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Ultrastructural studies of barrier restoration in
epidermis of hairless mice following dimethyl sulfoxide
application
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Sixteen hairless mice were studied by transmission electron microscopy to deter-
mine the ultrastTuctuial changes in epidermal Uaiiier restoration following topical
applications of dimethyl suHoxidc (DMSO) to back skin. Samples of experimental
skin were examined at 30 min. 1 h. 2 h and 3 h alter the initi;il DMSO treatment and
eompared with that of control animals. At earlier time periods (30 min-1 h) the
DMSO treated epidermis showed greatly expanded intercellular spaees. disrupted
desmosomal attachments, and dcsmosomal remnants lying free within the inter-
cellular spaee. Mitocliondria contained droplets of lipoid material which reached
maximum size in the spinous and granular layers. Cytoplasmic vacuoles weie
particularly prominent in the 3()-min samples. Largo immhcrs of membrane coating
granules (MCG) emerged in the 1 h specimens. The MCG were laden with numer-
ous electron-dense inner menibianes which crisscrossed at various angles. Many of
the MCG were observed in the process of fusion with plasma membranes of
granular cells adjacent to the stratum corneum. At 2 li a process of recovery troni
the effeets of DMSO was evident and at 3 h there was little or no difference
between experimental and control epidermis.
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This investigation was prompted by the obser- DMSO pretreatment, but the solvent effects
yation that the epidertnal barrier to per- wete gteatly reduced alter 3 h.
cutaneous passage of fluorescent dyes could I'lie present study was undertaken using
be compromised temporarily, simply by treat- (ratistnission electron tnicroscopy (TEM) to
ine the .skin with tlimethyl sullb.xide (DMSO) determine the uitrastructural changes in hair-
prior to application ol the dye (1). In this less tnousc epidermis occutting during the
study 64 hairless mice were used to establish period of barrier repair which follows DMSO
periods of maximutn penetration of the fluo- treattnent. The principal objectives of the
rescent probe, ethidium bromide, and the study were to elucidate further the nature of
subsequent recoyety frotn the effeets of the epiderntal barrier as well as to understand
DMSO The fkiorescent probe easily pene- better the meciianisin by which DMSO dis-
trated the epidermis for up to 2 h followitig rttpts the barrier.
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Material and methods

Sixteen hairless tnice were used in the inves-
tigation, including 4 controls atid 12 experi-
mental animals. The miee teceiving DMSO
were swabbed over a 2 cm area of the back
adjacent to the tail. The cotton swabs were
saturated with about 0.2 ml of lull strength
DMSO, and each animal was swabbed 3 titnes
at 10 tiiin intervals.

Miee reeeiving the DMSO wete killed by
eervical dislocation at intervals of 30 min, 1 h,
2 h and 3 h after the itiitinl DMSO treattnent.
fhus, the 30-tninute satnples were taketi 10
tiiin alter the final DMSO swabbing.

Strips of skin (2 mtn x 1 cm) were retnoved
from the back area itntnediately after death,
straighteticd with pins on a piece of styrofoatn
and etnersed iti 2'y(> phosphate buffered glu-
taraldehyde (iiH 7.2). Specimens were post-
fixed iti \"A, phosphate-buffered ostniutn
tetroxide (pll 7.2) atid etnbedded in Spurr's
resin for thiti seetioning. Cotitrol and experi-
mental skin specimens were taken from the
same back areas and processed lor TEM iden-
tically. Thin seetions of all specimens were
tnounted on copper grids and exatnined with a
Philips 301 eleetroti tnicroscope.

Results

Cotitrol seetiotis of hairless mouse epidermis
showed a stratum cortieurn cotnposed of 6-8
layets of dead cells. The stratum granulosuni,
stratutn spinosum and stratutn basale eotisis-
ted of one cell layer each, although the stra-

tum spitiosuirt was sotnewhat variable in
thiekness. Ititercellular spaces between livitig
keratinocytes contaiticd eytoplastnic folds
projeeting itito the spaces with dcsmosonial
attaelitiietits joitiiiig the folds of adjacent
cells. 1 he basal plastiia tnetnbrane of the stra-
tutn basale was marked by tuttiierous heirii
destnosotnes.

Mitochotidria cticitcled cell tutelei or were
scatteretl betwecti an abutidant display of
totiolibrils, espeeially iti the stratutn basale
atid strattim spinosutn. In the stratum cran
ttlosum, tiiitoehondria and tonolilatnetits were
intertningled with the keratohyalin granules
Here, tonofibrils as well as nutnerous ribo-
sotnes showed intimate relationships to kera
tohyalin granttles. Metnbrane eoating gran-
ules (MCCi) wete ptesent in spinous and
granulosa layets. Most of the MCG appeared
to fuse with plastiia tiietiibraties of i;ranular
cells adjacetit to the horny layer, but the best
evidetiee for intercellular dispetsion of the
MCG was seen iti the experitnental animals
alter treattnent with DMSO.

The above description of hairless mouse
epidertnis, although tiecessarry for purposes
of eotnparison with the experitnental skin, ij
intended to be brief atid is by no tneatis ex-
haustive. Subsequent data on the ulttastruc-
tural efleets of DMSO will telate primarily to
those epidertnal cotnponctits tnetitiotied in
the control specimens.

Skin samples taken 30 miti after the first
exposure to DMSO showed gteatly expanded
intetcellular spaces with attenuated
eytoplastnic processes extending to the des-
tnosonial attachtncnts. In tnany instatices the

/•Vj,'. /. Electron tnicrograph of specimen taken .'̂ O min after t:)MSO treatment. Notice disrupted desniosn
rnal attachtncnts (at arrows) of granular cells (x21,3()0).

I'ig. 2. Electron tnicrograph of specitncti taketi 30 tnin alter DMSO treattnent. Notice enlarged intercellular
spaces and mitoehondrial lipicl (Mt.). Droplets of mitoehondrial lipid ate stnaller in sttatutll basale eelh
(lower portion of tnicrograph) as cotnpared with those of the granulosal cells (upper portion of microgr-tnh^
(x7.5()tl). ^ '
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attenuated attachment areas were separated
Irom their cellular origins. The broken areas
persisted as oval or irregularly shaped densi-
ties either partially attached to the eell by its
desmosomal remnant or lying free in the in-
tereellular space (Fig. 1). This phenomenon
was observed through all layers of the epider-
mis except for the horny layer. It was most
severe, however, in the stratum granulosum.

Mitochondria of the 30-minute samples
contained small to large droplets of lipoid ma-
terial. These droplets were smallest in
mitochondria of the stratum basale and
reached maximum size in the spinous and
granular layers. {F\g. 2). Mitochondria of the
basal layer exhibited well preserved internal
structure whereas those of the spinous and
granular layers, showing a state of lipoidal
engorgement, were identified by their double
surface membranes and remnants of a few
remaining cristae (Figs. 3, 4, 5). Aside from
the appearance of the mitochondria, the ex-
panded intercellular spaces and the disrupted
desmosomal attachments, large cytoplasmic
vacuoles gave evidence of a remarkable de-
gree of fluid imbibition by the epidermal cells.
The normal structure of the nuclei was often
distorted by deeply invaginating vacuoles, al-
though these were never observed to pene-
trate the envelope or to become incorporated
in the nucleus itself. The cellular changes ob-
served, while widespread, were less severe in
some areas. Recognizable membrane coating
granules could not ho identified in the 3()-min
specimens.

The most remarkable ehange that occurred
in the 1-h speeimens, relates to the emergence
of membrane coating granules in large num-
bers (Fig. 6). In this case, the MCG were
laden with numerous, electron-dense inner
membranes which, with due respect to plane
of sectioning, appeared to crisscross at various
angles (Figs. 6, 7). Many of the MCG were
seen in the process of fusion with plasma
membranes of granular cells adjacent to the
stratum corncum. Remnants of MCG were
also seen in the interccUar spaces between the
stratum granulosum and stratum corneum. A.t
the point of fusion, the outer membrane of
the MCG became continuous with that of the
keratinocyte (Fig. 7).

In samples of skin taken 1 h from the start
of the experiment the changes described
above were greatly diminished. Survey elec-
tron micrographs showed a return to near nor-
mal appearance for the keratinoeytes (Fig. 8)
Lipid-containing mitochondria were present
but these were mostly limited to cells of the
stratum granulosum. Attenuated cytoplasmic
processes and broken desinosomal attach-
ments were also reduced in nvimbers
Cytoplasmic vacuolation, although oceasion.
ally present, was greatly diminished.

Recovery from the effects of DMSO was
essentially eompleted in the 2-h specimens
Occasionally, the proeess of continued repaii
was evidenced by an expanded intereellulat
space or a lipid-eontaining mitochondrion, but
the overall appearanee of the 2-h speeimen v/{\^
close to that of control epidermis (Fig. 9).

t-ig. .1 HIcctron micrograph of stratum basale mitochondria. Lipid droplets (ML) are clearly present within
mitochondruil matrices. Siinipic lakcn M) min alter OMSO treatment (X7.'i.()()()).

t-ig. 4. HIeetron micrograph of stratum granulosum. Mitochondria scattered between keratohyalin granules
(KG) eontaln droplets of lipid material (ML). Sample taken .10 min after DMSO treatment (X27,300),

/•'ig. 5. Electron mierograph of cell in stratum spinosum. Note engorgement of mitochondria with lipij
material. Mitoeliondrial cristae are poorly preserved in this spinosal eell. Sample taken ."̂ 0 min after DMSO
treatment (X57.O()()).
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The same was true of the 3-h specimens. This
is not to itnply that differences did not persist
in the pattern of fibrillar keratin of the stra-
tutn corneum, but here thete is no meehanistn
lor repair as eompared with that of the living
keratinocytes.

Discussion

The present studies have shown that treat-
ment ol the skin with DMSO tesults in acute
disruption of the epidermis with expanded in-
tercellular spaces, desmosomal disruption,
lipid-containing mitochondria, and intracellu-
lar vacuolcs. This is followed by a period of
recovery characterized by elaboration of
tnany membrane-eoating granules.

In the ptesetit itivestigation, specimens
were taken at the satne titne ititctvals after
DMSO ttcattnent as those used previously to
evaluate I'luorescent probe penetration of the
skin (1). 'Phus, the acute phase of disruption
in the present studies correlated with the
period followitig DMSO during which the
lluorescctil probe penetrated rapidly after ap-
plication to the skin. Furthertnote, the appar-
ent datnage was reversible, and the barrier
returned to normal within 3-h after the
DMSO was applied in both studies.

The transmission electron mietographs of
skin specimens taken during the period of
barrier tecovcry show a number ol changes
which are interpreted as tneehanisms of bar-
rier recovery. The earliest specimens (after
DMSO exposure) showed a gteatly altered
eellttlar environtnent including broken des-
mosomal attachments, expanded intercellu-

lar spaces and evidence of fluid itnbibition i
the fortn of eytoplasmic vacuolation.

'Phe lipoid tnaterial seen within niitochon
drial matrices is interpreted as an effort b
these organelles to regulate environmental
ehatiges in the cytoplastn. It is appatent th
the tnitocliotidria take in DMSO solubiliz
lipids, atnong other sttbstances, and concen
trate them into tccognizable droplets with'
the tnitochondrial tnatrix. As the process
lipophatierosis cotitinttcs, the droplets grow'
size until the tnitocliotidria become cotrt
pletely engorged with these substances.

Phe DMSO, replete with solubilized [[n i
ftotn the stratutn corneum, teaches the rti't
chotidria of the stratum granulosutn lirst, and
it is here that the matrix droplets are largest
Mitoehondrial droplets are smallest in th
stratum basale beeause it is believed that th
tnore superifical mitochondria have been effi
cient in retnoving the higher concentrations of
solubilized lipid. Gradual ditninution of th
lipid-cotitaining tnitocliotidria as the time in
creases, indicates that the lipid is either met
bolized by the mitochondria or is soinelio
released frotn the tnitochondrial tnatrix. At i
h (post-DMSO tteatmetit) hpid-containim
mitochondria are rarely seen.

At 1 h post-DMSO, the tnost striking
eliange occuts in the stratutn granulosutn At
this point, tncmbrane-coating granule,
(MCG) are present in latge nutnbers, many of
which can be seen fusing with the surface i
plasma metnbrane adjacent to the strattim
corneum. This observation supports that of
Matoltsy and Patakkal (2) as to the fate of
MCG in spreading their eontent itito the inter
cellular spaces. Phe authors further

Fig. 6. Electron micrograph of specimen taken 1 h after DMSO application. Note abundant tnembrani I
coating gtanules (X 102,000). :3

tig. 7. Electron micrograph of membrane eoating granules. Note crisscross appeatance of intier niembraties '
and apparent cotltinuity of outer tnetnbranes with plastna tnembrane (at right of micrograph). Darker atid
thicker membrane at far right belongs to a sttatutn corneum cell. One h post-DMSO (X213,OOO).
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thill the MCG play a role in the deyelopmcnt
of a protectiye layer. A more reeent study of
neonatal mouse .skin by Grayson, Johnson-
Wincgar and Elias (3) reports a lipid-to-pro-
tein ratio of 4()-60 in isolated MCG (lamellar
bodies) and presumes the lipid eomponent of
the MCG to be important in barrier funetion.
Also, in yiew of Seheupiein's obseryation (4)
thai solycnts sueli as DMSO can destroy the
barrier properties of ihe stratum eorneum by
remoying lipids and leaying a porous tissue, il
seems appropriate to conelude that the MCG
are restoring lipids, and possibly other barrier
properties, to the horny layer.

Tlie disrupted desmosomal attaehments
seen in the DMSO-treated epidermis eyi-
dently repaired effieiently and rapidly. No
effort was made to classify the types of do-
main turnoyer of junetional membranes al-
though similar ehanges have been eategorized
in pathologic skin (5). Domain turnoyer refers
to destructiye changes oeeurring in eell-lo-eell
altaehmcnts, e.g., DMSO effects on the des-
mosomes of the present study. There were
variations in the pattern of junctional disrup-
tions whieh seemed to depend on cellular ley-
els within the epidermis, bul a detailed study
of these yariations would requiie a separate
inyestigation.

It is recognized that Ihe response of liying
epidermal cells to barrier disruption is only a
part of a complex biological story involving
other tissues and their products. The proeess
of epidermal exsorption, for example, inyolv-
ing the extravasation of biologieally active
substances, has been shown to be enhaneed
by topical applications of DMSO (6).

There are numerous published works re
porting the effects of various vehicles in per-
cutaneous absorption whieh include DMSO
among other solvents (7, 8, 9). It is eominon
knowledge in most communities in the USA
that the general publie can purchase D M S o
(sold as a degreaser) to rub on painful jaints
and tendons. The fact that this actually occurs
with a high degree of frequeney adds a dimen-
sion to the study of DMSO, that does not
apply equally to other solvents.

DMSO is referred to variously as an aprotir
solvent, a hydroxyl radical seavenger and
membrane stabilizer. It has been successfullv
employed in experimental animals to preveni
irreversible ischemia of tlie kidney (10), and
intestine (11), to prevent brain damage afte
occlusion of cerebral blood vessels (12) t
suppress atherosclerosis in cholesterolerrii
rabbits (13), and to open the blood-braii,
barrier (14). These are only a few of the mam-
studies which guarantee the eontinued wide
spread use and controversy regarding DMSO

An ultrastructural study on the effects of
DMSO on guinea-pigs (15), and one cited
by Idson (8) on the effeels of chloro.
form:methanol as well as DMSO, emphas
ize ehanges in the stratum eorneum. The pres
ent work, however, eoncenlrates on the
reaction of living keratinaeytes to DMSO
The short period required for recovery from
the effeets of DMSO in hairless mouse skin
as indicated by the penetrability of the DNA
ligand, ethidium bromide (1), led to the belief
that living keratinoeytes can in some measure
repair the damaged stratum corneum. Ac
cording lo this hypothesis, based on i

Fig. H. lilcctron micrograph of specimen taken 1 h after DMSO treatment. Granular and spinous areas
show partial reeovery from effects of DMSO. A few droplets of mitochondrial lipid (ML) are present in the
granular cells (x7,500).

rig. 9. Eleetron micrograph taken 2 h after DMSO application. Most of the epidermis has returned to neat
normal appearance. Intercellular spaces, dcsmosomal attachments and mitochondria elosely resemble Hji
of control epidermis (x7,5()0).
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ally scored slides and the technique of micro-
spectrofluorometry (6), the time span of 3 h
was selected for the TEM studies.

Others may have missed the ultraslructural
changes reported here for various reasons but
the rapidity of recovery from the effects of
DMSO seems foretnost among thetn. That is
not to say, of course, that chemieals other
than elhidium bromide, may have continued
to penetrate the epidermis for longer periods
il applied under similar circumstances. Mor-
phologic recovery, however, as well as evi-
dence of some repair to the stratum corncum,
cortelated well with the fluorescent dye stud-
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