE, H., Propagation in a fluid medium of a 
human epidermoid carcinoma, strain KB 
(21811), Proe. Soc. Exp. Biol. and Med., 1955, 
89, 362. 

13. EAGLE, H., The specific amino acid requirements 
of a human carcinoma cell (strain HeLa) in 
tissue culture, J. Exp. Med., 1955, 102, 37. 

14. EAGLE, H., Amino acid metabolism in mamma-  
lian cell cultures, Science, 1959, 130,432. 

15. EAGLE, ]-I., OYAMA, V. I., and LEVY, M., Amino 
acid requirements of normal and malignant  
human cells in tissue culture, Arch. Biochem. 
and Biophys., 1957, 67,432. 

16. ECHLIN, P., An apparent helical arrangement of 
ribosomes in developing pollen mother cells of 

Ipomoea purpurea (L.) Roth, J. Cell Biol., 1965, 
24, 150. 

17. EPSTEXN, M. A., Some unusual features of fine 
structure observed in HeLa cells, J. Biophysic. 
and Biochem. Cytol., 1961, 10, 153. 

18. ESSNER, E., FOGH, J. ,  and FABRIZIO, P., Mito- 
chondrial adenosine triphosphatase activity in 
cultures of primary and transformed human 
amnion cells, J. Cell Biol., 1964, 23, 54A. 

19. ESSNER, E., NOVIKOFF, A. B., and QmNTANA, N., 
Nucleoside phosphatase activities in rat  car- 
diac muscle, J. Cell Biol., 1965, 25, No. 2, Pt. 
1,201. 

20. FOGH, J. ,  and EDWARDS, G. A., Ultrastructure 
of primary culture amnion cells and trans- 
formed FL cells in continuous culture, J. Nat. 
Cancer Iust., 1959, 23, 893. 

21. FREEMAN, J .  A., and GEER, J.  C., Cellular Fine 
Structure, New York, McGraw-Hill,  1964. 

22. FUSE, Y., PRICE, Z., and CARPENTER, C. M., A 
comparison of the fine structure of cultured 
MAC-21 and HeLa cells, Cancer Research, 1963, 
23, 1658. 

23. GOLDEERG, B., and GREEN, H., An analysis of 
collagen secretion by established mouse fibro- 
blast lines, or. Cell Biol., 1964, 22, 227. 

24. GOLDFISCHER, S., The cytochemical demonstra- 
tion of lysosomal aryl sulphatase activity by 
light and electron microscopy, J. Histochem. 
and Cytochem., 1965, 13, 520. 

25. GOLDFISCHER, S., CARASSO, N., and FAVARD, P., 
The demonstration of acid phosphatase activ- 
ity by electron microscopy in the ergastoplasm 
of the ciliate Campanella umbellaria L., J. Micr., 
1963, 2 ,621.  

26. GO,OR1, G., Microscopic Histochemistry; Prin- 
ciples and Practice, Chicago, University of 
Chicago Press, 1952. 

27. HENDEE, W. R., ZEBRUN, W., and BONTE, F. J.,  
Anomalous structures in the cytoplasm of 
HeLa cells cultured in the presence of 5-bro- 
modeoxyuridine, J. Cell Biol., 1963, 17, 675. 

28. HOLMES, I. H., and WATSON, D. H., The use of an 
electron-dense marker in the study of pinocy- 
tosis in mammalian cells grown in tissue cul- 
ture, J. Roy. Micr. Soc., 1964, 82, 273. 

29. HOLT, S. J., Indigogenic staining methods for 
esterases, in General Cytochemical Methods, 
(J. F. Danielli, editor), New York, Academic 
Press, Inc., 1958, 1, 375. 

30. HOLTZMAN, E., and NOVIKOFF, A. B., Lysosomes 
in the rat sciatic nerve following crush, or. 
Cell Biol., 27, 651. 

31. HOWATSON, A. F., and ALMEIDA, J .  D., A method 
for the study of cultured cells by thin section- 

N. J. LAm~ AND A. B. NOVIKOFF Responses of K B  Cells to Injury 619 



ing and electron microscopy, J. Biophysic. and 
Biochem. Cytol., 1958, 4, 115. 

32. KojI~tA, K., and KOZUKA, S., Structural changes 
in HeLa cells cultivated in serum-free medium, 
J. Cell Biol., 1962, 14, 141. 

33. LEE, H. H., and Puck, T. T., The action o fuhra -  
violet radiation on mammalian ceils as studied 
by single-cell techniques, Rad. Research, 1960, 
12,340. 

34. LEVINE, E. M., BECKER, Y., BOONE, C. W., and 
EAGLE, H., Contact inhibition, macromolecu- 
lar synthesis, and polyribosomes in cultured 
human  diploid fibroblasts, Proc. Nat. Acad. Sc., 
1965, 53, 350. 

35. MACKENZIE, C. G., MACKENZIE, J.  B., and 
BECK, P., The effect of pH on growth, protein 
synthesis and lipid-rich particles of cultured 
mammalian cells, J. Biophysic. and Biochem. 
Cytol., 1961, 9, 141. 

36. MENEFEE, M. G., and EVANS, V. J.,  Structural 
differences produced in mammalian cells by 
changes in their environment, J. Nat. Cancer 
Institute, 1960, 25, 1303. 

37. MILLER, F., and PALADE, G. E., Lyric activities 
in renal protein absorption droplets. An elec- 
tron microscopical cytochemical study, dr. Cell 
Biol., 1964, 23, 519. 

38. MONTGOMERY, P. O'B., KARNEY, D., REYNOLDS, 
R. C., and MCCLENDON, D., Cellular and sub- 
cellular effects of ionizing radiations, Am. J.  
Path., 1964, 44, 727. 

39. NOVIKOFF, A. B., Lysosomes and related par- 
ticles, in The Cell, (J. Brachet and A. E. Mir- 
sky, editors), New York, Academic Press, Inc., 
1961, 2,423.  

40. NOVIKOFF, A. B., Lysosomes in the physiology 
and pathology of cells: contributions of stain- 
ing methods, in Ciba Foundation Symposium 
on Lysosomes (A. V. S. de Reuck and M. P. 
Cameron, editors), Boston, Little, Brown and 
Co., 1963, 36. 

41. NOVIKOFF, A. B., and ESSNER, E., Pathological 
changes in cytoplasmic organelles, Fed. Proc., 
1962, 21, 1130. 

42. NOVlKOFF, A. B., and GOLnFISCHER, S., Nucleo- 
sidediphosphatase activity in the Golgi appa- 
ratus and its usefulness for cytological studies, 
Proc. Nat. Acad. Sc., 1961, 47, 802. 

43. NOVlKOFF, A. B., and SHIN, W.-Y., The endo- 
plasmic reticulum in the Golgi zone and its 
relations to microbodies, Golgi apparatus and 
autophagic vacuoles in rat  liver cells, J. Micr., 
1964, 3, 187. 

44. NOVlKOFF, A. B., ESSNER, E., and QUINTANA, N., 
Relations of endoplasmic reticulum, Golgi 
apparatus and lysosomes, J. Micr., 1963, 2, 3. 

45. NOVIKOFF, A. B., ESSNER, E., and QUINTANA, N., 
Golgi apparatus and lysosomes, Fed. Proc., 
1964, 23, 1010. 

46. NCVIKOFF, A. B., ROHEIM, P. S., and QUINTANA, 
N., Lipid in the liver cells of rats fed orotic 
acid and adenine, Fed. Proc., 1964, 23, 155. 

47. NOVIKOFF, A. B., SHIN, ~V.-Y., and DRUCKER, J.,  
Mitochondrial localization of oxidative en- 
zymes: staining results with two tetrazolium 
salts, J. Biophysic. and Biochem. Cytol., 1961, 9, 
47. 

48. NCVIKOFF, A. B., QUINTANA, N., VILLAVEKDE, 
H., and FORSCHIRM, R., The Golgi zone of 
neurons in rat  spinal ganglia, J. Cell Biol., 
1964, 23, 68A. 

49. REYNOLDS, E. S., The use of lead citrate at  high 
pH as an electron-opaque stain in electron 
microscopy, J. Cell Biol., 1963, 17,208. 

50. ROEBINS, E., and GONATAS, N. K., In vitro selec- 
tion of the mitotic cell for subsequent electron 
microscopy, J. Cell Biol., 1964, 20, 356. 

51. ROBBINS, E., and GONATAS, N. K., The ultra- 
structure of a mammalian cell during the 
mitotic cycle, J. Cell Biol., 1964, 21,429.  

52. ROBBINS, E., MARCUS, P. I., and GONATAS, N. K., 
Dynamics of acridine orange-cell interaction. 
II. Dye-induced ultrastructural changes in 
multivesicular bodies (acridine orange par- 
ticles), J. Cell Biol., 1964, 21, 49. 

53. ROSENBLUTH, J., Contrast between osmium-fixed 
and permanganate-fixed toad spinal ganglia, 
d. Cell Biol., 1963, 16, 143. 

54. Ross, R., and BENOITT, E. P., Wound healing 
and collagen formation. IV. Distortion of ri- 
bosomal patterns of fibroblasts in scurvy, or. 
Cell Biol., 1964, 22, 365. 

55. SABATINI, D. D., BENSCH, K. G., and BARRNETT, 
R. J.,  Cytochemistry and electron microscopy. 
The preservation of cellular ultrastructure and 
enzymatic activity by aldehyde fixation, d. 
Cell Biol., 1963, 17, 19. 

56. SWIFT, H., and Hruban,  Z., Focal degradation 
as a biological process, Fed. Proc., 1964, 23, 
1026. 

57. TOLMACH, L. J. ,  and MARCUS, P. I., Develop- 
ment of x-ray induced giant HeLa cells, Exp. 
Cell Research, 1960, 20, 350. 

58. WACHSTEIN, M., and MEISEL, E., Histochemistry 
of hepatic phosphatases at a physiologic pH, 
Am. J.  Clin. Path., 1957, 27, 13. 

59. WADDINOTON, C. H., and PERRY, M. M., Helical 
arrangement of ribosomes in differentiating 
muscle cells, Exp. Cell Research, 1963, 30, 599. 

60. WATSON, M. L., Staining of tissue sections for 
electron microscopy with heavy metals, d. 
Biophysic. and Bioehem. Cytol., 1958, 4, 475. 

620 THE JOURNAL OF CELL BIOLOGY " VOLU~E 27, 1965 


