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ABSTRACT 

Unfixed, comprcsscd acinar cclls of rat pancrcas, isolatcd by mcchanical and cnzymatic 
means, wcrc cxamincd by phasc microscopy and photomicrographcd using 35 mm film 
and electronic flash illumination. Similarly, obscrvations wcrc madc on Walkcr carcinoma 
cclls; in addition, thcsc cells wcrc trcatcd with solutions containing cithcr phosphatidasc 
A or cnzymc inhibitors. Acinar cells contained, bcsidcs nuclei, pcrinuclcar droplets and 
sccrction granulcs, various membranous and vacuolar structurcs. The basal cytoplasm 
showed parallel dark lines intcrprctcd as cndoplasmic rcticulum. In somc cells, fragmenta- 
tion of thc rcticulum was followed by thc direct incorporation of fragmcnts into simple 
myclin figures. In othcr cells it appcarcd that phasc-luccnt linear structures and vacuoles 
wcrc derived by dilatation of cistcrnae of thc cndoplasmic rcticulum. Pcrlnuclcar fluid 
collections arose cithcr by dilation of the pcrinuclcar cistcrnac of the cndoplasmic rcticulum 
or by fluid dilatation of thc nuclear cnvclopc. Phosphatidasc A disrupted early vacuolcs 
of Walker carcinoma cclls. From this and thc direct involvcmcnt of elcmcnts of the cndo- 
plasmic rcticulum in myclin figurcs, it was concludcd that the membranes limiting thc 
cndoplasmic rcticulum incorporate phosphatidcs in continuous layers. Whilc many scvcrcly 
injured cells formcd large vacuolcs, others developed concentrically laminatcd myclin 
figures; it was concludcd that both types of structure dcrivcd from phosphatidcs libcratcd 
intraccllularly, the vacuolcs by vesicular myelin figure formation. 

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

Cytoplasmic vacuoles, first noted by Leeuwenhoek 
over 200 years ago (1), are among the most fre- 
quently encountered structural changes associated 
with cell injury (2-9). In  spite of the large number  
of observations, the processes responsible for their 
formation have remained obscure (9, 10). Never- 
theless it is well established that vacuole formation 
follows many different types of injury (5-7). Ex- 
perimentally, it shows two striking features: first, 
it is reversible (11) and, secondly, it may occur 
within 15 seconds or less (12). These fingings 
support the view that pathological vacuole forma- 
tion may best be interpreted in physical-chemical 
terms (13-17). 

The present study is primarily concerned with 
the morphology and mechanisms of vacuole 
formation. With the use of combined phase micro- 
scopic and enzymatic methods to study rat pan- 
creatic acinar and Walker carcinoma cells, an 
attempt has been made to determine the earliest 
stages of vacuole formation in terms of changed 
anatomy of the cell. In  this task phase microscopy 
has proved a most useful tool, since, in spite of its 
limited resolution, it has allowed direct observa- 
tion of whole unfixed cells from the time of their 
initial isolation until  their ultimate breakdown. 
It  is concluded that the earliest cell vacuoles 
result from fluid dilatation of the endoplasmic 
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re t iculum and  tha t  later  vacuoles derive, by 
vesicular myelin figure formation,  from intracellu- 
larly l iberated phosphatides. 

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

In outline, the present study involved the microscopic 
examination and photomicrography of freshly 
isolated rat  pancreatic acinar and Walker carcinoma 
cells mounted in isotonic saline or treated with media 
containing either phosphatidase "A,"  enzyme 
inhibitors, oxalate or ethylenediaminetetraacetic 
acid (EDTA). In all, cells from 23 rat  pancreases and 
27 Walker tumours were examined. 

Cell Preparations 

P A N G R E A T I C  A C I N A R  C E L L S :  Rat (Sprague- 
Dawley or Wistar) pancreas was finely minced with 
scissors; the tissue fragments were treated with 0.1 
per cent trypsin (Trypure Novo Industri, Copen- 

hagen A/S) in 0.9 per cent sodium chloride for 30 
minutes at 25°C,washed three times with 0.9 per cent 
sodium chloride, and the residual trypsin inacti- 
vated with autologous serum. Then a droplet con- 
taining tiny tissue fragments was transferred to a 
glass slide and gently compressed with a no. 1 cover 
glass. This operation, carefully performed, sepa- 
rated intact acini and single acinar cells from 
the trypsinized fragments. 

W A L K E R  C A R C I N O M A  C E L L S :  Single cell sus- 
pensions of rat  Walker carcinoma were produced by 
mincing the tumour with scissors, adding a little 0.9 
per cent sodium chloride solution and, to separate 
cell clumps, passing the suspension through a plastic 
foam filter. Cell preparations were made by trans- 
ferring a tiny drop of the filtrate to a glass slide and 
covering with a no. 1 coverglass. 

Cell preparations were protected from drying by 
sealing the coverglass to the slide with clear nail 
varnish. 

Explanation of Figures 

All figures are phase-contrast photomicrographs of unfixed, unstained surviving cells 
injured in various ways: isolation from the parent tissue was followed by immersion 
in 0.9 per cent saline and, during examination and serial photomicrography, com- 
pression. Figs. 6, 7; 14, 15; 16, 17; 18, 19; 26 to 28, and 29 to 31 are taken from 
time-lapse series of photomicrographs. 

Key to Abbreviations 

L, phase-lucent zones 
V, vacuole 
ER, endoplasmic reticulum 
D, perinuclear droplets 
MF, myelin figure 
N, nucleus 
PS, perinuclear sacs 
S, secretion granules 
LD, lipid droplets 

NM, nuclear membrane 
PV, paranuclear vauole 
T, indicates the time interval between 

animal sacrifice and taking the 
photomicrograph 

t, indicates the time interval between 
making the slide preparation and 
taking the photomicrograph. 

FIGURE l 

Unfixed, compressed acinar cells of the rat pancreas with acinar arrangement pre- 
served. Shown are secretion granules (S) filling the cell apices, nuclei (iV), perinuclear 
droplets (D), and, in the basal cytoplasm, elongate phase-lucent structures (L) which 
may represent dilated endoplasmic reticulum. Some perinuclear droplets, displaced 
into the basal cytoplasm by cell compression, have become elongate and even branched. 
T, 11/~ hours; t, 5 minutes. X 1350. 

FIGURE 

Unfixed, compressed pancreatic acinar cells showing, in the spread out basal cyto- 
plasm, parallel arrays of elongate phase-lucent structures (L) whose general disposition 
suggests a possible origin from endoplasmic reticulum. Some of these structures show 
localized spheroidal expansions resulting in the formation of small vacuoles (V). In 
addition these cells show apical secretion granules (S) and pcrinuclear droplets (D). 
T, 51/~ hours; t, 30 minutes. M 1950. 
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Method of Examination 
Microscopy was carried out with a Leitz (stand B) 

microscope fitted with Zeiss phase contrast equip- 
ment; photomicrographs were made using a Leica 
IF camera with "Mikas" attachment, high contrast 
fine grain film and electronic flash illumination 
(18). Series of photomicrographs were used to 
record changes in individual cells. Cell compression, 
necessary for detailed observations, was effected by a 
simple microcompressor attached to the mechanical 
stage. 

Enzyme and Enzyme-inhibitor Studies 

PHOSPHATIDASE A: A drop of saline suspen- 
sion of Walker carcinoma ceils was mixed on a clean 
glass slide with a drop of a 1 mg per ml solution of 
phosphatidase A fraction of black snake (Pseudechis 
porphyriacus) venom (19) made up in 0.9 per cent 
saline. This preparation was quickly covered with a 
no. 1 coverslip, then placed on the warm stage of the 
microscope; cell changes were recorded photo- 
micrographically. 

F L U O R I D E  A N D  C Y A N I D E  : S a l i n e  - washed 
Walker carcinoma cells were resuspended in a 
solution containing sodium cyanide (0.136 M) and 
sodium fluoride (0.042 ~) brought to pH 7.5 with 
hydrochloric acid (0.062 M), making the total con- 
centration 0.24 M. Slide preparations, sealed to 
prevent drying, were examined microscopically as 
described above. 

O X A L A T E  A N D  E D T A  : Saline - washed Walker 
carcinoma cells were resuspended either in 0.3 per 
cent sodium oxalate, made up with 0.9 per cent 
sodium chloride, or in 0.02 per cent ethylenediamine- 
tetraacetic acid, made up with saline. Resuspended 
cells were studied in the usual manner. 

R E S U L T S  

Pancreatic Acinar Cdls 

Freshly isolated, compressed acinar cells of the 
rat pancreas appeared as mono- or bi-nucleate 
bipolar cells, occurring either singly or in acini 
(Fig. 1). Dense secretion granules filled the apices 
of the cells. Merging with these granules and 
closely surrounding the nuclei were less dense, 
readily deformable bodies, hereafter referred to as 
perinuclear droplets. Highly refractile lipid drop- 
lets were seen in the basal cytoplasm of some cells 
(Figs. 14 and 15). With the present method mito- 
chondria were not positively identified in any cells. 
In many cells the basal cytoplasm contained 
arrays of linear phase-lucent structures. 

For closer study the cells were compressed to the 
point of rupture and detailed observations of the 

various cell structures made subsequently. In 
order to systematize the description, observations 
are presented under the following headings: 
vacuoles; endoplasmic reticulum; intracellular 
myelin figures; perinuclear sacs; nuclear mem- 
branes; secretion granules, perinuclear droplets, 
and mitochondria. 

VACUOLES 

The  basal cytoplasm of many cells revealed 
parallel arrays of fine, sometimes branching, 
phase-lucent linear images of fairly uniform calibre 
(0.25 #-0.5 #) separated from one another by 
phase-dark areas generally aligned parallel to the 
cell's major axis (Figs. 1 and 2). Some of the phase- 
lucent linear structures showed local saccular or 
spherical expansions, sometimes in series, along 
their length (Fig. 2). Such expansions exhibited 
varying degrees of phase lucency; usually the 
greater the degree of expansion, the greater the 
phase lucency. The more phase-lucent spheroidal 
areas appeared as typical cytoplasmic vacuoles, 
similar to those (seen in non-compressed cells) 
having no demonstrable connection with phase- 
lucent linear structures. Some cells contained a 
number of small vacuoles, which, although not 
demonstrably connected with any phase-lucent 
linear structures, were arranged close to one 
another in linear series, suggesting a possible 
origin from some linear structure (Fig. 3). 

A feature of the various phase-lucent structures 
described was their extreme lability. With the 
passage of time they slowly changed in size and 
shape and in the degree of phase lucency. De- 
creases as well as increases in size and in the 
degree of phase lucency occurred so that whereas 
some vacuoles became more prominent, others 
gradually faded from view (Figs. 18 and 19). 

Many  severely injured cells showed, besides 
those vacuoles connected with phase-lucent linear 
structures, large peripheral vacuoles having no 
demonstrable connection with these structures 
(Figs. 4 and 5). Such vacuoles, gradually in- 
creasing in number  and size, eventually came to 
occupy most of the cytoplasm, and this change was 
accompanied by considerable cellular swelling. 
Following compression-induced cell rupture, many 
of these larger vacuoles remained intact, sur- 
viving as elastically deformable phase-lucent 
membrane-l imited spheres freely floating in the 
extraeellular fluid (Figs. 5, 8, and 9). In  this 
situation vacuoles closely resembled the mem- 
brane-limited transparent globular bodies formed 
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FIGURE 3 

Rat  pancreatic acinar cell containing, in the basal 
cytoplasm, several series of vacuoles whose lincar 
arrangement suggcsts a possible origin from 
endoplasmic rcticulnm (cf. Fig. 2). To a large 
extent, phase-lucent structures, the perinuclear 
sacs (PS), camouflage the otherwise dark nuclei 
(iV). Secretion granules (S) arc closely associated 
with a phasc-lucent vacuolar system (V) which 
extends throughout thc ccll apex. T, 2 hours; t, 
15 minutes. X 1500. 

FIGURE 4 

Compressed binucleate pancreatic acinar cell 
containing, in addition to elongate, irregularly 
expanded phase-lucent zones, large peripheral 
totally enclosed vacuoles unconnected with the 
elongate phase-lucent structures. Also shown in 
this cell are highly phase-lucent perinuclear sacs 
(PS), vacuolated perinuclear droplets (D), secre- 
tion granules (S), and, associated with these, an 
extensive system of vacuoles (V). T, 6 hours; t, 
21/~ hours. X 2400. 

Fiou~s 5 

Severely injured pancreatic acinar cells containing, 
besides vacuolated pcrinuclcar droplets, para- 
nuclear vacuoles and numerous small vacuoles, 
numbers of large peripheral vacuoles. Seen amongst 
the cellular debris surrounding these cells are 
membrane-limited vacuoles (V) which have 
survived cell rupture. T, 3 hours; t, 3 minutes. X 
1500. 

I. K. BUCKLEy Cellular Injury in Vitro 405 



on injured fibroblasts in vivo (12) and on injured 
placental tissue in vitro (20). 

ENDOPLASMIC RETICULUM 

UNRUPTURED CELLS : Photomicrographs of  

the cytoplasm of some cells, spread very thinly 
as a result of compression, revealed a peripherally 
extending parallel array of fairly uniform fine 
dark lincs (Fig. 6). These measured approximately 
0.16 # in width and were spaced at intervals of 
about 0.25 #. Further spreading of the cytoplasm 
demonstratcd thcsc dark lincar structurcs more 
clearly (Fig. 7). By this stagc however thcy had 
lost their parallel orientation, wcre lcss uniform 
in width, and appeared generally thicker (up to 
0.5 U). 

These dark lines are interpreted as swollen ele- 
ments of the endoplasmic reticulum. 

RUVTURED CELLS: Although the endoplas- 
mic reticulum was still identifiable following 
rupture of the plasma membrane, direct contact 
with the surrounding saline medium resulted in its 
gradual dispersion and loss of ordered arrangement 
Figs. 8 and 9). Individual components of the 
endoplasmic reticulum appeared as unevenly 
thickened, branching dark lines, some of which 
appeared to contact displaced perinuclear drop- 
lets (Fig. 9). 

Eventually the endoplasmic reticulum broke 
up into phase-dark fragments of varying shapes 
and sizes (Fig. 10), and in many instances these 
gave rise to a variety of curved, ovoid, and spherical 
membranous structures (Fig. 11). However it was 
not possible to analyse details of these changes 
fully because the structure of the smallest mem- 
brane fragments could be observed only indirectly, 
that is, through the study of photographic prints. 

In  some preparations, relatively clear spaces, 

apparently lacking in any limiting membrane, 
were observed in the midst of dense concentrations 
of ER fragments (Fig. 11). These spaces contained 
either a very low concentration of reticulum frag- 
ments or none at all; usually such spaces were not 
so phase lucent as membrane-limited vacuoles. 

Not infrequently, complex curvilinear structures 
resembling myelin figures were observed floating 
among the fragments of the endoplasmic reticulum 
(Figs. 12 and 13). Some of these curvilinear struc- 
tures lacked the structure of typical myelin 
figures in that they comprised rather unusual  
configurations of unevenly thickened dense lines, 
thus suggesting that they were made up of more 
or less intact elements of the endoplasmic reticu- 
lum (Fig. 12). Others, consisting of more regularly 
disposed fine dark lines arranged as concentric 
laminations, had a structure typical of the myelin 
figures derived from extracted phosphatides (Fig. 
13). 

INTRACELLULAR MYELIN FIGURES 

Myelin figure formation was frequently noted 
within intact injured cells. Appcaring as round or 
oval bodies of concentrically variable density, 
intraccllular myelin figures (MF) gradually in- 
crcascd in size within apparently homogeneous 
cytoplasm (Fig. 14); however when the cell cyto- 
plasm had spread into a very thin shcct, it became 
apparent that the myelin figures (MF) were sur- 
rounded by the endoplasmic reticulum (ER) (Fig. 
15). Such concentrically laminated myelin figures 
were never seen closely associated with cytoplasmic 
vacuoles. 

In  one instance the rearrangement of segments 
of the endoplasmic reticulum to form structures 
resembling simple myelin figures was observed 
within an intact cell. The cell, a grossly swollen 

FIGURE 6 

Greatly compressed binucleate pancreatic acinar cell showing in the basal cytoplasm 
a parallel array of fine dark lines interpreted as endoplasmic reticulum (ER). Secretion 
granules (5) and partially vacuolatcd perinuclear droplets (D) are seen near the 
nuclei. T, 3 hours 50 minutes; t, 2 hours 50 minutes. X 2100. 

FIOURE 7 

Twenty-five minutes later the basal cytoplasm of the same cell (see Fig. 6) shows more 
clearly the presence of endoplasmic reticulum (ER). Now however the reticulum is 
irregularly thickened and its general arrangement is more haphazard. Perinuclear 
droplets and secretion granules now show an extreme degree of vesiculation (see ar- 
rows). T, 41/~ hours; t, 31~ hours. X 2100. 
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FIGURE 8 

Cytoplasm of recently ruptured pancreatic acinar 
cell illustrating disorganization of the membranes 
of the endoplasmic reticulum (ER) as they contact 
the surrounding saline medium. Nuclei (N), 
partially vacuolated perinuclear droplets (D) 
and cytoplasmic vacuoles (V) are also shown. T, 
11/~ hours; t, 12 minutes. X 1950. 

FIGURE 9 

Membranes of the endoplasmic reticulum, cyto- 
plasmic vacuoles, and perinuclear droplets from 
recently ruptured pancreatic acinar cell. One 
cytoplasmic vacuole (V) is surrounded by only a 
fine membrane but  continues to exist, independent 
of the cytoplasmic mass, in direct contact with 
the extracellular medium. T, 11/~ hours; t, 7 
minutes. X 1950. 

FIGURE 10 

Short segments of endoplasmic reticulum (and 
other membranous structures) formed on contact 
with the surrounding saline medium following 
cell rupture. Tha t  these short segments of reticulum 
occur as individual entities can be fully appreciated 
only by direct observation which shows their 
independent movement due to Brownian buffetting 
or local currents. T, 11/~ hours; t, 2 minutes. 
X 2100. 

FIGURE 11 

Various curved and spheroidal forms adopted by 
segments of the endoplasmic reticulum dcrivcd 
from ruptured pancreatic acinar cells. Seen also 
are somewhat irregular apparently non-membrane- 
limited phase-lucent spaces (L) amongst the 
membrane fragments. T, 3 hours 20 minutes; 
t, 2 hours. X 1800. 
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one, contained unusually prominent endoplasmic 
reticulum measuring up to 0.5 # in width (Fig. 16). 
Some of the reticulum appeared as fine branching 
dark lines radiating from the nucleus and vacuo- 
lated perinuclear droplets. More peripherally, the 
reticulum was more disorganized and broken up. 
Over the following 11 minutes, it was directly ob- 
served that, as the cell continued to swell, further 
fragmentation of the radially oriented endoplasmic 
reticulum seemed to be followed by a rearrange- 
ment of some of the segments of the endoplasmic 
reticulum into complex oval bodies comprising 
phase-dark elements disposed in various curvilin- 
ear arrays (MF in Fig. 17). Subsequently these 
complex oval structures underwent various modifi- 
cations in configuration and then largely disag- 
gregated to become more or less unconnected 
reticulum fragments. Both from their general ap- 
pearance and considerable structural lability these 
complex oval structures resembled myelin figures. 

PERINUCLEAR SACS 

Nuclei were obscured to a variable degree by 
superimposed cytoplasmic structures, such as 
perinuclear droplets, fat droplets, or granules, 
which thus modified the nuclear appearance (Figs. 
1, 2, 26 to 31). Nuclear images of severely injured 
pancreatic acinar cells, however, were modified 
by superimposed phase-lucent images which arc 
interpreted to be perinuclear expansile sac-like 
structures here termed "perinuclear sacs." Their 
development is shown in time-lapse photomicro- 
graphs (Figs. 18 and 19). Fig. 18 shows two com- 
pressed pancreatic acinar cells whose nuclei appear 
as complex phase-dark and phase-lucent patterns. 
Fig. 19, showing the same cells 80 minutes later, 
indicates the altered shape and expansion of the 
phase-lucent areas which now obscure much of 
the nuclei and, in the lower cell, project into the 
surrounding cytoplasm (see arrows). Fig. 20 pro- 
vides further evidence on this point: greatly com- 
pressed nuclei are seen as a composite of phase- 
dark and phase-lucent areas, but since the latter 
appear directly continuous with surrounding extra- 
nuclear phase-lucent regions, they are interpreted 
to represent sac-like structures which loosely 
envelope the nucleus. The perinuclear structures 
survive for a time after cell rupture but eventually 
disappear, leaving only the phase-dark pyknotic 
nuclei (Fig. 21). These cxpansile phase-lucent 
structures are probably derived from the inner- 
most cisternae of the endoplasmic reticulum, 

dilated by injury, but localized dilatations of the 
nuclear envelope cannot be excluded. Since posi- 
tive identification of the structures affected has not 
been possible, they have been designated simply 
"perinuclear sacs." 

NUCLEAR MEMBRANES 

Pathological fluid collections around compressed 
nuclei have, by widely separating the two layers 
of the nuclear envelope, shown them as distinct 
membranous structures (NM l and NM~, Fig. 22). 
These membranes were clearly seen in compressed 
macrophages (Fig. 23) where the fluid appeared 
to accumulate inside the inner nuclear membrane 
(NM1) as well as between the two membranes 
(NMI and NM2). Phase-dark particles adhering 
to the inner nuclear membrane (NMI) indicate 
that its image is not simply a phase-contrast arti- 
fact. 

SECRETION GRANULES~ PERINUCLEAR DROPLETS, 

AND MITOCHON DRIA 

Secretion granules appeared as very dark, ap- 
proximately spherical bodies (0.5 # to 1.0 # in 
diameter) fairly closely packed within the apical 
poles of the cells. Perinuclear droplets were larger 
(up to 2.5 /~ in diameter), less dark, readily de- 
formable bodies located about the nucleus and in 
the apical cytoplasm where they merged with the 
secretion granules. Although secretion granules 
and perinuclear droplets were typically distinct, 
apparent transition forms occurred in the junc- 
tional zone where the two types met (Figs. l and 
2). Some structures observed in the perinuclear 
area may have been mitochondria, but positive 
identification was not possible, even when using 
Janus green B. 

As evidenced by their highly phase-lucent sur- 
roundings both secretion granules and perinuclcar 
droplets were associated with a widespread vacuo- 
lar system extending from cell apex to the peri- 
nuclear sacs (Figs. 3 and 4). In addition some cells 
showed apical vacuoles which appeared to com- 
municate with the perinuclear sacs (Figs. 18 and 
19). However, with the present method, no Golgi 
complex structures were identified in the centro- 
sphere region of these cells. 

Although cell compression resulted in minimal 
displacement of the more apical perinuclear 
droplets, it caused considerable centrifugal drop- 
let movement into the basal cytoplasm. This was 
accompanied by pronounced droplet deformation, 
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and displaced droplets assumed a variety of 
elongate and even branching forms (Figs. 1 and 
18). Whilst these changes in shape suggested the 
possibility that droplet material had been forced 
through fine cytoplasmic channels, such structures 
were never observed in direct association with 
droplet material. 

Eventually both secretion granules and peri- 
nuclear droplets became pale, swollen, and vacuo- 
lated (Figs. 4, 6, and 7); however this change was 
more pronounced and occurred earlier in the case 
of the perinuclear droplets. Vacuoles formed in 
this way remained relatively small, thick-walled 
spheres bearing little resemblance to the other 
cytoplasmic vacuoles described. 

Walker Carcinoma Cells 

GENERAL OBSERVATIONS 

The granule-free cytoplasm of some saline- 
washed, compressed Walker carcinoma cells was 
noted to contain phase-dark linear images, similar 
to those seen in pancreatic acinar cells. In Walker 
carcinoma cells, however, the dark lines lacked 
any parallel arrangement but instead formed a 
delicate branching network which is here inter- 

preted as endoplasmic reticulum. Although usually 
appearing as fine dark lines of uniform width, 
some reticulum showed one or more small, 
central, spheroidal phase-lucent areas which thus 
appeared as the smallest observable pathological 
vacuoles (Fig. 24). 

The granule-free cytoplasm of other compressed 
Walker carcinoma cells showed, besides phase- 
lucent vacuoles, networks of phase-lucent curvili- 
near structures whose disposition suggested a 
likely origin from endoplasmic reticulum (Figs. 
25 and 26). Following continued compression, the 
phase-lucent linear structures dilated, coalesced, 
then broke up to form isolated spheroidal vacuoles 
(Fig. 27). These, in greatly compressed cytoplasm, 
appeared as phase-lucent structures enclosed by a 
fine membrane (Fig. 28). Occasionally such vacu- 
oles were extruded through the plasma membrane 
into the surrounding saline medium where they 
remained as independent structures (Figs. 27 and 
28). 

As in pancreatic acinar cells, Walker carcinoma 

cells contained phase-lucent perinuclear sacs 
which, together with phase-lucent vacuoles and 
dark granules, formed a pattern over the nuclear 
surface (Fig. 29). In contrast to pancreatic acinar 

FIGURE 1~2 

Margin of ruptured pancreatic acinar cell showing, besides secretion granules (S), 
a disorganized tangle of endoplasmic reticulum (ER). To the left of the cell remnants, 
floating amongst fragments of the endoplasmic reticulum, are two complex myelin 
figure-like bodies (MF) whose unevenly thickened phase-dense lines, disposed in 
curious configurations, suggest that they are composed of endoplasmic reticulum. T, 1 
hour 20 minutes; t, 30 minutes. X 2400, 

FIGURE 13 

Floating among the fragments of the endoplasmic reticulum and other cell debris arc 
two vesicles containing concentrically laminated membranous structures whose ap- 
pearance is characteristic of the "artificial" myelin figures derived from extracted 
phosphatides. T, 31~ hours; t, 5 minutes. X 2250. 

FIGURE 14 

Rat pancreatic acinar cell containing, besides nuclei, perinuclear droplets and secretion 
granules, more refractile lipid droplets (LD) and numerous compact globular and 
ovoid myelin figures (MF). T, 2 hours; t, 18 minutes. X 1650. 

FIGURE 15 

The same cell (see Fig. 14) 39 minutes later showing nuclear compression, some expan- 
sion of the myelin figures (MF) and spreading of the cytoplasm. Now, in the thinly 
spread cytoplasm, endoplasmic reticulum (ER) can be seen surrounding the myelin 
figures. T, 2 hours 39 minutes; t, 57 minutes. X 1650. 
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cells, injured Walker carcinoma cells were not 
seen to develop concentrically laminated myelin 
figures. 

ENZYME AND ENZYME-INHIBITOR STUDIES 

P H O S P H A T I D A S E  A : V a c u o l a t c d  W a l k e r  c a r -  

c i n o m a  cells treated with phosphatidase A solu- 
tion at first became more phase-lucent, reveal- 
ing somewhat greater cytoplasmic detail (Figs 29 
and 30). Then, over the following l0 minutes, 
the cell margins retracted and developed a ragged 
"moth-ea ten"  appearance and the cytoplasmic 
vacuoles and perinuclear sacs disappeared. The 
cell nucleus and dark cytoplasmic granules ap- 
peared unaffected (Fig. 31). 

F L U O R I D E  AND C Y A N I D E  : The  medium 
containing fluoride and cyanide neither inhib- 
ited the formation of new cytoplasmic vacuoles 
nor prevented the further development of existing 
ones. 

O X A L A T E  AND E D T A  : Pathological vacuole 
formation was not prevented in cells bathed in 

either the oxalate solution or that containing 
ethylenediaminetetraacetic acid. 

D I S C U S S I O N  

The principal findings here are appearances that 
may reasonably be interpreted as: endoplasmic 
reticulum in unfixed pancreatic acinar and Walker 
carcinoma cells; pathological vacuole formation 
by dilatation of endoplasmic reticulum; direct 
participation of endoplasmic reticulum in forming 
simple myelin figures; and the disruption of 
vacuoles and other membrane-l imited structures 
by phosphatidase A. Other  topics for discussion 
relate to the perinuclear sacs, the nuclear mem- 
branes and the secretion granules, perinnclear 
droplets and mitochondria. 

Identification of Endoplasmic Reticulum in 

Unfixed Cells 

Previous light microscopic findings of the endo- 
plasmic reticulum in unfixed cells were made by 
Porter (21), Palay and Wissig (22), Shelton (23), 

FIGURE 16 

Swollen compressed pancreatic acinar cell containing, besides nucleus (iV), perinuclear 
droplets (D) and secretion granules (S), fragmented and elongate elements of the 
endoplasmic reticulum (ER). T, 31/~ hours; t, 6 minutes. X 1650. 

FIGURE 17 

The same cell (see Fig. 16) 11 minutes later, showing that numbers of elongate elements 
of the endoplasmic rcticulum have by now become disposed in the form of two complex 
oval bodies (MF) comprising curvilinear arrays of endoplasmic reticulum. In their 
curious curvilinear structure and pronounced lability of form these oval bodies resemble 
myelin figures. T, 3 hours 26 minutes; t, 17 minutes. X 1650. 

FIGURE 18 

Two compressed pancreatic acinar cells containing secretion granules (S) and peri- 
nuclear droplets (D) some of which have undergone compression-induced displace- 
mcnts and distortions of shape (Dl). The nucleus of each cell shows a light and dark 
pattern which is in part duc to the presence of superimposed highly phase-lucent struc- 
tures, the perinuclcar sacs (PS). These appear to connect with a phase-lucent vacuolar 
system (V) associated with the apical perinuclcar droplets and secretion granules. T, 
3 hours; t, 5 minutes. X 2100. 

FIGURE 19 

The same cell 80 minutes later showing, in addition to swelling and fading of the peri- 
nuclear droplets, dilatation of perinuclear sacs (PS) which, in the lower cell, now ap- 
pear as a series of irregularly bounded phase-lucent zones. In both cells the process has 
given rise to veiling of the nuclei and, at some points, overlapping of the nuclear 
boundaries by localized extensions of the sacs (see arrows). Two cytoplasmic 
vacuoles seen in Fig. 18 have now disappeared. T, 4 hours 20 minutes; t, 1 hour 25 
minutes. X 2100. 
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Thi6ry (24), Fawcet t  and  Ito (25) and  Rose and  
Pomera t  (26). The  present work on unfixed pan-  
creatic acinar  cells shows parallel arrays of phase- 
dark  lines whose distr ibution corresponds to tha t  
of the endoplasmic re t iculum in electron micro- 
graphs of similar cells (27, 28). This  indicates tha t  
the phase-dark lines represent  cisternae of the 
endoplasmic re t iculum of the cell. Likewise, the 
observation, in unfixed Walker  carc inoma cells, 
of a net-like a r rangement  of similar phase-dark 

structures identifies these as elements of the endo- 

plasmic reticulum. Al though the finding of endo- 

plasmic re t iculum in unfixed cells appears  of 

limited value in the study of its detailed structure, 

the ability to directly examine this organelle 
opens up  greater  possibilities for the study of its 
behaviour  under  various circumstances. The  pres- 
ent  observations indicate some aspects of the 
behaviour  of endoplasmic re t ieulum under  in- 
jur ious conditions. 

Endoplasmic Reticulum and Vacuole 

Formation 

The  appearance  of tiny phase-lucent  spheroidal  
vacuoles within individual  elements of endoplas- 
mic rc t iculum in injured Walker  carc inoma cells 
indicates tha t  vacuoles may arise by localized 
di la ta t ion of reticulum. Whole  networks of phase- 

FIGURE g0 

Greatly compressed pancreatic acinar cells whose phase-dark nuclei (N) are largely 
camouflaged by enveloping phase-lucent structures, perinuclcar sacs (PS), which can 
be seen extending beyond the nuclear borders (arrows). T, 4 hours 36 minutes; t, 1 
hour 36 minutes. X 2700. 

FIGURE ~21 

Nuclei, separated from pancreatic acinar cells following cell rupture, showing reduction 
of the area covered by the phase-lucent perinuclear sacs (PS). In some nuclei this 
change has proceeded so far that only the dark nuclear image (iV) remains. T, 2 hours 
39 minutes; t, 1 hour 22 minutes. ;< 2700. 

FIGURE ~ 

Isolated pancreatic acinar cell nuclei showing both inner (NMt) and outer (NM~) 
nuclear membranes separated from one another by fluid which thus forms paranuclear 
vacuoles (PV). T, 21 hours; t, 2 minutes. X 1920. 

FIGURE ~3 

Nuclei isolated from human macrophages, obtained from sputum, illustrating inner 
(NMI) and outer (NM~) nuclear membranes. In the central cell, separation of the 
nuclear membranes has isolated the pyknotic nucleus within an all encompassing peri- 
nuclear vacuole. The curious indentations (arrows) shown by all the nuclei are sug- 
gestive of inward displacement of nuclear material by localized fluid accumulations 
inside their inner nuclear membranes. Note the absence of any phase-lucent structures 
resembling perinuclear sacs. t, 14 minutes. )< 1800. 

FIGURE ~ 

Saline-washed compressed Walker carcinoma cell of the rat containing, within the 
agranular cytoplasm, a delicate network of fine phase-dense lines, the endoplasmic 
reticulum (ER). Commencing dilatation of these membranes has produced several tiny 
vacuoles (V). T, 36 minutes; t, 1 minute X 1575. 

FIGURE ~5 

Walker carcinoma cell containing vacuoles and elongate phase-lucent structures (L) 
which may represent dilated endoplasmic reticulum. T, 4 hours 20 minutes; t, 6 
minutes. X 1500. 
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lucent  curvi l inear  structures surrounded by ap- 
parent ly homogeneous cytoplasm suggest a more 
pronounced di la tat ion of extensive segments of 
endoplasmic reticulum. This in terpre ta t ion  is in 
accord with the electron microscopic observat ion 
tha t  in injured cells the endoplasmic re t iculum is 
dilated about  spaces of low electron opacity (27, 
29-31). I t  is also in agreement  with  Thi6ry 's  (24) 
phase microscopic finding in plasma cells that ,  in 
the course of cellular compression, the ergasto- 
plasm underwen t  progressive vacuolar  dilatation.  
These and  the present observations on Walker  
carc inoma cells indicate tha t  injured endoplasmic 
re t iculum may, by dilatat ion,  give rise to patho-  
logical vacuoles. 

The  finding, in pancrea t ic  acinar  cells, of 
parallel arrays of phase-lucent  l inear  structures 
resembling those seen in Walker  carc inoma cells 
suggests the likelihood tha t  these represent  di lated 
cisternae of the endoplasmic reticulum. In  this 
case the phase-dark areas between the phase- 
lucent  zones would represent  stacks of non-di la ted 
cisternae. Alternatively,  it may be that ,  while the 
phase-dark zones correspond to stacks of f lat tened 
cisternae, the in tervening elongate phase-lucent  
areas represent  reticulum-free, overhydra ted  cyto- 
plasmic matrix,  However  the former in terpreta-  
t ion is favoured because it accords with the findings 
in Walker  carc inoma cells; here, because of the 
sparseness and  b ranch ing  of endoplasmic reticu- 

FIGURE 26 

Compressed Walker carcinoma cell showing extensive curvilinear networks of elongate 
phase-lucent structures interpreted as dilated endoplasmie reticulum. T, 4 hours 38 
minutes; t, 6 minutes. X 1050. 

FIGURE ~7 

The same cell (see Fig. 26) 3 minutes later. Following compression the elongate phase- 
lucent structures have dilated, partially coalesced, then separated to form numerous 
spheroidal cytoplasmic vacuoles (V1). Some of these have been extruded through the 
plasma membrane into the extracellular fluid where they remain as membrane- 
limited vesicles (V,) whose refractive index is approximately the same as that  of sur- 
rounding fluid. T, 4 hours 41 minutes; t, 9 minutes. >( 1050. 

FIGURE 28 

Three minutes later the cytoplasm has spread further, some vacuoles have become 
smaller with phase dense contents while others have remained about the same size and 
appear as non-phase-lucent membrane-bounded spheres (arrow). Also shown are dense 
droplets superimposed on the cell nucleus. T, 4 hours 44 minutes; t, 12 minutes. 
X 1050. 

FIGUR~ ~9 

Vacuolated Walker carcinoma cell soon after addition of phosphatidase A solution. 
Note the perinuclear sac pattern and vacuoles superimposed on the nucleus and the 
fairly smooth cell margin. T, 1 hour 25 minutes; t, 12 minutes. X 1650. 

FIGURE SO 

Half a minute later the cell surface has expanded and in many places becomes more 
phase lucent so that the cell contents are more clearly defined. T, 1 hour 251/6 minutes; 
t, 121/6 minutes. >( 1650. 

FIGURE 81 

The same cell 9a/6 minutes later showing disappearance of phase-lucent vacuoles and 
perinuclear sacs together with over-all cell shrinkage and an irregular "moth-eaten" 
appearance of the cell surface. The nucleus and dense cell droplets appear unaffected. 
T, 1 hour 35 minutes; t, 22 minutes. )< 1650. 
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lum, the phase-lucent curvilinear networks cannot 
be accounted for by fluid accumulation between 
elements of endoplasmic reticulum but only by 
fluid accumulation within the reticulum. 

Endoplasmic Retieulum and Myelin Figure 

Formation 

Myelin figures (32-34) in injured cells have been 
noted frequently with both the light (35-39, 8) and 
electron microscopes (40-42). Such findings have 
been accounted for (8, 14, 39) on the basis of 
injury-induced liberation of phosphatides from 
various lipoprotein structures within the cell; once 
freed, phosphatide molecules associate together, 
as myelin figures, in the nearest available fluid 
space. The progressively developing, concentri- 
cally laminated, intracellular myelin figures seen 
in the present work may belong in this category. 

By contrast, the curious intracellular myelin 
figure-like structures formed by apparently intact 
elements of the endoplasmic reticulum must be 
accounted for somewhat differently. Since the 
ultrastructural basis of myelin figures is the con- 
tinuous bimolecular lipid layer (32-34, 43-46), 
and since the endoplasmic reticulum is known to 
contain significant amounts of phosphatides 
(47, 48), the observation that elements of injured 
endoplasmic reticulum themselves became dis- 
posed in the form of simple myelin figures supports 
the view (45) that the endoplasmic reticulum is 
limited by membranes whose phosphatides are 
arranged in continuous bimolecular layers. This 
interpretation of the finding suggests a possible 
mechanism by which injured endoplasmic reticu- 
lum dilates. In vitro, phosphatide molecular layers 
of extracted phosphatides have a strong inherent 
capacity for water transfer which results in pro- 
gressive fluid dilatation of the various tubular 
and vesicular structures known as myelin figures 
(32-34). Accordingly, if a bimolecular layer of 
phosphatide molecules forms the basis of the 
membrane structure of the endoplasmic reticulum, 
then injury (by disturbing associated protein and 
other molecules or ions known to inhibit water 
transfer across phosphatide membranes in vitro (14, 
32)) could trigger off water uptake and hence 
promote fluid dilatation of the endoplasmic reticu- 
lum. The same mechanism might contribute to 
the abnormal accumulations of fluid observed 
within other membranous cell structures such as 
the nuclear membranes. Thus this interpretation 
of the fluid-imbibing behavior of injured cyto- 

plasmic membranes is in accord with Holtfreter's 
view of the mechanism of fluid imbibition by the 
damaged plasma membrane (14); the observation 
that phosphatidase A grossly disturbed the integ- 
rity of perinuclear sacs, vacuoles and the plasma 
membrane of Walker carcinoma cells provides 
some support for this view. 

Myelin Figure Formation and Vacuoles 

The question arises as to the formative mecha- 
nism of those large vacuoles which are apparently 
not derived directly, by fluid dilatation, from 
membrane-limited cell structures. Since phospha- 
tides are major constituents of all animal cells (49) 
and since, as judged by myelin figure formation, 
phosphatide liberation from cells and tissues 
follows many different types of injury (35-42, 8, 
20), it is suggested that these cytoplasmic vacuoles 
may be vesicular myelin figures formed by intra- 
cellularly liberated phosphatidcs. The mechanism 
proposed is that, in dispersing, liberated phospha- 
tides absorb relatively large quantities of fluid, 
thereby swelling into large, thin walled, vesicular 
myelin figures. Thus the process would differ 
from the formation of concentrically laminated 
myelin figures only in that whereas these last are 
caused by aggregation of liberated phosphatides, 
vesicular myelin figures result from fluid uptake 
by, and dispersal of, phosphatides. That vacuoles 
and laminated myelin figures were not seen 
together in the same cell may suggest only that 
intracellular conditions favouring the one process 
are incompatible with the other. 

In support of this phosphatide vesicle concept of 
pathological vacuole formation, vesicular myelin 
figures have been noted forming at the periphery 
of injured cells (36, 38, 12) and tissues (50, 20), 
indicating that, given appropriate conditions for 
phosphatidc hydration, vesicular myelin figures 
originate from injured cells. At the same time 
there is a close morphological resemblance be- 
tween vesicular myelin figures (33, 34, 20) and 
cytoplasmic vacuoles, particularly those surviving 
cell rupture: both appear as elastically deformable 
membraneqimited translucent spheres. Both cyto- 
plasmic vacuoles (4, 51) and phosphatide vesicles 
(14, 39) take up and concentrate certain basic 
dyes such as neutral red, and the fluid-imbibing 
properties of phosphatide vesicles could explain 
the ability of vacuoles to deform or displace other 
cytoplasmic constituents (52, 53, 9) and to con- 
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tribute to the over-all swelling of injured cells (3, 
5, 7, 8, 50L 

Perinudear Sacs 

Photographs of the perinuclear sacs indicate 
that, although adjacent to the nuclei, they are 
distinct structures. This observation considered 
together with their expansile sac-like nature 
suggests that they arose from some membrane-  
limited cell organelles such as the innermost 
cisternae of the endoplasmic reticulum (27, 28). 
However, in the absence of certain identification 
it has seemed preferable to call them simply 
"perinuclear  sacs." 

Nudear  Membranes 

These structures, shown by electron micro- 
graphs to be a two-layered envelope completely 
surrounding the nucleus (54), are normally not 
visible by light microscopy. Even after injury they 
remained close to one another and to the nuclear 
material until disorganization of the cell was far 
advanced. Only then, presumably because of their 
capacity for fluid uptake, did they separate far 
enough to become visible; as previously shown by 
Dustin (55) and Bessis (8), localized fluid accumu- 
lation inside a perinuclear membrane formed a 
paranuclear vacuole, and further extension of this 
process isolated the nucleus within an all-en- 
compassing vacuole. The mechanism of the fluid 
collection inside the inner nuclear membrane is 
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