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ABSTRACT

The cellular mechanisms involved in arsenical-induced
vesication are unknown. To approach this problem, tissue
culture studies were undertaken to correlate morphologi-
cal alterations with previously reported changes in cell
growth that are induced by phenyldichlorarsine (PDA), a
monosubstituted trivalent arsenical. Changes in the mor-
phology of human capillary endothelial cell cultures and
RAW 264.7, an established line of mouse macrophage cells,
were monitored by scanning and transmission electron
microscopy. The results of this study indicate that over
a broad range of concentrations, PDA induces morphologi-
cal changes in both mouse macrophages and human
endothelial cells. At doses of PDA which cause a 50%
reduction in cell growth rate (30 nM), ultrastructural
changes include a) an 1increase in 1large cytoplasmic
vacuoles in macrophages and b) the appearance of
autophagiec vacuoles in endothelial cells. At higher PDA
concentrations (260 nM), ultrastructural changes include
a) loss of large cytoplasmic vacuoles in macrophages as
well as a general rounding of the cell and a loss of the
normal surface membrane projections and b) the appearance
of cell surface blebbing in human endothelial cells. The
observed morphological alterations indicate that, even
at low concentrations, PDA can affect cellular processes.
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INTRODUCTION

Since the introduction of organic arsenicals by the
Germans in World War I (1), there has been military med-

ical 1interest 1in these compounds. Despite extensive
study, the cellular mechanisms of trivalent arsenicals
involved 1in vesication remain unknown. Alterations 1in

fluid balance and subsequent inflammatory responses in
affected skin areas during vesication suggest the in-
volvement of components of the circulatory and immune
systems. The importance of capillary endothelial cells
in fluid and solute transport by blood vessels and of
tissue macrophages in the inflammatory process makes both
of these cells potential sites of dysfunction during the

vesicution process. Arsenical action on these cell types
is best monitored under in viiro conditions where all
parameters can be controlled. The present study was

therefore designed to evaluate the in yvitro effects of
one organic arsenical, phenyldichlorarsine (PDA), on the
morphology of human capillary endothelial cell cultures
and a transformed mouse macrophage cell line (RAW 264.7).

MATERIALS AND METHODS

Cells (both endothelial and macrophage 1lines) were
cultured 1in Falcon 3006 optical tissue culture dishes
(60 x 15 mm) with removable 1liners. Macrophage cells
(RAW 254.7) (2) were cultured in GEM 1717 media with 10%
fetal calf serum (FCS), and endothelial cells (originally
isclated from omental fat capillaries - 4th passage) (3)
were cultured in MCDB 131 with 4% dialyzed FCS. For
experimental treatment, cultures were exposed to increas-
ing concentrations of PDA (10, 20, 30, 40, 60, 80. 100,
and 120 nM) in 5 ml of medium per dish. Controls were
cultured without PDA. For experiments 1nvolving low
doses of PDA (10 to 80 nM), endothelial cells were plated
at approximately 10 cellg per dish, while RAW 264.7
cells were plated at 6 x 10° cells per dish. PDA concen-
tration (M) per cell for the RAW and endothelial cells is
presented in Table I. In such experiments, cultures were
cornfluent at the time PDA was added tc the dishes. For
experiments involving high doses of PDA (240 nM), cells
were plated at a lower density and cultures were not

confluent when PDA was added to the dishes. In all ex-
periments, cells were exposed to PDA for 13 hours prior
to fixation. Immediately after PDA treatment, cells were

immersed for 2 hours in Karnovsky's fixative (diluted
1:4.5 with distilled water and 0.2 4 Na cacodylate to
give 0.73% paraformaldehyde, 0.91% glugaraldehyde in 0.1
M Na cacodylate buffer, pH 7.4) at 24°C (4). Following
fixation, specimens were washed with 0.1 M Na cacodylate

AR RERROSNORY A

'

[

VoMl AN

-
5

—
LY ¥

T P e R T, "‘ ‘-’\". .\‘_\._’:. ..“
N R A A L N




- A g re S A S Bt ARet S Ba - b I ihani ha —auac- sl Rl SN A0 B 2ol Sad D Radt e b
LR NS S a el Bk W8 £ e e a e atd stk aih anh ald abh b aid ad b byt skav - atacalat Aak ek i Aak el S - Tl W < ha

N Sarras--2
- Effects of Phenyldichlorarsine on Cultured Cells

buffer, pH 7.4, and postfixed at 4°C for 1 hour in 1%

! 0s0, buffered with 0.1 M Na cacodylate (pH 7.4). Culture

ﬁj? liners with cells attached were dehydrated through a

v graded ethanol sefies and then were cut with razor blades
Y into 10- to 20-mm~ areas for continued processing.

TIABLE 1 PDA CONCENTRATION PER CELL

L4
s

PR

Concentration 6 Endotheliag
of PDA given RAW Cells(107) Cells (6X107)
nM M/cell M/cell

et
oG e e,

-
ELos

17

10 5.00 x 10~ 8.33 x 10 1

oI 20 1.00 x 10716 1.67 x 10717

> -16

' 30 1.50 x 10 2.50 x 101

7o 40 2.00 x 10716 3.33 x 10716
60 3.00 x 1019 5.00 x 10718
<L, 80 4.00 x 10°16 67 x 10716

-16 .33 x 10718

15

oo BN

'_\:'.~: 100 5 .OO X 10

Lt - -
e 120 6.00 x 10716 1.00 x 10
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<~
f$2 For transmission electron microscopy (TEM), specimens
;* were transferred ingo Spurr's embedding medium (5), and
after 2 hours at 24°C, new Spurr's was added. Following
N an additiona} 2 hours in Spurr's, specimens were cut into
s, 2- to 5-mm” sections, placed in embedding molds, and
;uﬁ afger an additional 12 hours at 24 C, were polymerized at
::n 60°C. Thick sections were cut with glass knives and
98 stained with methylene blue (6). Thin sections were cut
with a diamond knife and stained with 2% uranyl acetate
in 50% ethanol and with lead citrate (7). Specimens were
o examined and photographed with a Philips 201 transmission
s electron microscope at 60 kV.
o For scanning electron microscopy (SEM), specimens
’ were critical point dried using a Denton DCP-1 apparatus
-~ (Denton Vacuum, Inc., Cherry Hill, NJ) and then sequen-
-, tially coated with carbon, silver, and gold (<15 nm total
27 thickness) wusing a Denton DV-502 vacuum evaporator
L. (Denton Vacuum, Inc., Cherry Hill, NJ) with a specimen
'j} rotary attachment. Specimens were examined and photo-
! graphed using an ETEC Autoscan scanning electron micro-
scope at 10 kV.
= RESULTS
i; A. Endothelial cell analysis
e
In vitro exposure of endothelial cell cultures to PDA
R induced morphological changes detectable by both SEM and
e TEM. As viewed by SEM, untreated human endothelial cells
.~ were squamous in morphology with cell-cell contacts (Fig.
- la). Cells displayed a complex apical surface morphology
.- which contained numerous microvilli (Fig. 1b). TEM anal-
, ysis 1indicated that cell-cell contacts appeared to in-
- volve the formation of tight junctions (Fig. 2). Addi-
. tional TEM analysis indicated a central nucleus with a
O normal complement of cytoplasmic organelles including
e free polysomes, rough endoplasmic reticulum (RER), micro-
N filaments, Golgi, mitochondria, and numerous vesicular
Lo structures (Fig. 3). The cultured endothelial cells
3 also contained apical and basal coated pits with
:{{ associated caveolae similar to those observed during in
b vivo studies (8) (Fig. 4). TEM analysis indicated that
‘S low levels of PDA (30 nM) induced the autophagic vacuoles
LQ: (Fig. 5). At higher concentrations of PDA (260 nM), SEM
o analysis dindicated that plasma membrane blebbing was
induced (Fig. 6). The altered surface morphology was
A observed as spherical evaginations, 1-8 um in diameter,
S which occurred in single or clustered arrays (Fig. 6).
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Figure 1. Scanning electron micrograph of a culture of
human endothelial cells. As shown in Fig. la, cells are
squamous in shape with cell-cell contacts (arrowheads).
At higher magnifications (Fig. 1b) the apical surface
appears complex 1in nature with numerous microvilli.
Magnification: 1la, 202X; 1b, 2025X.
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Figure 2. Transmission electron micrograph of human
endothelial cell-cell contact regions which appear as
tight junctional complexes (arrow). The insert shows the
region indicated by the arrow at higher magnification.
Magnification: 6,075X; insert, 40,500X.
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- Figure 3. Transmission electron micrograph of a human
e endothelial cell. Cell contains a normal range of organ-
b elles such as rough endoplasmic reticulum (small ar-
S row), microfilaments (large arrow), and surface micro-

villi (arrowhead). Magnification: 23,800X.
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Figure 5.

Effects of Phenyldichlorarsine on Cultured Cells

Figure 4. Transmission electron

micrograph of an
endocytic pit of a

plasma membrane with associated
caveolae (insert) in a human endothelial cell. Magnifi-
cation: 94,500X; insert, 119,000X.

Transmission electron
autophagic vacuole
duced

PDA. Magnification 40,500X.

micrograph of an
(secondary lysosome) (arrowhead) in-
in a human endothelial cell by exposure to 30 nM




Effects of Phenyldiculorarsine on Cultured Cells

Figure 6. Scanning electron micrograph of surface alter-
ations induced in a human endothelial cell by exposure to
120 nM PDA. Surface alteration included the appearance

of large (arrow) and small (arrowheads) surface blebs.
Magnification: 2,025X.
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B. Macrophage analysis

In vitro exposure of macrophage cultures to PDA in-
duced morphological changes detectable by both SEM and
TEM. As viewed by SEM, untreated macrophage cells ap-
peared heterogeneous in morphology. While most cells
were spherical, a subpopulation appeared fusiform and
fibroblast-1ike (Fig. 7). Surface morphology appeared
complex with numerous spindle-like and ruffled-border
plasma membrane projections (Fig. 8). As with
endothelial cells, TEM analysis indicated a normal com-
plement of cellular organelles including rough endoplas-
mic reticulum, free polysomes, Golgl, microfilaments,
microtubules, mitochondria, numerous vesicles, and large
cytoplasmic vacuoles which contained amorphous material
and virus particles (Type C) (2), which are commonly shed
by these cells (Fig. 9). At low PDA concentrations (10
to 30 nM), TEM analysis indicated an apparent increase in
the number of large cytoplasmic vacuoles (Fig. 10). At
higher PDA concentrations (120 nM), TEM analysis indi-
cated a loss of these cytoplasmic vacuoles and a general
rounding of the entire cell with an accompanying loss of
the <cell's normal surface membrane projections (Fig.
11). Subsequent analysis by SEM confirmed these TEM
observations and indicated that at higher PDA concentra-
tions (60-120 nM) cells were more rounded in appearance
and had a more simplified surface morphology with fewer
spindle-like and ruffled-border membrane projections
(Fig. 12).

DISCUSSION

Because of ethical considerations, investigators use
animal models and cell culture procedures to study the
mechanisms by which arsenicals induce vesiculation 1in
mammalian systems. The experiments described in the
present study utilized human endothelial and RAW 264.7
cell cultures to evaluate morphological changes induced

by PDA, a monosubstituted trivalent arsenical.
Endothelial cells were chosen because of theilir possible
involvement in the vesiculation process, which is
characterized by alterations in fluid  Dbalance (a
circulatory-system mediated event which involves
endothelial cells). RAW 264.7 cells were examined
because of their involvement in subsequent inflammatory
processes.

Previous studies have shown that PDA has approximately

the same vesicant potency and systemic toxicity as other

.- arsenicals such as lewisite (1). These findings have
been elaborated by McGown et al. (9) who have observed
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ko1 Figure 7. Scanning electron micrograph of untreated
mouse macrophages (Raw 264.7). As shown, cells are het-
erogeneous in structure. While most cells appear rounded
(arrow), some are fusiform (arrowhead). Magnification:
X 405X. Fl T,

o Figure 8. Scanning electron micrograph of untreated
- cells from the macrophage culture shown in Fig. 7. Cells
display a complex surface morphology with numerous micro-
* villi and ruffled-border plasma projections. Magnifica-
tion: 2,025X.




> Lok Aok L b ag ol a0 0 PP OTY it A s e Al e g ol Ll Al Aol Bl Aol ol S8 L8 i B 4B 4l io AcS Bad aus a8 ap 2l Lok . ob ol .k a8 ras - sf |

Sarras--10
Effects of Phenyldichlorarsine on Cultured Cells

A Figure 8. Transmission electron micrograph of untreated
. macrophages. Cells contained a normal complement of
A organelle systems as well as large vacuoles containing
o virus particles (arrow). Magnification: 9,450X.
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Figure 10, Transmission electron micrograph of a mouse
macrophage exposed to 30 nM PDA. As compared to con-
trols, an apparent increase in the number of large cyto-
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*4 plasmic vacuoles containing virus particles was observed.
Magnification: 9,450X.
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o

Figure 11. Transmission electron micrograph of a mouse
macrophage exposed to 120 nM PDA. As indicated, PDA
exposure induced a general rounding of the entire cell
with an accompanying loss of the cell's normal surface
membrane projections. In addition, cytoplasmic vacuoles
containing virus particles were absent. Magnification:
14,000X.

Figure 12. Scanning electron micrograph of a mouse
macrophage exposed to 120 nM PDA. As indicated in trans-
mission micrographs (Fig. 11), scanning images indicated
a general rounding of the cell with a retraction of sur-
face membrane projections. Magnification: ¢,050X.
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extensive dermatological alterations in human skin-graft-
ed athymic nude mice treated topically with PDA. In
addition, McGown et al. (10) have reported a 50% inhibi-
tion of growth in L5178Y mouse lymphoma cells and RAW
264.7 mouse macrophages when exposed for either 1 or 24
hours to 30-50 nM PDA. Based on these previous 1in viftro
studies, the present study analyzed morphological alter-
ations induced in cells exposed to 10-120 nM PDA for 13
hours.

At concentrations as low as 30 nM, PDA induced
ultrastructural changes 1in both RAW 264.7 cells and
endothelial cells. In macrophages, changes involved the
formation of large cytoplasmic vacuoles. The origin and
function of the vacuoles could not be determined from
these morphological studies. Previous studies have re-
ported that these cells exhibit most of the differentiat-
ed characteristics of normal macrophages and are known to
be actively phagocytic (10). Whether the observed mem-
brane-bound cytoplasmic vacuoles are phagocytic in nature
or originate from the Golgi remains to be determined.
The presence of virus particles 1in these c¢ytoplasmic
vacuoles suggests that they are phagocytic 1in nature
since enveloped viruses are normally not assembled until
protein and nucleic acid components are transported to
the plasma membrane (11). The loss of these cytoplasmic
vacuoles at higher PDA concentrations may represent de-
creased phagocytic function of the cells due to the toxic
effects of the compound. This concept 1s supported by
the observation that the apparent loss of cytoplasmic
vacuoles correlates with a general rounding of cells and
a loss of cell surface projections. Cell rounding 1is
assocliated with a general loss of cell function and via-
bility under various toxic conditions (12). The physio-
logical basis for these changes awaits confirmation by
additional ultrastructural studies involving pulse-chase

experiments using such membrane markers as cationized
ferritin.

In the case of endothelial cells, low concentrations
of PDA (30 nM) 1induced the formation of autophagic
vacuoles (secondary lysosomes). The presence of other
cytoplasmic organelles, such as membrane fragments and
ribosomes, 1in these vacuoles, confirms the classifica-
tion of these vacuoles as autophagic in nature and sug-
gests the 1involvement of 1lysosomal and endocytic pro-
cesses. The presence of coated pits and associated ca-
veolae in the endothelial cells makes these cells well
suited for the study of endocytic and related events. If
the vacuoles observed in the macrophage cells were
phagocytic in nature, then the presence of autophagic
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"~
.: vacuoles 1n endothelial cells suggests that 1low PDA
R concentrations induce stimulation of lysosomal and
endocytic activity i1in two completely different cell
types. The influence of PDA on endocytic- and lysosomal-
4 type cellular processes therefore requires future study
N since the latter process could have an important role
: during vesiculation. In contrast to RAW 264.7 cells,
A high concentrations of PDA (120 nM) 1induce cell surface
) blebbing in endothelial cells. The significance of

8 these membrane changes in endothelial cells 1is unclear
M but, as with macrophages, may reflect altered cell
P function and decreased cell viability. To ©better
< evaluate this point, direct testing for cell viability is
v required using dye exclusion methods (13).
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