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Introduction. Chemotherapy with DEX®
and/or BCNU ® which readily penetrate the
blood-brain barrier, offers one promising
approach for the destruction of malignant
cells or the inhibition of tumor cell prolifera-
tion within intracerebral gliomas (1). There-
fore, these antineoplastic agents have been
tested for their ability to produce either le-
thal cytotoxicity or sublethal suppression of
cell proliferation in several in vitro glioma
model systems (2-7).

We have shown that DEX elicits dose-
dependent growth-inhibitory responses in
rat glioma (strain C6) monolayer cultures
(8). Additive inhibitory responses occur in
C6 cultures treated sequentially with 1 uM
DEX and 1 uM BCNU over a wide range of
concentrations (9). Preliminary evidence
suggests that additive ultrastructural
changes in granular endoplasmic reticulum
are produced in C6 cells during the en-
hanced growth-inhibitory response pro-
duced by 1 uM DEX and 1 uM BCNU (9).

This communication presents and ana-
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lyzes further evidence that confirms and ex-
tends these initial observations. In addition,
we also describe ultrastructural alterations
in C6 cells exposed to 10 uM DEX and 10
uM BCNU.

Materials and methods. C6 cells (10) were
grown as monolayer cultures in Ham’s F10
medium (11) as described previously (8).
Stock solutions (10 mM) of BCNU and
DEX were prepared on the day of use by
dissolving these drugs in 50% ethanol:50%
phosphate-buffered saline (PBS; v/v, pH
7.4). After filtration (0.22 um), the DEX
stock solution was diluted into fresh culture
medium at 37°. The stock BCNU solution
was filtered and maintained at 0°. This drug
solution was diluted into fresh medium at 37°
just prior to treating the cells.

The experiments were initiated by inocu-
lating Falcon tissue culture flasks (75 cm?)
each containing 13.5 ml of medium with 1.5
m] of a C6 cell suspension to achieve a cell
density >1.0 x 10* cells/cm?. On the fol-
lowing day (designated Day 0), the cultures
were divided into two groups. One group
served as the control and received fresh me-
dium containing 0.05% ethanol. The other
group was treated with fresh medium con-
‘taining 0.05% ethanol plus either 1 or 10
uM DEX. On Day 1, the control and
treated cultures were each divided into two
sets. One set from the control and the DEX-
treated groups received 0.45 ml of fresh
medium. The other sets from each group
were treated with 0.45 ml of fresh medium
containing BCNU to achieve a final concen-
tration of either 1 or 10 wM in the culture
medium.

Céll proliferation was monitored in con-
trol and drug-treated C6 cultures on Days 0,
1, and 2 by measuring mean cell densities
(mean cell number/cm®> = SE). For each
measurement, quadruplicate monolayers
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were washed three times with PBS and the
cells were removed from the flask surface by
the action of 0.25% trypsin. The suspended
cells were counted with a hemacytometer.
The Day 1 control mean cell density was
subtracted from mean cell densities mea-
sured in control and drug-treated cultures
on Day 2. The data were normalized in this
manner to compare directly the growth-in-
hibitory responses produced by BCNU in
DEX-pretreated cultures to the inhibitory
responses elicited by BCNU in previously
untreated C6 cultures. The ratio of the nor-
malized experimental mean cell densities to
the normalized control mean cell densities
times 100 represents the percentage of con-
trol growth. The magnitude of a growth-
inhibitory response is expressed as the dif-
ference between 100% control growth and
the percentage of control growth that oc-
curred in the drug-treated cultures.

After measuring the mean cell densities
on Days 1 and 2, the cell suspensions from
quadruplicate control and experimental cul-
tures were pooled and prepared for electron
microscopy as described previously (9). At
least 64 photomicrographs of centrally sec-
tioned control and drug-treated cells were
taken by random field selection with a
Philips EM 301 electron microscope. These
photomicrographs were enlarged to a mag-
nification of 15,000 diameters and were an-
alyzed morphometrically employing the
stereologic techniques described by Weibel
and Bolender (12). A transparent test pat-
tern, consisting of 224 points 1 cm equidis-
tant from each other, was placed randomly
over each photomicrograph to cover the cell
section completely. The points falling on the
cytoplasm, nucleus, Golgi bodies, mito-
chondria, and granular endoplasmic reticu-
lum were counted. Golgi bodies were
counted only if the points fell on the parallel
lamellae of this organelle as the peripheral
vesicular portions were not always discerni-
ble. Volume fractions were determined by
dividing the number of test points falling on
the various cellular structures by the total
number of test points per cell section. Mean
volume fractions (+SE) were then calcu-
lated. The Student’s ¢ test (two-tailed) was
used to determine whether differences be-
tween the mean volume fractions of control
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and drug-treated cells were significant statis-
tically. Volume fractions of control cellular
structures were taken as 100%. Increases or
decreases of the volume fraction of these
structures in drug-treated cells are ex-
pressed as the ratio of the experimental val-
ues to the control values times 100.

Results. Growth inhibition in C6 cultures
treated with DEX and BCNU. When log
phase C6 cultures were exposed to either 1
or 10 uM DEX on Day 0, cell densities on
Day 1 did not differ significantly from con-
trols (Table I; experiments A and B). As
control cells continued to proliferate at log
phase rates, cell densities in these treated
cultures were significantly lower on Day 2.
The growth-inhibitory responses produced
by 1 and 10 uM DEX were 45 and 58%,
respectively. When 1 or 10 uM BCNU was
supplied to previously untreated C6 cultures
on Day 1, the respective inhibitory re-
sponses were 64 and 73% on Day 2. In
contrast, these responses increased to 88
and 98% when 1 or 10 uM BCNU was
supplied on Day 1 to cultures that were
pretreated since Day 0 with 1 or 10 uM
DEX, respectively.

Ultrastructural alterations in control and
drug-treated C6 cells. Figures 1-6 depict
representative electronmicrographs of C6
cells from experiment B that were analyzed
morphometrically. The resulting mean vol-
ume fractions of the cytoplasm and organ-
elles in control and drug-treated cells from
both experiments are given in Table II.

No significant differences in cytoplasmic
volume fractions were observed between
control and drug-treated cells in either ex-
periment. A 13% decrease in the nuclear
volume fraction occurred in C6 cells ex-
posed to 10 uM DEX for 1 day. By Day 2,
the nuclear volume fraction in these DEX-
treated cells did not differ significantly from
controls.

In experiment A, Golgi volume fractions
were not measurable in control and DEX-
treated cells on Day 1. Relative to controls
on Day 2, Golgi volume fractions decreased
significantly in cells treated for 2 days with 1
wM DEX and in cells exposed to 1 uM
BCNU for 1 day. Similar decreases also
occurred in cells exposed sequentially to 1
uM DEX and 1 uM BCNU. In experiment
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TABLE 1. SuppRESSION OF RAT GLIOMA (STRAIN C6) CELL PROLIFERATION BY DEXAMETHASONE (DEX)
AND 1,3-Bis(2-CHLOROETHYL)-1-NITROSOUREA(BCNU).

10¢ X Mean cell

density per square Control

Experiment Day Drug treatment centimeter® growth?® (%)
A 0 None 1.9 = 0.18¢
1 None 4.0 = 0.22
1 uM DEX 4.1 £ 0.17
2 None 8.2 £ 0.25
1 uM DEX 6.3 +0.11* 55%*
1 uM BCNU 5.5 £ 0.26* 36**
1 uM DEX + 1 uM BCNU 4.5 = 0.13* 12%*
B 0 None 2.2 £0.03
1 None 49 + 0.06
10 uM DEX 4.8 £ 0.09
2 None 9.7 £ 0.17
10 uM DEX 6.9 £ 0.10* 42%*
10 uM BCNU 6.2 £ 0.12* 27**
10 puM DEX + 10 uM BCNU 5.0 £ 0.14* 2%*
N = 4.
® Calculated after subtracting Day 1 control mean cell density.
¢ Mean * SE.
* P < 0.025.

** Significantly different from each other by analysis of variance.

B, Golgi volume fractions were measurable
on Day 1; these fractions were similar in
control and 10 uM DEX-treated cells. On
Day 2, the Golgi volume fraction in 10 uM
DEX-treated cells did not differ from con-
trols. However, Golgi volume fractions de-
creased significantly in cells exposed to 10
uM BCNU alone and in cells treated se-
quentially with 10 uM DEX and 10 uM
BCNU.

Between Days 1 and 2, mitochondrial
volume fractions (X 100) in control C6 cells
increased from 2.8 to 4.7 in experiment A
and from 3.5 to 4.9 in experiment B. Rela-
tive to controls on Day 1, volume fractions
of these organelles increased 129% in 1 uM
DEX-treated cells and 166% in cells ex-
posed to 10 uM DEX (Figs. 1 and 2). On
Day 2 of both experiments, the mitochon-
drial volume fractions in drug-treated cells
did not differ significantly from controls.

Volume fractions of granular endoplasmic
reticulum were not measurable on Day 1 in
experiment A, but were measurable on Day
1 in experiment B. Relative to these Day 1
controls, a 158% increase in the volume
fraction of this organelle was observed in
cells treated with 10 uM DEX (Figs. 1 and
2). Relative to Day 2 controls, volume frac-
tions of granular endoplasmic reticulum in-

creased 189% in cells treated with 1 uM
DEX for 2 days or 1 uM BCNU for 1 day.
This volume fraction increased 267% in C6
cells treated sequentially with 1 uM DEX
and 1 uM BCNU. When C6 cells were ex-
posed to 10 uM DEX for 2 days, a 191%
increase in the volume fraction occurred
(Figs. 3 and 4), similar to that observed at
the lower DEX concentration. In contrast,
the granular endoplasmic reticulum volume
fraction in 10 uM BCNU-treated C6 cells
was 245% (Fig. 5); this effect was greater
than that observed with 1 uM BCNU. The
volume fraction of these organelles in-
creased 300% in C6 cells treated sequen-
tially with 10 uM DEX and 10 uM BCNU
(Fig. 6).

Discussion. Combined growth-inhibitory
responses occur when log phase C6 cultures
are exposed sequentially to DEX and
BCNU at concentrations of either 1 or 10
uM (Table I). Between Days 1 and 2 at the
higher drug concentrations, C6 cell prolifer-
ation ceases completely.

Significant increases in the volume of
granular endoplasmic reticulum are pro-
duced in C6 cells treated with either DEX
or BCNU (Table II). The volume of these
organelles increases still further in cells ex-
posed sequentially to DEX and BCNU.



222 ULTRASTRUCTURAL CHANGES IN GLIOMA CELLS

Fic. 1. A portion of a control rat glioma cell (strain C6) on Day 1 of experiment B. Mitochondria are not
numerous compared to other cell types, and profiles of granular endoplasmic reticulum are sparse. A small Golgi
body is present. X 15,000.

Fic. 2. A C6 cell treated with 10 uM DEX for 1 day. Relative to controls, mitochondrial volumes are
increased and more profiles of granular endoplasmic reticulum are evident. X 15,000.
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TABLE II. Tue ErFecT oF DEXAMETHASONE (DEX) aND 1,3-Bis(2-CHLOROETHYL)-1-N1TROSOUREA (BCNU)
ON THE ULTRASTRUCTURE OF RAT GLioMa CELLs (STRAIN C6).

Volume fraction® X 100

Granular en-
Experi- Drug treat- doplasmic re-
ment Day ment Cytoplasm Nucleus Golgi bodies Mitochondria ticulum
A 1 None 59.1 +1.3% 38.1=%1.5 —¢ 28=x03 -
1 uM DEX 58915 37.5 1.6 - 3.6 £ 0.3* -
(129%)¢
2 None 55310 38411 0.7x01 47x03 09 0.1
1 uM DEX 552 x19 39114 03=x0.1* 3.7+04 1.7 £0.2*
(43% (189%)
1 uM BCNU 543+14 399+16 02=x0.02* 39=x04 1.7 £ 0.2*
(29%) (189%)
1 uM DEX + 532 zx1.1 403 +1.1 0.2=*0.1* 39+04 2.4 x0.3*
1. uM BCNU (29%) (267%)
B 1 None 55310 393=x16 0702 35203 1.2+0.2
10 uM DEX 573 +13 342 +13* 08=x02 5.8 +0.3* 1.9+0.2*
(87%) (166%) (158%)
2 None 54410 384=x1.1 1.2+02 4903 1.1 +x0.1
10 oM DEX 55310 37.0x1.0 12=x02 44 +03 2.1 £0.2*
(191%)
10 uM BCNU 55509 362+09 07=x01* 49=x03 2.7x0.2*
(58%) (245%)
10 uM DEX + 54.0 £ 0.9 37811 04=x0.1* 4503 3.3x0.2*
10 uM (33%) (300%)
BCNU
2N = 64.
> Mean + SE.

¢ Not measurable.
¢ Percentage of controls represented as 100%.
* P <0.050.

These combined ultrastructural changes ac-
company the combined growth-inhibitory
responses produced by these antitumor
agents. The lumina and cisternae of the di-
lated granular endoplasmic reticulum in
drug-treated C6 cells are less electron dense
than the surrounding cytoplasm, and ribo-
somes are attached to the internal surfaces
(Figs. 4-6). These alterations could reflect
modified protein metabolism which subse-
quently may result in the suppression of cell
proliferation.

Mitochondrial volumes in control C6 cells
increased 140-168% between Days 1 and

2. These unexpected increases may reflect
physiological responses to the changing nu-
tritional properties of the culture medium.
Nevertheless, the mitochondrial volumes in
DEX-treated C6 cells increase significantly
relative to Day 1 controls. This effect occurs
in log phase DEX-treated cells well before
cell proliferation ceases. In addition, the
mitochondrial density (i.e., the mean num-
ber of mitochondrial profiles per cell sec-
tion) likewise increases on Day 1 in these
treated cells relative to controls (9). Ele-
vated mitochondrial volumes and densities
in DEX-treated cells on Day 1 suggest that:

Fic. 3. A control C6 cell on Day 2 of experiment B.

controls. X 15,000.

Mitochondrial volumes are increased relative to Day 1

FiG. 4. A C6 cell exposed to 10 uM DEX for 2 days. Profiles of dilated granular endoplasmic reticulum are
evident. A cluster of lipid droplets can be seen. x 15,000.

Fic. 5. A C6 cell treated with 10 uM BCNU for 1 day (i.e., Day 2 of experiment B). Many profiles of dilated
granular endoplasmic reticulum are apparent. Ribosomes are attached to the internal surfaces. x 15,000.

Fi16. 6. Detail of a C6 cell pretreated with 10 uM DEX for 1 day and then exposed to 10 uM BCNU for an
additional day (i.e., Day 2 of experiment B). These cells ceased proliferation between Days 1 and 2. Numerous
granular endoplasmic reticulum profiles are dilated extensively. The matrices within the lumina and cisternae of
these organelles are less electron dense than the surrounding cytoplasm. x 15,000.
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(a) the number of mitochondria/cell in-
creases, (b) preexisting mitochondria en-
large, or (c) both enlargement and increased
numbers of mitochondria are produced by
glucocorticoid action. Mitochondrial vol-
umes in control and DEX-treated cells did
not differ significantly on Day 2. These re-
sults suggest that glucocorticoid action in
the treated cells accelerates the increase in
mitochondrial volumes that occurs normally
in control cells between Days 1 and 2.

Except for a slight decrease of the nuclear
volume in cells exposed for 1 day to 10 uM
DEX, nuclear volumes in treated C6 cells
did not differ significantly from those in con-
trols. Cytoplasmic volumes in drug-treated
cells were also similar to controls. In most
cases, Golgi bodies consisted of <1% of the
total cellular volume. The inconsistencies in
the Golgi volume measurements most likely
reflect the sensitivity limits of the analytical
procedures employed.

Taken together, these observations sug-
gest that DEX and BCNU interfere with
mechanisms that regulate the ultrastructure
of granular endoplasmic reticulum. DEX,
but not BCNU, appears to affect these
mechanisms which regulate mitochondrial
ultrastructure. These mechanisms may
share common components with the molec-
ular events that underlie the suppression of
C6 cell proliferation by these antitumor
agents.

Summary. The effects of DEX (1 and 10
uM) and BCNU (1 and 10 wM), alone and
in combination, on the ultrastructure of rat
glioma (strain C6) cells were investigated
during the growth-inhibitory responses pro-
duced by these antitumor agents. Volume
fractions of cellular structures were deter-
mined by morphometric analysis employing
stereologic techniques. Relative to controls
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(100%), mitochondrial volumes increased
129-166% in C6 cells exposed to DEX for
1 day. Volumes of granular endoplasmic
reticulum increased 189-245% in cells ex-
posed to DEX for 2 days or BCNU for 1
day. When C6 cells pretreated with DEX
for 1 day were exposed to BCNU for an
additional day, granular endoplasmic reticu-
lum volumes increased 267-300%.

These results suggest that the antitumor
agents may interfere with common compo-
nents of those mechanisms that regulate mi-
tosis and the ultrastructure of mitochondria
and granular endoplasmic reticulum in C6
cells.
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