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Abstract Thereis abundant evidence that the pathophys-
iology leading to neuronal death during post-ischemic brain
reperfusion involves radical-mediated damage. Although
the ultrastructural alterations accompanying brain ischemia
and reperfusion are well characterized, little is known
about the ultrastructural alterations that are specific to
radical damage. This study examinesin differentiated and
undifferentiated neuroblastoma B-104 cells the viability
(by dye exclusion) and ultrastructural consequences of
radical damage initiated by 50 uM cumene hydroperoxide
(CumOOH). Differentiation was most notably associated
with formation of neurites and an extensive cytoskeletal
feltwork. CumOOH-induced cell death was increased af -
ter differentiation and was blocked by the iron chelator
DETAPAC. The ultrastructural characteristics of radica
damage here included: (1) plasmalemmal holes that ap-
pear to undergo “patching” by well-organized membrane
whorls, (2) accumulation of numerous free ribosomes, (3)
markedly increased vesicular trafficking about the Golgi
accompanied by Golgi transformation from cisternal or-
ganization to clusters of vacuoles with numerous fusing
vesicles, (4) development of large multi-layered vacuoles
that include damage membranes and organelles and ap-
pear to undergo extrusion from the cell, and (5) a general
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loss of cytoplasmic volume. These ultrastructural alter-
ations devel oped more rapidly and were consistently more
advanced in differentiated cells throughout the 6-h time
course. In differentiated cells radical damage also induced
the disorganization and subsequent loss of the extensive
feltwork of cytoskeletal elements. There was little damage
to the membranes of the nuclear envelope and mitochon-
dria. Our observationsin this system are strikingly similar
to ultrastructural alterations in Golgi and ribosomal orga-
nization seen in vulnerable neurons during post-ischemic
brain reperfusion and suggest that these aterations during
reperfusion reflect the consequence of radical-mediated
damage.

Key words Radicals - Neuron - Ultrastructure -
Differentiation - Golgi

Introduction

Ischemia and reperfusion cause damage to selectively vul-
nerable neurons (SVNSs) in the brain by mechanisms that
involve both ischemia-induced elevation of cytosolic cal-
cium and oxygen radicals generated during reperfusion [29].
We have previously reported evidence that (1) thiobarbi-
turic acid-reactive radical reaction products accrue during
reperfusion in the SVNs of the cortex and hippocampus
[30], (2) that in SV Ns these reaction products appear most
concentrated in the area where the Golgi apparatus is lo-
cated, and (3) that the Golgi apparatus during reperfusion
undergoes prominent morphological aterations including
formation of grossly aberrant intracellular vesicles [19].
These findings suggest that reperfusion-induced radi-
cal damage istheinitial cause for the observed formation
of the aberrant intracellular vesicles. Ample previous evi-
dence also showsthat differentiation adversely affects cel-
lular survival after radical-mediated damage [29]. In the
present study we have examined neuronally differentiated
and undifferentiated neuroblastoma B-104 (NB-104) cells
to characterize the survival and ultrastructural consequences
along a 6-h time course after a discrete insult with an or-
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ganic alkoxyl radical (generated from 50 uM cumene hy-
droperoxide, CumOOH).

Methods
Cell culture

Neuroblastoma line B-104 cells were utilized. This cell line was
developed from chemically induced brain tumors in rats, becomes
neuronally differentiated in the presence of dibutryl-cAMP and
theophylline. After differentiation this cell line has neurotransmit-
ter receptors and the ability to synthesize neurotransmitters [22],
and can be grown in serum-free media [4]. The NB-104 cell line
was maintained in a solution prepared by mixing: 2 parts fetal calf
serum with 1.42 mM NaHCO,;, 300 MM HEPES, penicillin, strep-
tomycin and gentamycin; 4 parts horse serum; 37 parts Ham’'s F12
medium (Gibco); and 37 parts the Dulbecco-V ogt modification of
Eagle’'s medium (Gibco). Subculturing was performed when the
cells grew to near confluence. Differentiation of NB-104 cellsinto
neurons was stimulated by growing the cells in the presence of 1
mM dibutryl-cyclic AMP and 1 mM theophylline. Morphological
evidence of neurite growth induce by differentiation [16] was ob-
tained by in situ fixation with 2% glutaraldehyde, staining with
crystal violet, and microscopic examination.

Radical damage to undifferentiated and differentiated cells

NB-104 cells were simultaneously subcultured for 72 h in media
with and without 1 mM dibutryl CAMP and 1 mM theophylline.
After this the growth media was removed, the cells were gently
washed once in F-12 and then incubated at 37°C in fresh F-12,
which contained 3 pM FeSO,. Radical damage was then initiated
in the culture dishes in undifferentiated and differentiated cells by
addition of CumOOH to afinal concentration of 50 uM, thus gen-
erating the cumene alkoxy! radical by the reaction:

Fe?* + CumOOH - Fe3* + OH- + CumOr

The generation of an organic alkoxy! radical initialy outside the
cell isamodel for the scission of hydroperoxides by ferrousiron,
which we have suggested is released extraneuronally during post-
ischemic reperfusion [26]. Tissue damage by such radicals is
thought to involve principally the exponential chain reactions of
lipid peroxidation in membranes [2, 29]. DETAPAC (fina con-
centration 1.0 mM) was included in concurrent control experi-
ments to confirm the iron dependence of the damage. Reactions
were stopped after 2, 4, and 6 h by adding DETAPAC to afina
concentration of 1.0 mM. Our previous work with iron-dependent
radical damage to DNA has shown that DETAPAC:iron ratios of
greater than 16:1, such as we establish here, will terminate iron-
dependent radical reactions [27]. Cell viability as assessed by try-
pan blue dye exclusion in triplicate samples obtained at selected
points during the time course of radical damage; 500 cells were
counted in each of the triplicate samplesto establish the percentage
of viable cells.

Preparation of cells for electron microscopy

Concomitant with the sampling for assessment of cell viability,
cells exposed to radical damage in separate culture dishes were si-
multaneously aldehyde-fixed and agarose-embedded in situ. Lo-
melt agarose (3.0%) was prepared in 140 mM NaCl and 20 mM
NaHPO, (pH 7.4); this was then cooled at 40°C, and glutaralde-
hyde and paraformaldehyde were added to final concentrations of
5.0% and 1.0% respectively. At the appropriate time this solution,
in avolume equal to that of the media in the dish, was added into
the culture dish and mixed by gentle swirling, after which the
agarose was allowed to set. The agarose disks were then removed,
placed between sheets of Whatman filter paper, and vacuum dried

on agel dryer without heat. The cellsin the thin transparent disks
were post-fixed with 0.5% OsO, for 2 h, washed repeatedly in
phosphate buffer, dehydrated in graded alcohols, cleared with
propylene oxide, and embedded in an Epon-Araldite mixture. Thin
disks of polymerized resin containing the cells were examined un-
der alight microscope and microdissected into small (2 mm?) chips
containing cell clusters; these chips were then attached to plastic
chucks for ultrathin sectioning. Ultrathin sections were obtained
with a diamond knife on a LKB ultramicrotome, collected on cop-
per grids, stained with uranyl acetate and lead citrate, and exam-
ined with a JEOL-JEM 1010 electron microscope.

Results
Céll differentiation
The gross structural effects of differentiation in theo-

phylline and dibutryl-cAMP were examined utilizing cresyl
violet staining and light microscopy. The differentiation
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Fig.1 Viability of differentiated and undifferentiated neuroblas-
toma B-104 (NB-104) cells following exposure to 50 uM cumene
hydroperoxide. Radical damage was initiated in differentiated and
undifferentiated NB-104 cells by adding cumene hydroperoxide to
afina concentration of 50 uM. Radical reactions were stopped at
different times during the 6-h time course by adding DETAPAC to
afina concentration of 1 mM. Cell viability was assessed by try-
pan blue dye exclusion in triplicate 500-cell counts at selected
points during the time course. There was no loss of cell viability if
1 mM DETAPAC was present in the medium prior to addition of
cumene hydroperoxide (data not shown)

Fig.2 A—C Electron micrographs of profiles of undifferentiated p
control NB-104 cells. A A portion of adividing cell at metaphase.
Arrows point at membranous ‘whorly’ bodies in the cytoplasm of
the cell. B A portion of a nondividing cell. The nucleus (nu) con-
tains multiple nucleoli and evenly dispersed heterochromatin. C
Detail of the nucleus (nu) and cytoplasm of a nondividing cell. A
thin rim of densely clumped chromatin granules lines the inner as-
pect of the nuclear envelope. A small arrow points at a nuclear
pore in the envelope. The cytoplasm contains short, somewhat-di-
lated cisternae of rough endoplasmic reticulum (RER), ribosomal
arrays and an array of smooth membranous tubules and sacs (large
arrow). Bar in A (also for B) = 1.0 um, Bar in C = 1.0 um
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procedure resulted in the development of neurites of
longer than 50 um, which are presumably dendrites [16],
and long thin cellular processes resembling axons. Elec-
tron microscopic examination (below) of differentiated
and undifferentiated cells also identified the consequences
of differentiation in a reduced number of nucleoli, the
presence of nuclear lobulation, and the characteristics of
the cytoplasmic fibrillar network.

Effects of CumOOH on cell viahility
in differentiated and undifferentiated cells

During the 6-h time course following exposure to Cu-
mMOOH, a greater percentage of differentiated cells than
undifferentiated cells consistently demonstrated trypan
blue staining, indicating that differentiation was associ-
ated with increased cell mortality (Fig.1). In both differ-
entiated and undifferentiated cells, loss of viability re-
quired the availability of iron; if DETAPAC was added to
the media before CumOOH, there was no loss of viability
in either differentiated or undifferentiated cells. The pro-
tective effect of DETAPAC was expected because scis-
sion of CumOOH to the cumene alkoxyl radical and hy-
droxyl ion requires transition metal catalysis. Addition of
CumOOH to afinal concentration of 50 uM had no dis-
cernible alkalinizing effect on pH in the buffered media,
and thus the protective effect of DETAPAC argues that the
chemical species responsible in this model system for cell
damage and mortality is indeed the cumene alkoxyl radical.

Electron microscopy
Undifferentiated control NB-104 cells

Electron microscopic profiles of undifferentiated NB-104
cells at various stages of mitosis were obtained and char-
acterized. Examples of a dividing cell at metaphase and
another cell at interphase are shown in Fig.2A and B, re-
spectively. Typically, the nucleus of non-dividing cells
contained multiple nucleoli and evenly dispersed hete-
rochromatin (Fig.2B). The nuclear envelope was smooth
with very few infoldings, small patches of heterochro-
matin tended to underline its inner aspect, except at re-
gions where nuclear pores were found (Fig.2C, small ar-
row). The cytoplasm of both dividing and nondividing
cells contained arich variety of organellesin an electron-
lucent matrix. Among these organelles were elements of
the rough endoplasmic reticulum (RER), consisting of
short, dilated cisternae studded by ribosomes (Fig.2C),
clusters of mitochondria, numerous intermediate size fila-
ments, polyribosomes and free ribosomes (Fig.2C, 3A).
Whorls of concentrically disposed membranes (Fig.2A,
arrows) were frequently found in close proximity to the
cell membrane, whereas an array of smooth membranous
sacs and tubules was occasionally observed in close prox-
imity to the nucleus (Fig.2C, large arrow). The cell sur-
faces were irregular due to the presence of cytoplasmic

finger-like processes and bulbous protrusions which re-
sulted from evaginations of the cell membrane (Fig. 3A,
C, smal and large arrows). Processes from neighboring
cellsinterdigitated with each other at the free cell borders
and within the narrow clefts between closely adjoining
borders. Both the processes and the larger protrusions
contained smooth membranous sacs, vesicles, polyribo-
somes and free ribosomes (Fig. 3C). In addition, a web of
microfilaments underlay the cell membrane, and interme-
diate-size filaments extended from this web into the un-
derlying cytoplasm. Complex vacuoles, consisting of het-
erogeneous vesicles, dense granules and membranous sacs,
appeared to form close to the cell surface (Fig.3B); an-
other type of vacuole, consisting primarily of vesicles and
tubules, was occasionally observed, seemingly extruding
its contents onto the cell surface (Fig. 3A, upper right cor-
ner, and C, arrowhead).

Differentiated control NB-104 cells

After differentiation, the nucleus of most NB-104 cells
became lobulated due to extensive infolding of its nuclear
envelope (Fig.4A, nu). Large patches of condensed hete-
rochromatin were conspicuous throughout the nucleus and
at the inner aspect of the nuclear envelope. The cytoplasm
of differentiated cells contained RER cisternae, which
were branched and somewhat longer than those of undif-
ferentiated cells. Most of the ribosomes between these
cisternae and elsewhere in the cytoplasm were in the form
of polyribosomes (Fig.4A, C). The Golgi apparatus was
represented by small complexes consisting of smooth cis-
ternal arrays and their associated vesicles, and was ob-
served primarily in a perinuclear position (Fig.4A, C).
Numerous alveolate vesicles (Fig.4B, arrow) and aveo-
late residues (Fig. 4 B, arrowheads) were observed closeto
or at the cell surfaces, indicating a significant shuttling of
such vesicles between the Golgi complexes and the cell
membrane. Most conspicuous among the organelleswas a
dense feltwork of interweaving intermediate filaments
that pervaded most of the cytoplasm (Fig.4C). Many RER
cisternae appared to contain these filaments, suggesting
their synthesis and assemblage in the RER prior to their
translocation to other cytoplasmic sites.

Fig.3 A—C Profiles of undifferentiated control NB-104 cells. Ar- p
eas outlined by the small and large rectanglesin A are reproduced
at higher magnification in B and C, respectively. A Portions of
severa cellsin acluster, the largest of which contains a portion of
the nucleus shown in the lower left corner. Intercellular clefts of-
ten contain many finger-like processes from neighboring cells. B
Detail of the cytoplasm of acell in A showing aggregation of vesi-
cles, dense granules and membranous sacs partially surrounded by
a membrane (arrow). C Detail of the cell surfaces. In addition to
finger-like processes (small arrow), bulbous protrusions (large ar-
row) and vesicular vacuoles (arrowhead) are found at the cell sur-
face. The indicated bulbous protrusion contains ribosomal arrays,
free ribosomes, a mitochondrion (m) and vesicles of smooth endo-
plasmic reticulum. A web of microfilaments underlies the cell
membranes and intermediate filaments project from this web into
the cytoplasm. Bars A = 1.0 pm; B (also for C) = 0.5 um
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NB-104 cells 2 h after exposure
to cumene-alkoxyl radical

The ultrastructure of undifferentiated NB-104 cells after 2
h of free radical exposure was similar to that of undiffer-
entiated controls. However, at this exposure time the ul-
trastructure of differentiated cells was affected, with these
cells demonstrating moderate to severe aterations of their
cytoplasmic organelles. The constituent membranous sacs
of the Golgi complexes in moderately affected differenti-
ated cells were fragmented into large vacuoles and vesi-
cles. These cells also displayed numerous abnormal mem-
brane-bound vacuoles in various stages of formation (Fig.
5A, arrows); some of these vacuoles contained both fila-
ment fragments and membranous sacs and tubules (Fig. 5
C). In these cells there was also increased electron density
in some of the mitochondria. In spite of these changes, the
RER and the polyribosomal arrays throughout the moder-
ately affected differentiated cells remained largely un-
changed. In contrast, most organelles of severely affected
cells appeared disrupted. In addition to fragmentation of
the Golgi complexes, the RER was also fragmented, and
many of its associated ribosomes appeared to be fusing
with each other (Fig.5B, large arrow). Electron-dense
bodies, many of which resembled lysosomes, were present.
Most of the abnormal vacuoles contained densely packed
filament fragments and vesicles, many of which appear to
be fusing with the membrane bounding these vacuoles (Fig.
5B, D, small arrows). Well-organized membranous whorls,
similar to those located in the perinuclear region in un-
damaged cells (Fig.2C), were often observed in close
proximity to the cell membrane, and in a few cases por-
tions of their outermost membranes were exposed directly
to the cell surface (Fig.5D, small arrowheads). This last
observation suggests that these organelles may have mi-
grated to the cell surface, possibly in an attempt to repair
the cell membrane as it became damaged by free radicals
(see aso Discussion).

NB-104 cells 4 h after exposure
to cumene-alkoxyl radical

After 4 h most undifferentiated NB-104 cells had become
moderately affected by the freeradical insult (Fig.6A, B).

<« Fig.4 A-C Micrographs of a differentiated control NB-104 cell.
Areas outlined by the small and large rectangles in A are repro-
duced at higher magnification in B and C, respectively. A Portion
of the nucleus (nu) and the cytoplasm of the cell. The nucleus is
multilobulated and contains patches of densely aggregated chro-
matin. The cytoplasm contains small Golgi complexes (G), long
cisternae of RER, clustered mitochondria, and numerous riboso-
mal arrays. B Portions of a narrow intercellular cleft flanked by
two neighboring cells. Alveolate vesicles (arrow) are found in
close association with the cleft. Membranes on each side of the
cleft often show evidence of vesicular residues suggesting endocy-
tosis or release (arrowheads). C Detail of the cytoplasm of the cell
in A showing small Golgi complexes (G), ribosomal arrays, and a
dense feltwork of intermediate filaments. A centriole (ce) is seen
in the upper right corner. BarsA = 1.0 ym, B (alsofor C) =0.1 um

8l

As seen for the moderately affected differentiated cells af -
ter 2 h, these undifferentiated cells had mostly intact RER
and polyribosomes. However, filamentous vacuoles were
not present in the cytoplasm. A membranous whorl was
occasionally observed at the cell surface, with portions of
its outermost membranous layer seemingly attempting to
bridge a structural defect (Fig.6B, between small arrow-
heads). In contrast, all differentiated cells showed severe
alterations of their ultrastructure after 4 h. As was the case
after 2 hours, the most severely damaged organelles were
the Golgi complexes (G, Fig.6C) and the RER. Vacuola-
tion and microvesiculation of the Golgi membranes were
prevalent, as was the presence of abnorma membranous
vacuoles and electron-dense mitochondria (Fig.6D). It is
apparent from these observations that resistance to radi-
cal-mediated ultrastructural damage is greater in undiffer-
entiated cells that in differentiated cells.

NB-104 cells 6 h after exposure
to cumene-alkoxyl radical

After 6 h of exposure many undifferentiated cells contin-
ued to show only moderate ateration of their ultrastruc-
ture, indicating that they were capable of resisting and
coping effectively with the damage initiated by the radi-
cal. Despite apparent preservation of most RER and
polyribosomes, some membrane-bound clusters of dis-
carded ribosomes were observed close to the cell surface
(Fig.7A, arrow). Other organelles such as mitochondria
and intermediate filaments appeared relatively normal
(Fig.7B). In afortuitous finding (Fig.7C). it became ap-
parent how the cell packages portions of discarded RER.
Cisternae of RER which were denuded of their associated
ribosomes (Fig.7C, small arrow) appeared to coalesce
into concentric membranous sacs, which were included
into alarge vacuole (Fig. 7C, large arrowhead). Moreover,
discarded ribosomes from the denuded RER cisternae
(Fig.7C, small arrowheads) fused with each other and ap-

Fig.5 A-D Examples of differentiated NB-104 cells exposed to p
freeradical insult for 2 h. Areas outlined by rectanglesin A and B
are reproduced at higher magnifications in C and D, respectively.
A An example of a moderately affected cell containing a nucleus
(nu) surrounded by an irregularly contoured envelope. Although
vacuolation an vesiculation of the Golgi complex (G) aswell asin-
creased electron density of some mitochondria are noticeable,
other organelles such as the RER and ribosomal arrays appear less
affected. Large vacuoles (arrows) containing membranous tubules
and sacs are also observed. B Most of the micrograph is occupied
by a portion of acell with severe alterations of its organelles. Vac-
uoles with vesicles and filaments (arrows) in various stages of for-
mation are observed, as well as RER in a state of fragmentation
(large arrow). C A membranous vacuole containing an array of
membranous tubules sectioned in different planes. D A membra-
nous vacoule containing densely packed material of afilamentous
or granular nature. Also contained in this vacoule are membranous
vesicles, some of which appear to fuse with the membrane of the
vacuole (small arrows). A large arrow points at a membranous
‘whorly’ body with portions of its outermost membranes exposed
to the cell surface. Bars A (also for B) = 1.0 um, C (also for D) =
0.1 um
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Fig.6 A-D (for legend see next page)
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peared in the process of being enclosed into another vac-
uole (Fig. 7C, large arrow), similar to that shown in Fig.7
A (arrow). While the fate of these heterogeneous vacuoles
with RER debris is uncertain, both of these types of vac-
uoles were found close to the cell surface (Fig.7A, 8),
suggesting that their contents were destined for exocystosis.

In contrast to the undifferentiated cells, the majority of
differentiated cells after 6 h of exposure showed severe al-
terations of the nucleus and cytoplasm. The nucleus be-
came smaller and had a rough envelope due to many in-
foldings. It also contained large patches of heterochro-
matin, in some cases forming a bull’s eye configuration
similar to that found in early pyknotic nuclei (Fig.9A, nul,
nu2) at the light level. The cytoplasm was electron dense
due to close packing of organelles in a shrunken cyto-
plasm. The ultrastructure of most organelles was severely
compromised, and cytoplasmic debris was found at the
cell surfaces and between neighboring cells (Fig.9). At
high magnification, long stretches of the plasmalemma
appeared fragmented (Fig. 9B, arrowheads). This observa-
tion suggests that cytoplasmic extrusion ultimately leads
to the apparent loss of cell volume.

Discussion

Effects of differentiation

The neuronal differentiation that we induced in the NB-
104 cells had several effects at the ultrastructural level. In
undifferentiated cells we consistently observed multiple
nucleoli and dispersed heterochromatin, and severa of
these cells were actively engaged in mitosis (Fig. 2). Dif-
ferentiated cells were characterized by single nucleoli, a
more condensed heterochromatin pattern, greater complex-
ity and organization of both Golgi and RER, enhanced
numbers of ribosomal rosettes, a substantia increase in
cytoskeletal intermediate filaments, and an increased pop-
ulation of alveolate vesicles that are involved in recep-
tor-mediated endocytosis and traffic between the plasma-
lemma and Golgi (Fig.4) [12]. In general, these observa-
tions are consistent with there being an overall increase in
order, complexity, and protein synthesis in association with
differentiation; these observations are also consistent with

«q Fig.6 Profiles of undifferentiated (A, B) and differentiated (C, D)
NB-104 cells exposed to free radical insult for 4 h. Areas outlined
by rectanglesin A and C are reproduced at higher magnification in
B and D, respectively. A Cluster of cells two of which show por-
tions of their nuclei (nu;, nu,). All the cellsin the cluster are mod-
erately affected by the free radical insult. B A membranous
‘whorly’ body adjacent to the intercellular cleft. Note that the out-
ermost membranes appear to extend into a gap (between arrow-
heads) at the cell membrane. C Portion of a cell with severe alter-
ation of the Golgi complexes (G), RER, and other cytoplasmic or-
ganelles. D Detail of a Golgi complex showing vesiculation and
vacuolation of its membranous sacs. Note the electron density of
the adjacent mitochondrion. Bars A (also for C) = 1.0y, B=0.5
pm, D = 0.1 um

previous studies of the structural characteristics induced
by neurona differentiation [10, 16, 25].

Chemistry of damage initiation by CumOOH

The ultrastructural damage induced by the initial exposure
of the cells to CumOOH in media containing 3 UM iron
was progressive over the time course we examined. This
is unlikely to be due to ongoing reactions involving the
cumene moiety itself. The iron in the media must be prin-
cipally ferrous because ferric iron salts have solubility
constants on the order of 108, and readily visible ferric
iron precipitates are formed from even micromolar solu-
tions. The homeolytic cleavage by ferrous iron of hy-
droperoxides to generate oxyl radicals and hydroxyl ion is
stochiometric, rapid, and able to progress through redox
recycling of the metal. In addition, reactions involving
electron abstraction by oxyl radical species also proceed
rapidly [2]. Thus we utilized a reaction system that in-
volved rapid scission of CumOOH followed by rapid re-
duction of the cumene akoxyl radical to generate the sta-
ble cumene acohol moiety. Both cholesterol and unsatu-
rated fatty acids in membranes undergo rapid oxidation by
alkoxyl radicals and then engage in the exponentially
propagating reactions of lipid peroxidation [2]. Thus, in
the system utilized here, theinitial damage most likely in-
volves inititation of lipid peroxidation at the plasmalemma,
and the progressive cellular mortality and ultrastructural
damage reflects the consequences of the propagating rad-
ical reactions, as directly demonstracted in other investi-
gations [24].

Effects of differentiation
on cell susceptibility to radical damage

Differentiated cells were more susceptible than undiffer-
entiated cells to radical-induced damage along the time
course of this study. In undifferentiated cells we did not
observe substantial evidence of ultrastructural damage un-
til 4 h after the initial exposure to CumOOH. In contrast,
differentiated cells showed evidence of damage at al
times studied. Our observation that differentiated cells are

Fig.7A—C Micrographs of undifferentiated NB-104 cells ex- p
posed to free radical insult for 6 h. Area outlined by the rectangle
in A isreproduced at higher magnification in B. A Portion of acell
cytoplasm close to the cell surface. Most organelles are intact.
Vacuoles primarily contain discarded ribosomes (arrow) or
smooth membranous sacs (arrowhead). B Detail of a mitochon-
drion. Note the integrity of the inner cristae particles and the pres-
ence of an electron dense granule (arrow). C This micorgraph il-
lustrates the putative formation of different types of vacuoles after
freeradical insult. Theleft half shows sacs of RER, many of which
have lost their associated ribosomes (small arrowheads). Many of
the ribosomes in the center of the array have coa esced and appear
to be enclosed into a vacuole similar to that shown in A (arrow).
On the right side of the figure another vacuole (large arrowhead)
appears to originate also from the RER (arrow). Bars A 1.0 um, B
(adso for C) = 0—1 um
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Fig.8 Portion of undifferentiated NB-104 cell exposed to 6 h of
freeradical insult. A large vacuole containing randomly organized
smooth membranous sacs and vesicles is located close to the cell
surface. This complex organelle is morphologically different than

the membranous ‘whorly’ body shown in previous micrographs,
and most likely includes material destined for exocytosis. Bar =
0.1 pm




Fig.9A, B Profiles of NB-104 differentiated cells exposed to 6 h of
freeradical insult. Enclosed areain A isreproduced at a higher mag-
nification in B. A Portions of two cells containing shrunken nuclei
(nuy, nuy) with densely aggreagated chromatin reminiscent of the
early stages of apoptosis. The cyoplasm of both cellsis very electron

dense due to the condensation of organelles, probably due to shrink-
age. B Cytoplasmic organelles and other cellular debris are found in
large numbers outside of the cells and close to their surfaces. The
cell membranes appear fragmented (arrowheads), thus increasing
the probability of organelle extrusion. Bars A = 1.0 um, B = 0-1 um
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more sensitive to radical damage is consistent with previ-
ous reports [6]. This evidence indicates that neuronal dif-
ferentiation is associated with metabolic alterations that
have substantial implications for the cell’s capacity to
manage radical damage originating in the plasmalemma.
Two specific aterations associated with differentiation
that may diminish resistance to radica damage in the af-
fected membranes are down-regulation of lipid and sterol
synthesis [5, 21] and reduction of the AP-1 transcription
promoter binding complex comprised of heterodimers
formed between c-FOS and c-JUN [1]. Radical damage
caused by ionizing radiation induces c-fos and c-jun tran-
scripts [7], and the family of genes with AP-1 consensus
sequences in their promotersinclude several genes encod-
ing proteins important in defense against electrophiles
[17, 18], e.g., glutathione transferase, NADP(H) quinone
reductase, epoxide hydrolase, and UDP glucurony! trans-
ferase. It is interesting to note that phenobarbital induces
expression of this electrophile defense group through rad-
ical-mediated mechanisms [15]. One would also expect
enhanced activity of this electrophile defense group dur-
ing DNA replication because of the crucial involvement
of the AP-1 complex in the cell cycle [1]. Enhanced radi-
cal defense during cell division could prevent replication
errors that would be associated with electrophilic damage
to DNA at thiscritical time. These considerations suggest
that the resistance to radical-induced membrane damage
in undifferentiated cells potentially involves enhancement
of defense against electrophilic attack as well as up-regu-
lation of the capacity for lipid synthesis and membrane re-
pair.

Organelle differential susceptibility

We observed substantial differences in the sensitivity of
various organelles to radical-mediated damage. The nu-
clear envelope and mitochondria retained ultrastructural
integrity throughout the time course examined, but in dif-
ferentiated cells early damage was observed in the plas-
maemma, Golgi, and RER. After longer reaction times,
similar damage was observed in undifferentiated cells.

This subcellular pattern of damage has several implica-
tions. First, the relative resistance of the mitochondria and
nucle to radical-induced ultrastructural damageis consis-
tent with our previous reports that global brain ischemia
and reperfusion are not associated with radical damage to
nuclear [27] or mitochondrial [28] DNA. In the present
study both the nuclear envelope and the mitochondria
membrane demonstrate substantially greater resistance to
damage by radical mechanisms than the membranes of the
plasmalemma, Golgi, and RER. Higuchi and Linn [8]
have recently reported that H,O,-induced lethal injury to
Hel a cells need not involve either radical-mediated frag-
mentation of mitochondrial DNA nor a significant in-
crease in 8-OH-deoxyguanosine. Taken together, these re-
sults indicate that damage to specific membrane systems
ismore fundamental than DNA damagein early cell death
induced by radicals.

The ultrastructural aterations in the plasmaemma,
Golgi, and RER induced by radica mechanisms in this
study are similar in morphology and time course to the ul-
trastructural consequences observed in SVNs during re-
perfusion following global brain ischemia [11, 14, 19].
This and the histochemical evidence for lipid peroxidation
products in these neurons within the first 90 min of reper-
fusion [30] support the inference that radical mechanisms
are responsible for the ultrastructural modifications ob-
served in SVN plasmalemma, Golgi, and RER during the
first few hours of post-ischemic brain reperfusion.

Alterations in vesicular trafficking and vacuoles

Our experiments reveal that radical damage induces a
prominent alteration in the ultrastructure and trafficking
of vesicles and vacuoles. We frequently observed a well-
organized membrane whorl that did not appear to have
other contents and was located near the nucleus in undif-
ferentiated cells prior to damage (Fig.2). After radica
damage this structure appeared to have been transported
to the plasmalemma (Fig.5D, 6B) and be involved in
“patching” early damage in both undifferentiated and dif-
ferentiated cells. The appearance of this processis consis-
tent with the recent observation that resealing of the plas-
malemma occurs by a vesicular mechanism [23]. Radical
damage also induced the accumulation of humerous small
vacuoles in the area of the Golgi (Fig.6C, D). These vac-
uoles appeared to undergo coalescence into larger poorly
organized multi-layered membranous vacuoles that con-
tained filament fragments and were ultimately extruded
from the cell. Indeed, these vacuoles appear to be formed
for the purpose of mobilization and ultimate extrusion of
degraded organelle components; Fig. 7C shows two adja
cent vacuoles, one containing primarily ribosomal debris
and the other the membranous sacks that are formed by
vesicular fusion. These vacuoles can be seen either very
closeto the cell surface or being gjected from the cell (e.g.
Fig.8). This suggests a genera injury management mech-
anism in which damaged organelle components are selec-
tively packaged and extruded from the cell.

Other investigators have observed similar cytoplasmic
bodies containing poorly organized concentric vesicles that
are induced under differing circumstances. Whorls con-
taining RER in adrenal stem cells are transformed into
whorls of smooth ER by adrenocorticotropic hormone
stimulation and are probably involved in secretion by
these cells [13]. Abnormal concentric cytoplasmic bodies
are seen in Tay-Sachs neurodegeneration [20], which in-
volves the pathological accumulation of ganglioside lipids,
and in the Gunna Rat model of Crigler-Ngar syndrome
[3], aneurogenerative disorder associated with glucuronyl
transferase deficiency. Hwang et a. [9] observed that cy-
clohexamide, but not puromycin, caused formation of
poorly organized whorly stuctures containing other or-
ganellesin rat liver. Cyclohexamide interferes with protein
synthesis by polyribosomes on the RER, and treatment
with this agent was associated with inhibition of leucine



incorporation accompanied by an increase in choline in-
corporation before the appearance of the whorly struc-
tures. This led these investigators to postulate [9] that, in
this system, formation of the membrane whorls was linked
to desynchronization of the synthesis of the protein and
lipid components required for normal formation or repair
of membranes. The ultrastructural appearance of these
poorly organized concentric cytoplasmic bodies is very
similar to those observed both in the present study and in
previous studies of the ultrastructural consequences of
brain reperfusion [14, 19]. Taken together, these observa-
tions suggest that formation of the abnormal concentric
vacuolesin the area of the Golgi is associated with abnor-
mal lipid metabolism and membrane recycling, and in our
study this was induced by radical damage. Thus, we be-
lieve that during post-ischemic brain reperfusion these ul-
trastructural alterations are induced by radical mecha-
nisms whose reaction products can in fact be observed in
SVNs[30].
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