sible that NBD-PS and acetyl-PS either
displace or otherwise perturb essential
endogenous PS.

Three lines of evidence make it unlike-
ly that NBD-PS acts to inhibit mast cell
secretion by a more or less nonspecific
cytotoxic effect. First, treatment of mast
cells with NBD-PS at a concentration (25
uM) sufficient to inhibit secretion by 70
to 80 percent does not significantly de-
crease intracellular adenosine triphos-
phate (ATP) levels (9). Second, electron
microscopy of mast cells treated with
this concentration of NBD-PS indicates
no evidence of cytotoxicity. Third, the
inhibitory action of NBD-PS on secre-
tion induced by A23187 is partially re-
versible by removing the medium con-
taining NBD-PS and resuspending the
cells in fresh balanced salt solution
(BSS) (/0). Significant NBD-PS dis-
sociates from the cells under these con-
ditions. Reversibility argues against dis-
placement of endogenous PS as a mecha-
nism of action of NBD-PS.

A possible trivial alternative ex-
planation of the observed inhibition is
complexing of A23187 by N-substituted
PS aggregates in solution, as proposed
for 48/80 and polymyxin B by Read et al.
(I1). Arguing against this hypothesis is
the failure of PS itself to significantly in-
hibit secretion by A23187 at concentra-
tions five times those required for half-
maximal inhibition by the N-substituted
PS derivatives.

Although the evidence that is available
cannot establish the mode of action of
the inhibitory N-substituted PS deriva-
tives, it is evident that N-substitution of
PS converts this phospholipid from a po-
tent activator of a specific class of secre-
tagogues to a potent inhibitor of two dif-
ferent secretory stimuli. N-Substituted
derivatives of PS may prove useful for
the investigation of stimulus-secretion
coupling in the mast cell and perhaps in
other cells as well (/2).

THOMAS W. MARTIN
DAvID LAGUNOFF
Department of Pathology,
University Washington,
Seattle 98195
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Neurotoxic Fragrance Produces Ceroid and Myelin Disease

Abstract. Acetyl ethyl tetramethyl tetralin (AETT), a component of soaps, deodor-
ants, and cosmetics, produces hyperirritability and limb weakness in rats repeatedly
exposed to the compound. Brain, spinal cord, and peripheral nerves are discolored
blue, show progressive neuronal ceroid degeneration, and develop spectacular mye-
lin bubbling. These neurotoxic properties of AETT provide the basis for industry’s
decision to withdraw the compound from consumer products. In addition, AETT
offers the experimentalist a new probe to explore the etiology and pathogeneses of

human ceroid and myelin diseases.

Acetyl ethyl tetramethyl tetralin (/)
(Fig. 1) was widely used as a musk fra-
grance in soaps and cosmetics (2) until
industry scientists discovered that re-
peated application of the compound to
the skin of experimental animals pro-
duced a blue discoloration of internal or-
gans and a vacuolar degeneration of the
brain 3). By the early part of 1978, the
fragrance industry had voluntarily with-
drawn AETT from all cosmetic formula-
tions (¢). On this basis, the U.S. Food
and Drug Administration (FDA) denied a

CHz CHj
o \W4
1]

CH3C \i:H2
CoHg /CH2
(o
\
CHy CHj

Fig. 1. Structure of acetyl ethyl tetramethyl
tetralin.
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request from the Environmental Defense
Fund to ban the use of AETT (5). Recall
of the existing inventory of contaminated
products was considered unnecessary,
so that some of these may remain avail-
able in the United States until existing
stocks have been exhausted.

We have studied the clinical and neu-
ropathological changes in rats repeatedly
exposed to AETT (6) and have found
that this compound causes progressive
ceroid-like pigmentation and widespread
demyelination throughout the central
and peripheral nervous systems. These
degenerative changes are associated
with hyperirritability, limb weakness,
and ataxia.

Behavioral changes, developing as a
function of dose and time, were noted
within the first 2 to 3 weeks of treatment
(6) in rats receiving 25 or 50 mg of AETT
per kilogram of body weight per day. An-
imals became overtly aggressive and
were easily startled. Rats receiving the
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Fig. 2. (A) Neuron located in hypoglossal nucleus showing accumulation of dense lipopigments.
Arrows indicate cytosomes that displayed the histochemical, fluorescence, and ultrastructural
features of ceroid lipopigment (8). The larger mass of dense material is the second type of
inclusion (/0) (n, neuronal nucleus). Scale bar, 5 um. (B) Single teased peripheral nerve fiber
displaying intact myelin (n) adjacent to an internode with multiple myelin bubbles (b) and a
short length of demyelinated axon (d). Scale bar, 10 um. (C) Lumbar ventral root showing two
cross-sectioned fibers displaying prominent myelin bubbling (b). One vacuolated fiber contains

- an intramyelinic phagocyte (p). Scale bar, 5 um. Bright-field micrographs; (A) and (C) are taken
from 1-um epoxy sections stained with toluidine blue.

higher dose of AETT later developed in-
termittent abnormal arching of the back
and progressive gait difficulties including
hopping ambulation, limb weakness, and
splaying. Although the severity of neuro-
logical dysfunction varied among indi-
vidual animals, a stereotyped and stable
picture of hyperirritability and weakness
eventually developed in animals given
the high dose. These signs slowly abated
when the animals were placed on a nor-
mal diet.

Another striking effect of AETT was
the progressive blue discoloration of or-
gans (7). This became evident within 2 to
3 weeks of treatment and was manifest
by darkening of the eyes and of the skin
of the ears and feet. The brain, spinal
cord, peripheral nerves, and other or-
gans eventually developed a gray-green
discoloration, the intensity of which var-
ied with dose and duration of treatment.
Segmental sensory ganglia were very
densely stained; optic nerves and tracts
were only faintly discolored.

Structural damage to the nervous sys-
tem accompanied the development of be-
havioral changes and organ discolora-
tion. Both gray and white matter were in-
volved, as well as the peripheral nervous
system. The earliest structural change
consisted of a progressive and irrevers-
ible granular lipopigmentation of neuron-
al perikarya. Although almost all neu-
rons were affected, lipopigmentation was
especially prominent in the third laminar
layer of the cortex, the pyramis of the
entorhinal cortex—especially of the ol-
factory tubercles—the hypoglossal nu-
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clei, the anterior horns of the spinal
cord, and the dorsal root ganglia. Neu-
ronal granules displayed the histochemi-
cal, fluorescence, and ultrastructural fea-
tures of ceroid lipopigment (8) found in
some types of human ceroid lipo-
fuscinosis (9). Later in the disease pro-
cess, neurons containing large numbers
of ceroid-like granules developed mas-
sive intracellular inclusion bodies (Fig.
2A) before undergoing degeneration (10).
Similar structures have been described
in human ceroid lipofuscinosis and mo-
tor neuron disease (/7). Since there are a
limited number of experimental methods
for producing these neuronal lipo-
pigments, AETT may be -useful for
studying these neuronal degenerative
disorders of man.

Abnormal dense cytosomes containing
lamellar profiles were also seen in the
paranuclear region of Schwann cells,
oligodendrocytes, and astrocytes. In ad-
dition, Schwann cells accumulated a
large number of 7 granules of Reich, as
though AETT had accelerated the depo-
sition of these age-related inclusion bod-
ies (12).

Demyelination in the central and pe-
ripheral nervous system occurred after
the appearance of cellular lipopigmenta-
tion. The demyelination was character-
ized by splitting of the myelin sheath at
the intraperiod line, and edematous vac-
uolation and bubbling of individual mye-
lin segments (/3) (Fig. 2, B and C). Mye-
lin bubbling first affected large-diameter
nerve fibers, and was most prominent in
ventral white matter of the medulla ob-

longata and spinal cord. A stereotyped
and symmetrical pattern of white matter
status spongiosus eventually developed.
Scattered degenerating fibers were also
found, especially in the corticospinal
tracts. Shortly after the onset of myelin
vacuolation of the central nervous sys-
tem, an identical pattern of myelin
bubbling affected large-diameter periph-
eral fibers in lumbar ventral roots. Dor-
sal roots and peripheral nerves were sim-
ilarly affected later in the course of the
disease. After the development of myelin
bubbling, phagocytes stripped the edem-
atous myelin sheaths leaving denuded
and shrunken axon segments which sub-
sequently became associated with short
internodes of thin myelin (/3). This typi-
cal pattern of remyelination occurred
while animals were being treated with
AETT and continued during the recov-
ery period.

Myelin splitting and edematous bub-
bling are well known in toxic states, no-
tably after exposure to hexachlorophene
(14), triethyl tin (/5), cuprizone (/6), and
isoniazid (/7). Myelin phagocytosis has
also been characterized in autoimmune,
viral (/8), and traumatic (/9) demyelina-
tion, but has been infrequently observed
in toxic myelinopathies (20). Unlike
the pathologic picture in autoimmune
demyelination, where there is usually a
perivascular cellular infiltrate targeted
against an apparently intact myelin
sheath, invading phagocytes in AETT in-
toxication strip and remove overtly dam-
aged myelin. The segmental pattern of
myelin loss may be interpreted as in-
dicating a Schwann cell locus of toxic
damage (20), although remyelination
during intoxication is more compatible
with a primary toxic effect on the myelin
sheath (2/). These data indicate that
AETT may be useful in resolving the
etiology and pathogenesis of human (22)
and animal (23) myelinopathies in which
white matter disease is heralded by seg-
mental (/3) bubbling of the myelin
sheath.

These results also have important im-
plications in the field of public health.
Acetyl ethyl tetramethyl tetralin joins
hexachlorophene and zinc pyridine-
thione as the third experimentally
proved neurotoxic agent applied to skin
to be identified in the domestic environ-
ment. Hexachlorophene was included in
many ‘‘over-the-counter’’ antiseptic and
deodorant soaps for more than 20 years
before the FDA decided to regulate its
use. This action followed outbreaks of
neurological disease in infants bathed in
detergents containing hexachlorophene
for the purpose of reducing staphylococ-
cal infections (/4). Zinc pyridinethione, a
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compound that produces a primary
axonal degeneration in animals (24)
has been used as an effective antidan-
druff agent in shampoos for 10 to 15
years. AETT was in use for 22 years
before toxicological testing (3) revealed
its insidious neurotoxic properties. The
fragrance industry subsequently brought
its research findings to the attention of
the FDA (3) and voluntarily withdrew
the compound from fragrance formula-
tions. There may be a need, however, to
subject other ingredients (25) used in the
preparation of cosmetic and cleansing
products to rigorous scrutiny for neuro-
toxic properties.
PETER S. SPENCER
ARNOLD B. STERMAN
DIkKRAN S. HOROUPIAN
MarioN M. FouLDs
Program for Environmental
Neurotoxicology and Teratology,
Departments of Neuroscience and
Pathology (Neuropathology), Saul R.
Korey Department of Neurology, and
Rose F. Kennedy Center for Research
in Mental Retardation and Human
Development, Albert Einstein College of
Medicine, Bronx, New York 10461

References and Notes

1. 1-[2-(3-Ethyl-5,6,7,8-tetrahydro-  5,5,8,8-tetra-
methyl)naphthalenylethanone. Formula: C,gH,0.
Molecular weight: 258.4. Chemical Abstracts
Service Registry Number: CAS 88-29-9.

2. Including after-shave preparations, creams, lo-
tions, antiperspirants, deodorants, and per-
fumes. Certain detergents also contained some
AETT. In addition, AETT is included in a list of
artificial flavoring substances which may be add-
ed temporarily to foodstuffs without hazard to
public health [see Council of Europe, Natural
Flavouring Substances, Partial Agreement in
the Social and Public Health Field (Council of
Europe, Strasbourg, 1974), List 2, No. 2220, p.
328].

3. Research Institute for Fragrance Materials re-
port to U.S. F.D.A. (Food and Drug Adminis-
tration, Washington, D.C., November 1977).
This report described clinical and neuropatho-
logical effects found in rats exposed per-
cutaneously to AETT, or to products containing
AETT. These effects were identical to those de-
scribed here in rats treated orally with AETT.
D. L. J. Opdyke, Food Cosmetics Toxicol., in
press; and P. S. Spencer, A. S. Sterman, D. Ho-
roupian, M. Bischoff, G. Foster, Neurotoxico-
logy 1, 221 (1979).

4. The Wall Street Journal [(5 May 1978), p. 14]
reported that use of AETT by one company con-
tinued until 1 March 1978.

5. Environmental Defense Fund letters to FDA, 4
and 22 May 1978; FDA, letter to Environmental
Defense Fund, 21 August 1978.

6. Young adult male Sprague-Dawley rats (200 to
250 g; N = 16) were placed on a diet containing
AETT (25 or 50 mg per kilogram of body weight
per day) dissolved in 67 percent ethanol for 12 to
20 weeks. Four control rats received a diet con-
taining similar quantities of ethanol; these rats
remained normal. All animals were weighed pe-
riodically and observed for signs of physical or
neurological deterioration. One animal from
each dose level was allowed to recover for 7
weeks after 20 weeks of treatment. The remain-
ing rats were killed by intracardiac perfusion
with 4 percent paraformaldehyde followed by 5
percent glutaraldehyde, each in a 0.1M phos-
phate buffer (H 7.4). Brain, spinal cord, and pe-
ripheral nerves were removed; tissue slices were
obtained from the sciatic nerve and its branches,
lumbar dorsal root ganglia, corresponding dorsal
and ventral roots, lumbar, thoracic, and cervical
spinal cord, medulla oblongata, pons, cerebel-
lum, inferior and superior colliculi, mammillary
bodies, lateral geniculate nuclei, several levels

SCIENCE, VOL. 204, 11 MAY 1979

of the optic nerve and tract, corpus callosum,
hippocampus, lateral cerebral cortex, entorhinal
cortex, and olfactory tubercles. Muscle from the
ankle and calf was also sampled and found to be
unremarkable when examined under the light
microscope. Tissue sections were postfixed in
phosphate-buffered 2 percent Dalton’s chrome
osmium tetroxide, dehydrated in increasing con-
centrations of ethanol, immersed in propylene
oxide, embedded in epoxy resin, and processed
for light and electron microscopy. Sections (1
pm) were stained with 1 percent toluidine blue;
thin sections were stained with uranyl acetate
followed by lead citrate. Histochemical studies
were also performed on brain, spinal cord, pe-
ripheral nerves, and visceral organs. These tis-
sues were removed from additional control and
experimental animals perfused with 4 percent
paraformaldehyde in 0.1M phosphate buffer.
Paraffin sections were stained with hematoxylin
and eosin (H & E), Luxol fast blue, periodic
acid-Schiff (PAS), Ziehl-Neelsen, Schmorl’s re-
agent, Prussian blue, and Sudan black B re-
agents. Nervous tissues displayed granular lipo-
pigments (see text); other organs were unre-
markable. Selected unstained paraffin sections
of the brain were treated with 15 percent hydro-
gen peroxide and examined for autofluores-
cence.

7. Industry studies (3) identified an ortho diacetyl
derivative and metabolite of AETT which is re-
sponsibe for the blue tissue discoloration. Tis-
sues turn blue on contact with this derivative.

8. Granules stained light-brown with H & E, pink-
ish-red with Schmorl’s reagent, and dark blue
with toluidine blue. They were PAS-positive,
strongly acid-fast, and displayed intense, prima-
ry yellow autofluorescence peaking at 460 nm.
Ultrastructurally, the granules were angular in
shape, delimited by a single membrane, and dis-
played a dense particulate matrix containing
rare lamellar or curvilinear profiles.

9. S. Carpenter, G. Karpati, F. Andermann, J. C.
Jacob, E. Andermann, Brain 100, 137 (1977); D.
S. Horoupian and R. T. Ross, Can. J. Neurol.
Sci. 4, 67 (1977); 1. Rapin, in Pediatrics, A. M.
Rudolph, Ed. (Appleton-Century-Crofts, New
York, 1977), pp 1892-1939.

10. These structures stained bright red with H & E.
They were histochemically and structurally sim-
ilar to *‘Lafora bodies of the protein type’ first
described by F. Seitelberger [Fourth Inter-
national Congress of Neuropathology (Thieme,
Stuttgart, 1961), vol. 1, pp. 3-13]. In AETT-
treated rats, the structures were usually
intracellular but, occasionally, they were found
free in tissues or in close proximity to a degener-
ating neuron. Intracytoplasmic inclusions ap-
peared as light blue-green lakes in epoxy sec-
tions stained with toluidine blue. Ultrastructur-
ally, inclusions were composed of intracellular
electron dense masses, with irregular borders
and nodular surface protrusions. No limiting

membrane was present. Electron lucent spaces
containing cytoplasmic organelles punctuated
the mass of dense material. These ultrastructur-
al features are reminiscent of ‘‘Bunina bodies™
described in anterior horn cells in motor neuron
disease (/1).

11. M. N. Hart, P. A. Cancilla, S. Frommes, A. Hir-
ano, Acta Neuropathol. 38, 225 (1977); A. As-
bury and P. C. Johnson, Pathology of Peripher-
al Nerve (Saunders, Philadelphia, 1978), p. 251;
M. Tomonaga, M. Saito, M. Yoshimura, H. Shi-
mada, H. Tohgi, Acta Neuropathol. 42, 81
(1978).

12. A. Bischoff and P. K. Thomas, in Peripheral
Neuropathy, P. J. Dyck, P. K. Thomas, E. H.
Lambert, Eds. (Saunders, Philadelphia, 1975),
pp. 104-130.

13. A segmental or internodal pattern of demyelina-
tion and remyelination was observed in single
teased nerve fibers obtained from tibial nerve
branches to the calf muscles prepared by the
method of P. S. Spencer and P. K. Thomas
[Acta Neuropathol. 16, 177 (1970)].

14. J. Towfighi and N. K. Gonatas, Prog. Neuro-
pathol. 3, 297 (1976).

15. 1. Watanabe, in Neurotoxicology, L. Roizin, H.
Shiraki, N. Gréevi¢, Eds. (Raven, New York,
1977), vol. 1. pp 317-326.

16. W. F. Blakemore,J. Neurol. Sci. 22, 121 (1974).

17. , A. C. Palmer, P. R. B. Noel, J. Neuro-
cytol. 1, 263 (1972).

18. C. S. Raine, Prog. Neuropathol. 3, 225 (1976).

19. P. S. Spencer, H. J. Weinberg, C. S. Raine, J.
W. Prineas, Brain Res. 96, 323 (1975).

20. P. Lampert, F. Garro, A. Pentshew, Acta Neu-
ropathol. 15, 308 (1970).

21. P. S. Spencer and H. H. Schaumburg, in Cur-
rent Topics in Neuromuscular Research, A.
Aguayo and G. Karpati, Eds. (North-Holland,
Amsterdam, in press).

22. This includes some hereditary, metabolic, and
nutritional diseases of myelin, and excludes ac-
quired inflammatory and infectious diseases
such as multiple sclerosis [see C. S. Raine and
H. H. Schaumburg, in Myelin, P. Morell, Ed.
(Plenum, New York, 1977), pp. 273-323].

23. D. P. Agamanolis et al., J. Neuropathol.
Exp. Neurol. 37, 273 (1978).

24. Z. Sahenk and J. Mendell, Neurology 4, 393
(1977).

25. Color additives are the only substances in cos-
metics regulated by the FDA.

26. Supported in part by NSF grant PFR-7812701
and NIH grants NS13106, OH 00535, NS 03356,
and AM 20541. We thank Givaudan, Inc. for the
gift of AETT; S. Carpenter, M. Haltia, A. Hir-
ano, P. C. Johnson, I. Rapin, H. H. Schaum-
burg, and K. Suzuki for discussions; M. Bis-
choff, R. Conte, S. Elston, N. Sinclair, and S.
Weizheimer for technical help; and E. Garafola
for assistance with the manuscript.

19 September 1978

Sites of Transition Between Functional Systemic and Cerebral

Arteries of Rabbits Occur at Embryological Junctional Sites

Abstract. The vascular smooth muscle of cerebral blood vessels is relatively in-
sensitive to sympathomimetic stimulation compared with muscle from systemic ves-
sels. The transition in the vertebral artery occurs just rostral to the emergence of that
artery from the foramen of the lateral process of the atlas and in the internal carotid
artery just before it enters the carotid canal. These sites in the adult correspond to
embryological junctions between segments of the vertebral and internal carotid ar-
teries derived from the primitive dorsal aortas and their branches with vessels origi-
nating locally from the bilateral longitudinal neural arteries. Topographic patterns of
vascular properties may in some cases be explained by the different sites of origin of

their primordial mesodermal cells.

The characteristics of the alpha-adre-
nergic receptor on the smooth muscle of
cerebral blood vessels and the response
it mediates differs in many ways from
that of other major blood vessels of the
same species (/, 2). In the rabbit, for ex-
ample, the smooth muscle of the cerebral
vasculature, in comparison with that of

the aorta or pulmonary artery, is rela-
tively insensitive to sympathomimetic
amines (3); in addition, the relative po-
tency of a series of such drugs differs
from one site to the other, suggesting dif-
ferences in the alpha-adrenergic receptor
(2, 4). Because of the fundamental inter-
est as well as the potential practical use-
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