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Interrelated Striated Elements in Vestibular

Hair Cells of the Rat

Abstract. Unusual fixation procedures revealed a series of interrelated striated
organelles in type I and type II vestibular hair cells of the rat; these organelles
seemed to be less well developed in cochlear hair cells. The findings suggest that
contractile elements may play a role in sensory transduction in the inner ear,

particularly in the vestibular system.

Actin is present in the hair cells of
vestibular (/, 2) and auditory (3, 4) re-
ceptors. By S-1 myosin decoration meth-
ods (5), actin has been found in the
stereocilia and their rootlets, the cuticu-
lar plate, and the electron-opaque mate-
rial that forms the junctional complexes
of the reticular lamina. Because myosin
also has been found in apical parts of hair
cells of the organ of Corti (6), it might be
expected that actin and myosin are orga-
nized into contractile elements that take
part in signal processing in the inner ear.
Generally, however, S-1 myosin decora-
tion has failed to demonstrate highly
organized actin filaments in the cuticular
plate (I—<4). Only Slepecky and her col-
leagues (7) have illustrated an infracuti-
cular, striated element containing actin
(4). Lowenstein and Osborne (8) earlier
described ribbonlike striated elements in
vestibular hair cells of ammocoetes lar-
vae of the lamprey extending from the
cuticular plate to the cell membrane bas-
ally and ending close to synaptic sites.
Their results, obtained by convention-
al transmission electron microscopy,
prompted them to hypothesize that such
striated material might be involved in
transduction. Other investigators have
also reported finding isolated laminated,
or striated, elements in the basal part of
the cuticular plate, or below it, in hair
cells of both normal (9-/4) and patholog-
ical (9, 15) inner ears in many species.
Striated material was also abundant in
hair cells of old monkeys (/2) and elderly
humans (/2, 16), and in drug-treated ani-
mals (13, 17). The apparently increased
incidence of such bodies under patholog-
ical conditions and as a consequence of
aging seems to have overshadowed find-
ings in normal material, and laminated
bodies have generally come to be regard-
ed as pathological entities. Nevertheless,
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several investigators have emphasized
that striated elements are normal constit-
uents of vestibular (8, 10-12) and cochle-
ar (7, 14) hair cells.

We now describe our ultrastructural
finding of a series of interrelated striated
elements in apical parts of vestibular hair
cells of the rat. Included in the series are
the cuticular plate and its basal attach-
ments to the hair cell margins, the con-
nections of the strut array of the kinoci-

Fig. 1. (A) Striations in the substance of the
cuticular plate (CP) of a type I utricular hair
cell. (B) Striations along the lower face of the
circular plate of a type II utricular hair cell.
The three arrows indicate opposite electron-
opaque stripes and an intermediate line. Mag-
nification: x43,000.

liary basal body (I8) to the cuticular
plate, and striated organelles associated
with the plasma membrane and extend-
ing below the apical junctional complex-
es. The latter organelles are more exten-
sive in type I than in type II hair cells. In
contrast, rat cochlear hair cells seem to
lack similar striated organelles associat-
ed with the plasma membrane and to
have less robust striations in the cuticu-
lar plate. Our findings indicate a broader
distribution of striated elements in ves-
tibular hair cells than was found previ-
ously. They support the concept that
contractile elements may play a role in
transduction in the inner ear (7, 8, 19),
particularly in the vestibular system.

Our results were obtained in specific-
pathogen-free, young adult, Sprague-
Dawley rats (Charles River) during an
effort to determine an optimal method
for preserving inner ear tissue collected
under space-flight conditions. Osmium
tetroxide could not be used, because of
its toxicity; tissues, once collected,
might have to be stored for as long as §
days before further processing could
take place. The following method result-
ed in unexpected preservation of the
striated organelles in hair cells. Tempo-
ral bones were rapidly removed from
decapitated rats, and the oval and round
windows of the cochleas were opened
immediately upon immersion in 2.5 per-
cent glutaraldehyde in 0.1M sodium
phosphate buffer (pH 7.4). After fixation
for 2 hours at room temperature, the
tissues were stored in fresh fixative in
vials at 4°C for S days. The tissues were
then washed in buffer, fixed in 1.0 per-
cent osmium tetroxide in 0.1M sodium
phosphate buffer (pH 7.4) for 1 hour,
then washed again, microdissected, and
prepared by standard methods for trans-
mission electron microscopy. Subse-
quent experiments demonstrated that the
striated organelles were well preserved
when prolonged storage was omitted.
The organelles were not seen, however,
after fixation in Karnovsky’s (20) 4 per-
cent paraformaldehyde-5 percent glutar-
aldehyde solution.

The striated organelles of hair cells
have a repeating pattern of alternating
electron-opaque stripes and broader,
more electron-lucent bands. The bands
are intersected by narrow, electron-
opaque, intermediate lines (Figs. 1 and
2). This pattern is organizationally simi-
lar to that of striated rootlets of the
kinociliary basal body in the hair cells
themselves, and particularly to that de-
scribed for contractile rhizoplasts in the
flagellate Platymonas subcordiformis
21). It is also comparable to the pattern
commonly reported for isolated laminat-
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ed bodies in normal (9, 10, 14) and abnor-
mal (9, 13, 15, 17) hair cells.

The three-dimensional organization of
the striations in the highly ordered cutic-
ular plate is not entirely resolved. The
striations in the substance of the plate
are slightly oblique to the apical surface
of the cell, but those at the periphery are
perpendicular to the edge of the plate
and follow its curvature (Fig. 1). The
stripes are interconnected in a complex
fashion. The stereociliary rootlets seem
to correspond to electron-opaque stripes
and to be linked to the cuticular plate
through filaments projecting toward
nearby intermediate, electron-opaque
lines. Such linkages could explain the
actin filaments with opposing polarities
observed by Flock et al. (2) between the
rootlets. Furthermore, the strut array of
the kinociliary basal body has connec-
tions to striated material associated with
the cuticular plate. This arrangement
suggests that interactions between the
kinocilium and the stereocilia are possi-
ble through the cuticular plate and that
such interactions might carry vectoral
information.

The base of the cuticular plate is sup-
ported by a striated element anchored to
spurs of electron-opaque material locat-
ed at the zonula adherens (Fig. 2A). The
striations are arranged parallel to the cell
margin. The electron-opaque stripes in
the cuticular plate and its attachments
are = 40 nm wide. The periodicities of
the stripes vary between 110 and 130 nm
in the plate and between 110 and 160 nm
in the attachment zone.

Both type I and type II vestibular hair
cells have striated organelles associated
with the plasma membrane that extend
for various distances below the junction-
al complexes (Fig. 2). The type I hair cell
is characterized by its flask shape and is
ordinarily surrounded over much of its
surface by a calyx formed by the afferent
nerve ending (10, 22). In this cell type, a
striated neck element originates broadly
from the spurs of electron-opaque mate-
rial at the zonula adherens and then
extends into the neck region (Fig. 2B),
apparently following the contours of the
hair cell membrane under the calyx
nerve ending. The stripes are 45 to 70 nm
wide and occur at 140- to 180-nm inter-
vals. The stripes extend into the cell in a
direction perpendicular to the contigu-
ous cell membrane. The hair cell mem-
brane often shows puckers correspond-
ing to the positions of the stripes.

Type II hair cells are typically cylin-
drical, lacking a well-defined neck and
calyx (10, 22). Instead, they have affer-
ent and efferent bouton terminals basal-
ly. The striated organelle associated with
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Fig. 2. Type I and type II hair cells having striated elements associated with the plasma
membrane. Both the upper part (A) and the lower part (B, at upper left arrow) of an element in a
type I hair cell lie under a calyx (C). The striated element (B, arrows) in the type II hair cell
terminates where the cell membrane lies close to a calyx. In (A) the single arrowhead (upper
right) points to the attachment of the cuticular plate (CP) to the cell margin; M, mitochondria.
Magnifications: (A) x16,250; (B) x14,500.

the plasma membrane in this type of hair
cell has been observed thus far only in
cross sections of the utricular macula
(Fig. 2B). The saccular macula and am-
pullary cristae have not yet been exam-
ined for its presence. This organelle ap-
pears to be less extensive than its coun-
terpart in the type I hair cell. It originates
eccentrically, apparently from spurs of
electron-opaque material described
above, and approaches the cell mem-
brane to follow it internally (Fig. 2B).
The organelle terminates where a type 11
hair cell lies close to the calyx of a type I
hair cell (Fig. 2B), with an intercellular
cleft only 23 nm wide intervening. The
electron-opaque stripes are oriented al-
most perpendicularly to the cell mem-
brane. They are = 40 nm wide and occur
at 130- to 200-nm intervals.

Two factors appear to be of conse-
quence in preserving the striated organ-
elles of hair cells reported here: rapid
primary fixation with glutaraldehyde,
which cross-links actin molecules and
stabilizes actin against denaturation (23);
and fixation in osmium tetroxide in a
sodium phosphate buffer. The choice of
buffer is apparently critical. Osmium can
fragment actin filaments even after they
have been fixed in glutaraldehyde; but
sodium phosphate buffers inhibit the de-
structive action of the osmium (24). Fur-
thermore, our findings suggest that pro-
longed exposure to glutaraldehyde does
not harm and may even enhance preser-
vation of the striated elements of inner-
ear hair cells. The presence of proteins
that can bind to actin, such as tropomyo-
sin, can also inhibit the destructive ef-
fects of osmium (24). This may account

for the widespread finding of laminated
bodies in hair cells even when optimal
conditions for actin preservation have
not been met. It is also possible that
changes in associated proteins occur un-
der pathological conditions and detri-
mentally stabilize some of the actin.
The striated elements described here

for vestibular hair cells are potentially
contractile and, like contractile rhizo-
plasts (21), might prove to be dependent
on adenosine 5’'-triphosphate and regu-
lated by calcium ions and modulators.
Future research will be required to deter-
mine the role of each element in signal
processing or in transduction in the inner
ear.

MurieL D. Ross

CAROL BOURNE
Department of Anatomy and Cell
Biology, University of Michigan,
Ann Arbor 48109
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Bark Beetle Conversion of a Plant Compound to a

Sex-Specific Inhibitor of Pheromone Attraction

Abstract. Both sexes of the bark beetle Dendroctonus brevicomis convert the (+)
and (—) enantiomers of the tree terpene a-pinene to the corresponding enantiomers
of trans-verbenol at about equal rates. (—)-trans-Verbenol inhibited the response of
females, but not of males, to a mixture of attractive pheromone components. Since
the female initiates the attack on a pine tree, (—)-trans-verbenol may play a role in
reducing intraspecific competition for breeding areas.

Many species of bark beetle have
pheromones that incite individuals to
collect in a mass attack on a tree for the
piirposes of finding mates and locating
stiitable breeding areas; this often results
in the death of the tree. Some species use
an olfactory mechanism to avoid inter-
specific competition for hosts (/-3) as
well as to reduce intraspecific- competi-
tion (4). The Western pine beetle Den-
droctonus brevicomis LeConte is a de-
structive species infesting ponderosa
pine, the predominant forest tree in Cali-
fornia. Male and female beetles are
equally attracted to a mixture of three
pheromone components: exo-brevico-
min, produced by females; frontalin,
produced by males; and myrcene, de-
rived from tree resin (5).

Racemic a-pinene, a major monoter-
pene of the pine tree (6), is apparently
hydroxylated by D. brevicomis females
to form trans-verbenol (7), which accu-
mulates in the hindguts at the beginning
of colonization (2, 8). However, despite
several attempts, no behavioral or eco-
iogical function has been established for
trans-verbenol (9, 10). T have found that
the (=) enantiomer of trans-verbenol
acts to inhibit the attraction of females,
but not of males, to pheromone compo-
nents. Since the female begins the attack
on a tree, this inhibitory response ap-
pears to play a role in regulating the
density of colonization and intraspecific
competition. Renwick et al. (I11) report-
ed that the cohabiting bark beetle Ips
paraconfusus converted the (+) enantio-
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mer of a-pinene to trans-verbenol and
converted the (—) enantiomer to an at-
tractive pheromone component, cis-ver-
benol. In contrast, I found that both
sexes of D. brevicomis use both enantio-
mers of a-pinene to synthesize the corre-
sponding enantiomers of frans-verbenol
(12) and synthesize only trace amounts,
if any, of cis-verbenol.
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Fig. 1. Effect of increasing release rates of
(—)-trans-verbenol on the attraction response
of walking male and female Dendrostonus
brevicomis to a 1:1:1 mixture of pheromone
components exo-brevicomin (> 95 percent),
frontalin (> 95 percent), and myrcene (> 99
percent) (Chemical Samples Company), each
released at 2.2 X 107° g/min (18 October
1976). Points with the same letter were not
significantly different (o = .01, x?). The
brackets represent 95 percent confidence lim-
its for proportions.

Adult D. brevicomis were reared in the
laboratory from the bark of larva-infest-
ed ponderosa pine trees (Sierra National
Forest, California) and were used in ex-
periments shortly after they emerged.
The beetles were exposed for 18 hours to
vapors of either the (+) or (—) enantio-
mer of o-pinene (Aldrich), purified
> 99.8 percent by gas-liquid chromatog-
raphy (GLC). The quantities of trans-
verbenol, verbenone, and myrtenol in
the hindguts were determined by GLC
(13) (Table 1). The amounts of trans-
verbenol produced from each enantio-
mer of a-pinene were similar in males
and females, as were the amounts of
myrtenol (Table 1). Females did not pro-
duce verbenone in detectable levels,
whereas males produced significant
amounts after being held in a jar for 18
hours at room temperature, whether or
not they were exposed to a-pinene va-
pors. A beetle of either sex contained no
more than 0.5 X 1077 g of cis-verbenol
(quantified by GLC) after exposure to
(-)-o-pinene, not significantly different
from the amount in unexposed beetles—
but exposure to (+)-a-pinene resulted in
about S x 1077 g of a compound having
the retention time of cis-verbenol.

Samples of trans-verbenol were col-
lected in ethanol from the gut extracts
(diethyl ether) by condensation on glass
beads from the GLC effluent (/4). The
concentrations were quantified by GLC,
and the optical rotations (= 5 percent)
were obtained with an electrobalancing
polarimeter (Autopol I1I). A comparison
of the specific rotations of the (+)- and
(—)-a-pinene with the specific rotations
of (+)- and (—)-trans-verbenol produced
in males ([a]p?* = +105.2°, —89.5°) and
females ([a]p* = +104.9°, —91.5°) indi-
cated that both sexes converted both
enantiomers, but each only to the corre-
sponding enantiomer of trans-verbenol
(15). The GLC-purified samples of trans-
verbenol were then subjected to analysis
by gas chromatography—mass spectrom-
etry (V.G. Micromass 7070F mass spec-
trometer with computerized data sys-
tem) on a 40-m capillary column (SCOT;
OV101) at 115°C. The trans-verbenol ex-
tracted from males and females had mass
spectra identical to the mass spectrum of
a standard purified > 99.8 percent by
GLC (Glidden Organics) (/6).

Walking beetles were tested with a
laboratory olfactometer for their re-
sponse to a mixture of pheromone com-
ponents containing increasing concentra-
tions of trans-verbenol, [a]p? = —131°
(Glidden Organics) (3). Only the re-
sponse of females to pheromone compo-
nents was inhibited at the highest release
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