THE JOURNAL OF COMPARATIVE NEUROLOGY 463:177-195 (2003)

Ultrastructural Analysis of
[PH]Thymidine-Labeled Cells in the Rat
Utricular Macula

ELIZABETH C. OESTERLE,"** DALE E. CUNNINGHAM,'?
LESNICK E. WESTRUM,?* axo EDWIN W RUBEL'?

!Department of Otolaryngology-Head and Neck Surgery, University of Washington,

Seattle, Washington 98195
2Virginia Merrill Bloedel Hearing Research Center, University of Washington,

Seattle, Washington 98195

*Departments of Neurosurgery and Biological Structure, University of Washington,
Seattle, Washington 98195

ABSTRACT

Ototoxic drugs stimulate cell proliferation in adult rat vestibular sensory epithelia, as
does the infusion of transforming growth factor alpha (TGFa) plus insulin. We sought to
determine whether new hair cells can be regenerated by means of a mitotic pathway.
Previously, studies have shown that the nuclei of some newly generated cells are located in
the lumenal half of the sensory epithelium, suggesting that some may be newly generated
sensory hair cells. The aim of this study was to examine the ultrastructural characteristics of
newly proliferated cells after TGFa stimulation and/or aminoglycoside damage in the utric-
ular sensory epithelium of the adult rat. The cell proliferation marker tritiated-thymidine
was infused, with or without TGFa plus insulin, into the inner ears of normal or
aminoglycoside-damaged rats for 3 or 7 days by means of osmotic pumps. Autoradiographic
techniques and light microscopy were used to identify cells synthesizing DNA. Sections with
labeled cells were re-embedded, processed for transmission electron microscopy, and the
ultrastructural characteristics of the labeled cells were examined. The following five classes
of tritiated-thymidine labeled cells were identified in the sensory epithelium: (1) labeled cells
with synaptic specializations that appeared to be newly generated hair cells, (2) labeled
supporting cells, (3) labeled leukocytes, (4) labeled cells that we have classified as “active
cells” in that they are relatively nondescript but contain massive numbers of polyribosomes,
and (5) labeled degenerating hair cells. These findings suggest that new hair cells can be
generated in situ by means of a mitotic mechanism in the vestibular sensory epithelium of
adult mammals. J. Comp. Neurol. 463:177-195, 2003.  © 2003 Wiley-Liss, Inc.

Indexing terms: hair cell regeneration; vestibular; growth factor; inner ear

Inner ear hair cells are the mechanoreceptors for hear-
ing and balance. Hair cells in the cochlea function in
sound detection, whereas hair cells in the vestibular sen-
sory epithelia detect head movements. Hair cells are vul-
nerable to various agents, including loud sounds, ototoxic
drugs (e.g., aminoglycosides), and aging. In nonmamma-
lian vertebrates, lost hair cells are replaced by means of
renewed mitotic activity of progenitor cells (Corwin and
Cotanche, 1988; Ryals and Rubel, 1988; Balak et al., 1990;
Weisleder and Rubel, 1993; Baird et al., 1996) and/or the
transdifferentiation (nonmitotic conversion) of supporting
cells (Baird et al., 1993, 1996; Roberson et al., 1996; Adler
and Raphael, 1996; Jones and Corwin, 1996). Lost hair
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cells are not replaced in the traumatized mammalian co-
chlea (Sobkowicz et al., 1992; Roberson and Rubel, 1994,
Chardin and Romand, 1995), and it is unclear whether
vestibular hair cells are normally replaced in rodents after
damage.

Immature appearing stereociliary bundles are seen in
the normal undamaged vestibular sensory epithelia of
mature guinea pig and bats (Forge et al., 1993, 1998;
Rubel et al., 1995; Lambert et al., 1997; Kirkegaard and
Jgrgensen, 2000, 2001), suggesting the de novo formation
of vestibular hair cells in adult mammals. The origin of
the immature bundles is controversial, as they could re-
flect the existence of newly generated hair cells, repair of
native bundleless hair cells, or fluctuations in bundle
structure (Sobkowicz et al., 1996, 1997; Zheng et al., 1999;
Baird et al., 2000; Gale et al., 2000). New hair cell produc-
tion in mature mammalian vestibular sensory epithelia is
also debated. In animals recovering from drug insult, ini-
tial decreases in stereocilia and hair cell density in the in
vivo chinchilla ampullae and guinea pig otolithic organs
are followed by significant recovery (Lopez et al., 1997;
Forge et al., 1998). However, the mechanisms of this re-
covery remain to be determined. They could arise by direct
transdifferentiation of support cells (where hair cells arise
directly from support cells without an intervening mitotic
event; Li and Forge, 1997; Steyger et al., 1997; Forge et
al., 1998), by dedifferentiation and recovery (Sobkowicz et
al., 1996, 1997; Baird et al., 2000), or by regenerative
proliferation from precursor cells. Damaged mammalian
vestibular sensory epithelia show limited cell division af-
ter insult both in vitro (Warchol et al., 1993; Lambert,
1994; Zheng et al., 1997; Zheng and Gao, 1997) and in vivo
(Rubel et al., 1995; Tanyeri et al., 1995; Li and Forge,
1997; Kuntz and Oesterle, 1998; Lopez et al., 1998; Ogata
et al., 1999). The absence of labeled hair cells in drug-
damaged guinea pig utricle continuously infused with a
cell proliferation marker, or in gerbils given daily injec-
tions of bromodeoxyuridine (BrdU) after ototoxic damage,
has led to concerns about whether proliferating sensory
epithelial cells have the potential to generate new vestib-
ular hair cells (Rubel et al., 1995; Ogata et al., 1999). On
the other hand, in vivo data in drug-damaged rats, gerbils,
and chinchilla demonstrate the presence of a small num-
ber of new cells (by mitotic activity) in lumenal regions of
the vestibular sensory epithelium (SE) (Tanyeri et al.,
1995; Kuntz and Oesterle, 1998; Ogata et al., 1999), a
region typically occupied by hair cells. Yet, the location of
the nucleus is not a reliable phenotypic indicator for cell
type in damaged epithelia due to the disorganization of
the tissue and migration of precursor cell nuclei to lumenal
portions of the epithelium (Raphael, 1992; Katayama and
Corwin, 1993; Tsue et al., 1994) and potential presence of
proliferating leukocytes in the SE (Roberson and Rubel,
1994; Warchol, 1997; Bhave et al., 1998; Vago et al., 1998).

In our previous work (Kuntz and Oesterle, 1998), we
showed that (1) infusion of transforming growth factor
alpha (TGFa) plus insulin into the in vivo rat ear stimu-
lates cell proliferation in the mature vestibular SE, (2)
gentamicin alone also stimulates some cell proliferation in
situ in this preparation, and (3) the nuclei of some newly
generated cells are located in the lumenal half of the SE.
Our goal in the present study was to determine the cell
types represented by the newly generated cells that ended
up in the lumenal region after ototoxic-induced damage or
TGFa plus insulin infusion. In particular, we sought to
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determine whether some newly generated cells, whose
nuclei are located in the lumenal portion of the SE, be-
come hair cells based on ultrastructural criteria. We iden-
tified tritiated [*H]thymidine-labeled cells by light micros-
copy, re-embedded the sections, and examined the same
cells by transmission electron microscopy (TEM). By using
ultrastructural characteristics, we identified five classes
of [*H]thymidine-labeled cells in the utricular SE: (1) la-
beled cells with immature, primordial synaptic specializa-
tions that appeared to be newly generated hair cells, (2)
labeled supporting cells, (3) labeled leukocytes, (4) labeled
cells that we classified as “active cells” in that they are
relatively nondescript but contain massive numbers of
polyribosomes, and (5) labeled degenerating hair cells.
Preliminary accounts of portions of these data have ap-
peared in abstract form (Oesterle et al., 2000).

MATERIALS AND METHODS
Animals

Adult male Sprague-Dawley rats (200—300 g, B&K Uni-
versal, Edmonds, WA) were implanted with mini-osmotic
pumps. Experimental methods and animal care proce-
dures were approved by the Institutional Animal Care and
Use Committee (IACUC) at the University of Washington.

Growth factors

TGFa (Collaborative Biomedical Products, Bedford,
MA, catalog no. 40054) was reconstituted in aqueous tri-
tiated [*H]thymidine (1 mCi/ml; 80—86 Ci/mmol; New En-
gland Nuclear Research Products, Wilmington, DE). Insu-
lin (Sigma, St. Louis, MO, catalog no. 1-1882) was
reconstituted in sterile water.

Mini-osmotic pump and infusion
cannula units

ALZET brain infusion kits (ALZA Corp., Palo Alto, CA)
were modified for cochlear infusion. Each cannula and
catheter was filled with test solution and connected to the
mini-osmotic pump. Mini-osmotic pumps continuously de-
livered 1.0 pl of solution/hour for 3 (model 1003D) or 7
days (model 2001).

Surgical procedure for minipump
implantation

Surgical procedures described in Rubel et al. (1995) and
modified by Kuntz and Oesterle (1998) were used. Ani-
mals were anesthetized with intraperitoneal injections of
ketamine (33 mg/kg; Aveco, Fort Dodge, IA) and xylazine
(5 mg/kg; Mobay, Shawnee, KS). By using aseptic tech-
nique, the bulla was opened and a fistula was made in the
basal turn of the cochlea to gain access to the scala ves-
tibuli. The cannula tip was inserted into the hole, and
Vetbond (3M Animal Care Products, St. Paul, MN) se-
cured the cannula to the cochlea and the bulla. The cath-
eter was tunneled under muscle and connected with the
mini-osmotic pump, which was implanted in a pocket un-
der the skin on the animal’s back.

Experimental groups

Normal, undamaged animals. Tritiated-thymidine,
which labels nuclei of cells passing through the S phase
(DNA synthesis) of the cell cycle, was used to identify
dividing cells. Tritiated-thymidine and TGFa (5 pg) plus
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insulin (100 pg) were continuously infused by means of a
mini-osmotic pump cannula system (ALZA Corp.) into
normal rat ears for 3 (n = 9) or 7 (n = 7) days. On day 4
or 10 after pump implantation, the infused ears were fixed
by intralabyrinthine perfusion with 3.5% glutaraldehyde
in 0.1 M sodium-phosphate buffer. One ear of control
animals (n = 12) was infused with [*H]thymidine alone for
the same periods of time.

Drug-damaged animals. To damage vestibular hair
cells, gentamicin sulfate (0.1 mg; Elkins Sinn, Philadel-
phia, PA) was placed into the catheters leading from the
pump to the inner ear and infused immediately before a
3-day infusion of [*H]thymidine alone (n = 5) or [*H]thy-
midine with TGFa (5 pg) plus insulin (100 pg; n = 5).
Animals were killed on day 4 after pump placement, and
the ears were fixed with 3.5% glutaraldehyde in 0.1M
sodium-phosphate buffer.

Histologic and autoradiographic processing

Four or 10 days after osmotic pump insertion, animals
were deeply anesthetized with ketamine and xylazine and
the pump-cannula units were removed and examined. An-
imals were excluded from the study (and not included in
any of the n’s stated above) if there was evidence of infec-
tion, pump malfunction (catheter or cannula occlusion,
pump disconnection from catheter), or dislodged cannula
tip. Animals were killed with an intracardiac injection of
sodium pentobarbital, and the oval windows were opened.
Vestibular end organs were perfused with 3.5% glutaral-
dehyde in 0.1 M sodium-potassium phosphate buffer (pH
7.4), and temporal bones were immersed in cold fixative
overnight. Utricles were dissected free and post-fixed in
1% 0OsO, in the same buffer for 30 minutes at room tem-
perature. The tissues were dehydrated in a graded ethanol
series and embedded in Spurr’s epoxy resin (Polysciences,
Warrington, PA). Serial semithin sections were cut at a
thickness of 3 wm through each organ, mounted onto acid-
washed, chrome-alum—subbed slides, and dipped in a 50%
aqueous solution of nuclear track emulsion (Kodak NTB-
2). Emulsion-coated slides were stored at 4°C for 3 to 5
days in light-tight boxes. Slides were developed in Kodak
D-19 and counterstained with 0.01% toluidine blue before
cover-slipping with DPX mounting medium.

Each utricle produced roughly 200 (3 pm) serial trans-
verse sections through the SE. By using standard light
microscopy, each section was examined for the presence
of [*Hlthymidine-labeled nuclei in the SE. The
[*H]thymidine-labeled cells were identified by the pres-
ence of five or more silver grains overlying the cell nu-
cleus. Their numbers and locations were reported in
Kuntz and Oesterle (1998).

Preparation of sections for transmission
electron microscopy

Labeled cells in the SE were photographed, and the
light photomicrographs were subsequently used to iden-
tify them at the TEM level. The thick (3 wm) sections were
then re-embedded for TEM by using the method of King et
al. (1982) and Presson et al. (1996). Beem capsules filled
with unpolymerized epoxy resin Embed 812 (Electron Mi-
croscopy Sciences, F't. Washington, PA) were inverted over
the section and partly polymerized at 75°C. The capsule
was then popped off the slide, with the section laying flat
on the bottom surface of the partly polymerized block.
After further polymerization, ultrathin (90 nm) sections
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were made and mounted on carbon-stabilized, Formvar-
coated slotted grids. Sections were stained with uranyl
acetate and lead citrate, and viewed on a JEOL 1200 EX
transmission electron microscope. The labeled cells were
identified with the aid of light photomicrographs taken
previously. The location, size, and shape of neighboring
structures allowed for reliable identification of the labeled
cell.

With this method, a portion of a labeled cell (3 pm) can
be serially sectioned for TEM. Unfortunately, technical
limitations of the method prevent serial sectioning of the
entire cell. Labeled cells are thicker than 3 wum and en-
compassed by two or more serial thick sections. Because of
the positions of the sections on the slide, adjacent sections
could not always be popped off. In addition, sections could
only be popped off the same glass slide three times before
remaining sections became too hardened to be removed
(glass slides break before section can be removed).

RESULTS
Structure of the sensory epithelium

The rat vestibular SE contains supporting cells (SCs),
nerve fibers, terminals, and sensory hair cells (HCs). Two
types of HCs are present: Type I HCs are flask-shaped and
enclosed in a nerve calyx, whereas type II HCs are cylin-
drical and have multiple bouton-type nerve endings. The
nuclei of both HC types lie in the lumenal two thirds of the
SE, and stereocilia rise from HC lumenal surfaces. Sup-
porting cell nuclei are positioned close to the basal lamina,
and the basal portions of the SCs abut the basement
membrane. Supporting cells, in contrast to HCs, span the
entire distance of the epithelium. Microvilli rise from SC
lumenal surfaces, and SC cytoplasm is filled with numer-
ous membrane-bound granules. The SCs possess a reticu-
lar membrane (Engstréom, 1961), a dark band below the
apical surface (Fig. 1) thought to consist of densely packed
actin filaments (Takumida et al., 1995). Pump implanta-
tion and infusion of tritiated-thymidine into the basal turn
of the rat cochlea does not disrupt the normal cytoarchi-
tecture of the utricular macula, and the macula does not
demonstrate evidence of morphologic damage (Kuntz and
Oesterle, 1998; Fig. 1).

Labeled sensory epithelial cells are absent
in undamaged (control) animals

Tritiated-thymidine-labeled SE cells are virtually ab-
sent in the utricular maculae of the normal undamaged
control animals, indicating an absence of ongoing cell pro-
liferation (Table 1, Fig. 1). In a total of 12 animals (where
all serially sectioned semi-thin (3-pm) sections of the
utricular maculae were examined for each utricle), only
one labeled nucleus was seen in the SE. Hence, labeled
cells were not available for ultrastructural analysis at the
TEM level.

Drug-induced lesion

To damage HCs, 0.1 mg of gentamicin sulfate was
placed into the catheter, and the 3-day osmotic pump was
filled with [*H]thymidine or TGFa (5 pg) plus insulin (100
ug) in [*Hlthymidine. In previous work (Kuntz and Oes-
terle, 1998), we described and quantified the amount of
gentamicin-induced damage to the utricular macula. HCs
are damaged, as evidenced by nuclear pyknosis, cytoplas-



Fig. 1. Vestibular sensory epithelium (utricular macula) from a
normal undamaged (control) adult rat. The rat was infused with
[*H]thymidine for 3 days and killed 1 day later, on day 4 after pump
placement. Hair cells and supporting cells do not demonstrate evi-
dence of damage from the osmotic pump implantation. Note the ab-

mic extrusion, vacuolization, and stereociliary fusion ap-
parent in many HCs. Other signs of sensory epithelial
damage include a marked disruption of nuclear layers.
Nuclei are scattered throughout the SE instead of being
arranged in their normal discrete layers. Numbers of py-
knotic nuclei are significantly greater (P < 0.01) in drug-
damaged tissue (mean = 7.1 X 10~° pyknotic nuclei/pm?,
SE = 1.4 X 107° SEM) than in normal control tissue
(mean = 1.6 X 10~ ° pyknotic nuclei/um?, SE = 1.4 X 10~°
SEM).

Labeled sensory epithelial cells are present
in experimental animals

Table 1 summarizes the mean number of [*H]thymidine-
labeled cells seen at the light microscope level in the
utricular maculae of normal and gentamicin-damaged an-
imals infused with either [*H]thymidine or [*H]thymidine
with TGFa (5 pg) plus 100 pg insulin. The light micro-
scope findings are reported in depth in Kuntz and Oesterle
(1998). In the present study, 43 of these cells (taken from
10 animals) were examined with TEM to determine the
ultrastructural properties of the labeled cells and to iden-
tify cell phenotype. Tritiated-thymidine—labeled cells lo-
cated throughout the SE were analyzed; labeled cells lo-
cated among HC nuclei in the lumenal two thirds of the
SE were studied, as were labeled cells located in the basal
third of the epithelium among SC nuclei. Because a major
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sence of [*H]thymidine-labeled cells in the sensory epithelium. HCL,
hair cell nuclear layer; SCL support cell nuclear layer; BM, basement
membrane; O, otoconia; R, reticular membrane; S, stroma. Scale
bar = 20 pm.

question was whether labeled HCs could be unequivocally
found, we intentionally biased our sample of cells toward
those with nuclei in the lumenal two thirds of the SE. In
total, 20 of the 43 cells that were examined had their
nuclei in the lumenal two thirds of the epithelium. We
have identified five classes of [*H]thymidine-labeled cells
(presumptive HCs, SCs, leukocytes, nondescript or “ac-
tive” cells, and degenerating HCs), and they are described
below.

Labeled presumptive hair cells
(synaptic specializations)

Labeled cells with synaptic specializations are rare; 2
were detected among the 43 labeled cells examined. Both
of these cells were found in animals infused with genta-
micin before a 3-day infusion with TGFa plus insulin and
[®*H]thymidine. The labeled cells with synaptic specializa-
tions were located in the lumenal half of the SE. Figures 2
and 3 show a labeled cell with several primordial synaptic
contacts with neural processes. Light photomicrographs of
the labeled cell are shown in Figure 2a,b; a low magnifi-
cation TEM of the labeled cell profile is shown in Figure
2c¢. Higher magnification TEMs illustrating three regions
of the labeled cell with synaptic specializations with nerve
fibers are shown in Figure 3. The lumenal surface of the
cell was not present in the sections. Each synaptic region
contains one or a few, but not all, of the features of a true
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TABLE 1. Effect of TGFa Plus Insulin on Cell Proliferation in Rat
Utricular Maculae on Normal and Gentamicin-Damaged Animals!

Number labeled cells
per utricular macula

Paradigm Addition(s) n (mean * SEM)
Normal 3d infusion [PH]thymidine 8
SC 0.0 = 0.0
HC 0.0 = 0.0
Total 0.0 =0.0
[*Hlthymidine 9
+ 5 ug TGFa
+ 100 pg Insulin
SC 4.0 = 0.8%*
HC 02=*0.1
Total 4.2 = 0.8%*
Gentamicin-damaged [*H]thymidine 5
3d infusion SC 16.9 = 7.9*%
HC 5.3 = 2.8*
Total 22.3 + 9.3*
[*H]thymidine 5
+ 5 pg TGFa
+ 100 pg insulin
SC 30.4 + 12.8%
HC 70x55
Total 37.2 + 18.0%
Normal 7d infusion [3H] thymidine 4
sc 0.1+0.1
HC 0.0 = 0.0
Total 0.1x0.1
[PH]thymidine 7
+ 5 pg TGFa +
+ 100 pg Insulin
SC 14.1 = 3.7
HC 28+09
Total 17.2 = 4.1*

*P = 0.05 vs. control.

#*P < (.01 vs. control.

1SC, supporting cell layer; HC, hair cell layer; 3d infusion, test agent(s) infused for 3
days and animal was killed 1 day later, 4 days after pump implantation; 7d infusion,
test agent(s) infused for 7 days and animal was killed 3 days later, 10 days after pump
implantation.

Fig. 2. Labeled cell with immature, primordial synaptic special-
izations with nerve fibers. a: Light photomicrograph taken from a
gentamicin-damaged rat ear that was infused with [*H]thymidine and
5 ug TGFa plus 100 pg insulin for 3 days and fixed 4 days after pump
implantation. A labeled cell (arrow), a putative developing hair cell, is
located in the lumenal half of the sensory epithelium. The focus is on
the silver grains. b: Light photomicrograph of the labeled cell (arrow)
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mature synapse. Hence, they are classified as primitive or
primordial synapses (Newman-Gage and Westrum, 1984;
Kunkel et al., 1987; Vaughn, 1989; Sobkowicz, 1992). The
synaptic region indicated by the open arrow in Figure 3a
is shown at a higher magnification in Figure 3b. A coated
“pit” (62 nm in diameter; Fig. 3b, arrowhead) is fused with
the presynaptic membrane or opening into the synaptic
cleft. Several granulated (dense-cored) vesicles are
nearby, and a variety of differently sized irregularly
shaped vesicles and smooth endoplasmic reticulum are
present. There are no obvious pre- or postsynaptic mem-
brane specializations or thickenings, although the mem-
brane segment on the soma appears dense. There also
appears to be a “synaptic cleft” with parallel apposing
membranes and amorphous synaptic cleft material. A dif-
ferent synaptic region on the same labeled cell is indicated
by the arrowhead in Figure 3a, and a higher magnification
of this region is shown in Figure 3c. A neural terminal
(probably an efferent terminal) contains numerous synap-
tic vesicles and a collection of larger vacuolar structures
suggestive of a growing neural process. This profile ap-
pears to form a contact with the labeled cell at a mem-
brane specialization (arrowhead) with an obvious synaptic
cleft adjacent to synaptic vesicles (sv). A third synaptic
region on the labeled cell is indicated by the arrow in
Figure 3a, and it is shown at a higher magnification in
Figure 3d. A thin neural process with vacuoles (v) and a
coated vesicle (cv) is directly apposed to the labeled cell
with a dense membrane specialization (arrowhead). A
nearby profile is contacted at a synaptic specialization
(arrow) by a thin process containing vacuoles, coated ves-
icles, and a presynaptic density (d).

Gap junctions and other ultrastructural features char-
acteristic of SCs (e.g., numerous membrane-bound gran-
ules) were not observed in these labeled cells which re-

with the focus on the cell nucleus. ¢: Low magnification electron
micrograph of the labeled cell (arrow) profile. Hair cell nuclei and the
nuclei of the labeled cell display heterochromatin (clumping of dense
nuclear chromatin at the periphery), whereas the supporting cell
nuclei are euchromatic (i.e., homogenously granular with prominent
nucleoli). Scale bars =10 pm in a,b, 5 pm in c.
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Fig. 3. Higher magnification of the primordial synaptic specializa-
tions on the labeled cell shown in Figure 2. a: Numerous neural
elements abut the labeled cell. Regions with primordial neural syn-
apses are indicated by the open arrow, arrowhead, and arrow, and
they are shown at higher magnifications in parts b, ¢, and d, respec-
tively. b: Higher magnification of the region indicated by the open
arrow in part a in an adjacent thin section. A coated vesicle (cv,
arrowhead) fused with the membrane of a presumed efferent fiber
juxtaposed to the labeled cell (LC). Several granulated (dense-cored)
vesicles (gv) and possible synaptic vesicles (sv) of various shapes are
present in the presynaptic element. The fused vesicle is opening into
a possible synaptic cleft at which the opposing membranes have

ceive neural contacts with primordial specializations.
This, combined with the general dogma that SCs in mam-
malian vestibular epithelia do not receive innervation,
lead us to speculate that this cell is a newly generated HC

parallel appositions with a suggestive increased density. ¢: Higher
magnification of the region in part a indicated by the arrowhead.
Synaptic vesicles (sv, 40-46 nm in diameter) as well as smooth
reticulum are clustered in several sites in the neural process, a pre-
sumed efferent fiber, contacting (arrowhead) the labeled cell (LC). v,
vesicles or vacuoles. d: Higher magnification of the region in part a
indicated by the arrow. A membrane specialization (arrowhead) is
present on the labeled cell (LC) abutting a presumed nerve fiber. A
coated vesicle (cv) can be seen near the contact. A second asymmetric
membrane specialization (arrow) is also apparent in a neural element
in contact with a second neighboring neural element. d, presynaptic
dense projection; v, vacuole. Scale bars = 2 pm in a, 200 nm in b—d.

with developing synaptic specializations (with efferent
and possibly afferent fibers).

The second labeled cell detected with synaptic special-
izations has more mature specializations; it has clearly
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Fig. 4. Labeled cell showing synaptic specializations with afferent
and efferent terminals. a: Light photomicrograph taken from a
gentamicin-damaged rat ear that was infused with [°*H]thymidine and
5 pg TGFa plus 100 pg insulin for 3 days and fixed 4 days after pump
implantation. A clearly labeled cell (arrow) is located in the lumenal
half of the sensory epithelium. The focus is on the silver grains.

identifiable presynaptic bodies opposed to afferent termi-
nals. A light photomicrograph of this cell is shown in
Figure 4a, and higher magnification electron micrographs
of three synaptic regions are shown in Figure 5. The
lumenal region of the labeled cell is not present in the
sections. In the cell’s basal region, presynaptic vesicles
encircle a synaptic body (Fig. 5¢c, black arrow). A distinct
postsynaptic specialization (Fig. 5¢, open arrow) is obvious
in the presumed afferent terminal (AN). Efferent termi-
nals make contact with the labeled cell as shown in Figure
5c. A postsynaptic cistern of smooth endoplasmic reticu-
lum can be seen in the labeled cell at the apposition of the
efferent terminal (arrowhead). The cytoplasm of the la-
beled cell is electron lucent like that of nearby unlabeled
HCs and lighter than that of adjacent unlabeled SCs (Figs.
4b, 5a). Similar to the other labeled HC, gap junctions
were not observed, and numerous membrane-bound gran-
ules, a characteristic feature of SCs, were not detected in
the cytoplasm. Hence, this cell is thought to be a labeled
HC in synaptic contact with afferent and efferent termi-
nals.

Ultrastructural characteristics of the labeled HC were
carefully examined to assess whether the cell appeared to
be dying or damaged. Ultrastructural features character-
istic of dying cells are not seen in this cell. Minimal mito-
chondrial swelling is present, and lysosomes are ex-
tremely rare. The cell is not swollen, and the nucleus has
a normal appearance without the presence of nuclear
membrane breakdown or marked nuclear chromatin
“clumping.” The rough endoplasmic reticulum and ribo-

b: Section shown in part a processed for transmission electron micros-
copy. The arrow points to the labeled cell of part a, a labeled hair cell.
The cytoplasm of the labeled cell is electron lucent like that of nearby
unlabeled hair cells (arrowhead) and lighter than that of adjacent
unlabeled supporting cells. Scale bars = 10 pm in a, 5 pm in b.

somes are intact, and there is no detectable evidence of
ribosomal lysis. The absence of characteristic features of
degenerating cells suggests that this labeled cell is newly
generated, not a damaged HC that has re-entered the cell
cycle.

Labeled supporting cells

Eleven labeled cells could be classified as sensory epi-
thelial supporting cells on the basis of their ultrastruc-
tural characteristics. The labeled SCs were found in ani-
mals infused with TGFa plus insulin and [*H]thymidine
for 7 days and fixed on day 10. Of interest, the majority
(73%) of the labeled SCs had nuclei located in the middle
(n = 5) or upper (lumenal) half of the SE (n = 3). Three of
the 11 labeled SCs (27%) had nuclei located in the lower
(basal) half of the SE, the region where SC nuclei are
typically located. An example of a labeled SC is shown in
Figure 6. The nucleus of this labeled cell is located in the
lower half of the SE (Fig. 6a,b). The nucleus is rectangular
and has a prominent nucleolus in addition to aggregates of
nuclear chromatin (“heterochromatic”) suggestive of an
inactive/resting nucleus. The labeled SC in Figure 6 looks
different than the surrounding unlabeled SCs, as its cyto-
plasm is more electron dense. A higher magnification of
the labeled cell is shown in Figure 6¢, and the asterisks
indicate some of the numerous membrane-bound granules
ringed by ribosomes characteristically found in the SC
cytoplasm. These granules are moderately electron-dense
with fine granular elements. Numerous microvilli rise
from the apical surface of the labeled SCs (Fig. 6b), and a



Fig. 5. Higher magnification of synaptic specializations on the
labeled cell shown in Figure 4. a: Numerous neural elements abut the
labeled cell (LC). The arrowhead and arrow point to regions of the
labeled cell with synaptic specializations. b: Higher magnification of
the region indicated by the arrowhead in part a. A membrane density
(arrow) can be seen on a presumed afferent neural element (AN) at a
contact with the labeled cell (LC). e: Higher magnification of the
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region indicated by the arrow in part a. Note the round synaptic body
(black arrow) in the labeled cell (LC) opposite an afferent nerve (AN)
terminal and the membrane thickenings (open arrow) of the synaptic
membranes. A presumed efferent terminal (EN) also apposes the
labeled cell, adjacent to subsurface cisternae (arrowhead) in the la-
beled cell. Scale bars = 2 um in a, 250 nm in b, 200 nm in c.



Fig. 6. A labeled supporting cell in the rat vestibular sensory
epithelium (SE). Section from a normal rat utricle continuously in-
fused with transforming growth factor alpha plus insulin and [*H]thy-
midine for 7 days and fixed 10 days after pump implantation. a: Light
photomicrograph of a thick section with a [*H]thymidine-labeled nu-
cleus (arrow) in the SE. b: Section shown in part a processed for
transmission electron microscopy. The arrow points to the labeled cell

in part a, a labeled supporting cell. Note the lumenal microvilli.
c: Higher magnification of the region indicated by the arrow in part b,
showing some of the numerous membrane-bound granules ringed by
ribosomes (e.g., asterisks) in the labeled supporting cell. d: Higher
magnification of the apical region of the labeled cell (LC). Note the
dark staining granular substance (arrow). Scale bars = 10 um in a, 5
pm in b, 250 nm in ¢, 500 nm in d.
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Fig. 7. Labeled leukocytes in the rat vestibular epithelium. An
ultrathin section from a normal rat utricle that was continuously
infused with [*H]thymidine and transforming growth factor alpha
plus insulin for 7 days and fixed 10 days after pump implantation. A

dark staining, granular substance often forms a filament
band near the apex of the cell (Fig. 6d, arrow). Longitudi-
nal bundles of microtubules (2—15) were sometimes seen
in the labeled SCs (not shown). Labeled SCs often inter-
digitated extensively with unlabeled SC neighbors.

Labeled leukocytes

Both unlabeled and [*H]lthymidine-labeled leukocytes
(n = 6) were seen in the utricular maculae of the pump-
implanted rats. Five of the six labeled leukocytes were
observed in gentamicin-damaged animals, and one was
seen in an undamaged, growth factor—supplemented ani-
mal. Based on ultrastructural characteristics, a variety of
leukocyte subtypes were observed, including lymphocytes,
macrophages, and neutrophils. A [*H]thymidine-labeled
macrophage is shown in Figure 7 (arrow). The macro-
phage is 14 pms in diameter with an irregularly shaped
nucleus and numerous finger-like processes extending
from the surface of the cell, indicating a high surface
activity. Dense bodies of varying size and internal struc-
ture are conspicuous components of the cytoplasm. Some
of these bodies appear to be primary lysosomes, phago-
somes, and secondary lysosomes (phagolysosomes) with
diverse internal structure where phagocytosed particles
are digested.

An unlabeled neutrophil (8 pms in diameter) abuts the
labeled macrophage. In this ultrathin section, the three
lobes of the lobulated nucleus of the neutrophil appear as
individual segments. The chromatin has a dense struc-
ture, and large clumps of the condensed chromatin adhere
to the nuclear membrane. Numerous granules, ovoid or
elongated in shape, are present in the cytoplasm that
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macrophage (arrow) with extensive inclusions and a neutrophil (ar-
rowhead) with a lobulated nucleus (Nu) are located in the sensory
epithelium near the basement membrane (BM). The macrophage was
labeled with [PH]thymidine (not shown). Scale bar = 2 um.

otherwise contains few cell organelles. A moderately
electron-opaque, amorphous background material is
present. An example of a [*H]thymidine-labeled lympho-
cyte (7 pms in diameter) is shown in Figure 8. Light
photomicrographs and a low-magnification electron micro-
graph of the labeled cell are shown in Figure 8a,b, and c,
respectively. A higher magnification electron micrograph
of the labeled lymphocyte is shown in Figure 8e. The
nucleus of the labeled cell is oval and contains a promi-
nent nucleolus. A narrow rim of cytoplasm surrounds the
nucleus with numerous ribosomes in the cytoplasm.

Labeled nondescript cells

Approximately half (561%, n = 22) of the labeled cells
examined were relatively nondescript cells, except that
they contain massive numbers of ribosomes. They did not
contain ultrastructural features characteristic of HCs or
mature SCs. We have termed these cells “active cells,” on
the basis of the massive numbers of polyribosomes that
suggest that they are metabolically active. However, their
nuclei are heterochromatic, suggesting nonactive states.
Tritiated-thymidine-labeled active cells were seen in nor-
mal animals infused with TGFa plus insulin, drug-
damaged animals not infused with growth factor, and
drug-damaged animals infused with TGFa plus insulin.
The active cells range between 5 and 15 pms in diameter
(average diameter = 9 pms = 3 pms SD) and tend to be
located near the basement membrane (91%, n = 20; e.g.,
Fig. 9; one contacted the basement membrane directly),
but two were detected in the lumenal portion of the epi-
thelium (e.g., Fig. 8a—d). Active cells typically have a
cytoplasmic density similar to that of neighboring SCs
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Fig. 8. A [PHlthymidine-labeled lymphocyte and a labeled nonde-
script cell we have termed an “active cell.” a,b: Light photomicro-
graphs from a gentamicin-damaged rat utricle that was continuously
infused with [PH]thymidine and transforming growth factor alpha
plus insulin for 3 days and fixed 4 days after pump implantation. Note
the presence of a labeled lymphocyte (arrowheads) located near the
basement membrane and a labeled active cell in the lumenal half of
the sensory epithelium (arrows). The plane of focus in parts a,b is on
the silver grains and on the nuclei, respectively. L, lumen. ¢: Section
shown in parts a,b processed for transmission electron microscopy.

The arrow points to the lumenally located labeled cell of parts a,b, and
the arrowhead points to the basally located labeled cell. BM, base-
ment membrane. d: Higher magnification of the labeled active cell in
a thin section adjacent to that shown in part c. Active cells are
nondescript, except that they contain massive numbers of polyribo-
somes. Note the numerous polyribosomes. e: Higher magnification of
the labeled lymphocyte in a thin section adjacent to that shown in part
c. Note the electron lucent cytoplasm of the cell, the numerous polyri-
bosomes (e.g., arrowhead), and the scarcity of other organelles. Scale
bars = 20 pm in a,b, 10 pminc, 2 pmind, 1 pm in e.
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Fig.9. An “active cell” labeled with [*H]thymidine located near the
basement membrane. a: Light photomicrograph from a gentamicin-
damaged rat utricle that was continuously infused with [*H]thymi-
dine for 3 days and fixed 4 days after pump implantation. Note the
[*H]thymidine-labeled nucleus (arrow) located near the basement
membrane. b: Section shown in part a processed for transmission

(Figs. 8c,d, 9). Active cells have numerous small filopodia
and occasional dense inclusions (e.g., Fig. 9¢ arrowhead).
Microtubule fascicles have been observed in some active
cells. Membrane contacts between active cells and adja-
cent unlabeled cells consist of increases in membrane den-
sity with parallel alignment of the membranes, and an
occasional desmosomal-like contact has been seen. Gap
junctions have not been observed between active cells and
neighboring cells. Neural contacts with active cells have
not been observed, even though neural processes can be in
close proximity.

Labeled degenerating cells

Two degenerating cells labeled with [*H]thymidine
were detected in the gentamicin-damaged ears (Figs. 10,
11). These cells were located in the lumenal portion of the
epithelium among the HCs. One of the labeled cells ap-
peared to be a degenerating HC (Fig. 10) because of the
apparent neural contacts and lumenal location of the nu-
cleus. The nucleus of the labeled HC is irregular, multi-
lobed, and relatively electron lucent. Condensed chroma-
tin is apparent around the nuclear periphery. Primary
and secondary lysosomes are present in the cytoplasm
(Fig. 10d) Polyribosomes can be seen in the cytoplasm, and
ribosomes are present on the rough endoplasmic reticu-
lum. Several neural elements are juxtaposed to the la-
beled cell; two of these are shown at a higher magnifica-
tion in Figure 10c.

A [®Hlthymidine-labeled cell that has progressed far-
ther along the degenerative pathway is shown in Figure
11. The dying cell contains a small amount of dark cyto-
plasm, and the nucleus is electron dense. The nucleus to
cytoplasm ratio of the cell is high. The darkness of the
cytoplasm makes the details of the intracellular structure
indiscernible. Consequently, cell type cannot be deter-

electron microscopy. Arrow points to the labeled cell in part a, a
labeled active cell. BM, basement membrane. ¢: Higher magnification
of the labeled active cell (LC) in parts a,b. Note the numerous polyri-
bosomes. Active cells also have numerous small filopodia (not shown)
and occasional dense inclusions (arrowhead). Scale bars = 10 pm in a,
5 pm in b, 2 pm in c.

mined. However, the lumenal location of the dying cell
suggests it is a dying HC.

DISCUSSION

The findings reported here suggest that (1) new vestib-
ular hair cells may be produced by means of a mitotic
pathway in the in situ adult rat inner ear, (2) gentamicin
and/or TGFa plus insulin infusion stimulates the produc-
tion of new sensory epithelial cells, (3) a variety of leuko-
cyte subtypes can be present within adult rat vestibular
epithelium and, (4) some leukocytes within the epithelium
may proliferate. Data are also consistent with the idea
that, upon damage, hair cells may attempt to re-enter the
cell cycle, and this then triggers entrance into a cell death
pathway and hair cell death.

Production of new hair cells in mature
mammalian vestibular SE

Regenerated HCs in the avian auditory SE, the basilar
papilla (homologue to the mammalian organ of Corti), are
known to receive new afferent and efferent neural con-
tacts with all of the normal synaptic specializations
(Duckert and Rubel, 1990, 1993; Ryals et al., 1992; Ryals
and Westbrook, 1994; Westrum et al., 1999). After genta-
micin insult to the basilar papilla, nerve fibers remain in
the position they occupied before the gentamicin damage,
but the terminals either die back (afferents) or linger near
the lumen (efferents). Efferent fibers and their terminals
remain within the SE in areas of HC loss, although their
morphologic appearance is greatly altered (Ofsie et al.,
1997). Reinnervation of the regenerating HCs is thought
to require the “sprouting” of new nerve terminals from the
existing fibers to form connections with the differentiating
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Fig. 10. A degenerating hair cell labeled with [*H]thymidine. e: Higher magnification of the labeled cell (LC) showing two juxta-
a: Light photomicrograph from a gentamicin-damaged ear that was  posed neural elements (N). The lower neural element has synaptic
infused with [*H]thymidine for 3 days and fixed on day 4. b: Section  vesicles. d: Higher magnification of the region with lysosomes indi-
shown in part a processed for transmission electron microscopy. The cated by the arrowhead in part b. The arrowhead points to one of
arrow points to the labeled cell shown in part a, a labeled hair cell that ~ several lysosomes present in the labeled cell. Nu, nucleus. Scale
is degenerating. The arrowhead points to a region with lysosomes. bars = 20 pm in a, 5 pm in b, 500 nm in c,d.
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Fig. 11. A dying cell labeled with [*H]thymidine. a: Light photomi-
crograph from a gentamicin-damaged ear that was infused with
[*Hlthymidine for 3 days and fixed on day 4. Note the labeled cell
(arrow) in the lumenal portion of the sensory epithelium. b: Section

sensory cells (Ofsie et al., 1997). Analogous studies remain
to be conducted in regenerating avian vestibular sensory
epithelia. Hence, little is known regarding the details of
the reinnervation process of drug-damaged vestibular sen-
sory epithelia.

Descriptions of the fine structure of afferent and effer-
ent synapses on vestibular HCs in developing and adult
rodents have been provided by several investigators (e.g.,
Wersill. 1956; Engstrom et al., 1974; Nordemar, 1983;
Sanchez-Fernandez and Rivera-Pomar, 1983; Favre et al.,
1986; Park et al., 1987; Mbiene et al., 1988; Lysakowski,
1996; Lysakowski and Goldberg, 1997; Ross, 1997; Riisch
et al., 1998; Kirkegaard and Jgrgensen, 2001). Synapto-
genesis in the vestibular SE has also been studied in other
species, including cats (Favre and Sans, 1977, 1979; Favre
et al., 1986), chickens (Ginzberg and Gilula, 1980), and
humans (Sdnchez-Fernandez and Rivera-Pomar, 1983;
Sans and Dechesne, 1987). Among the characteristic fea-
tures at vestibular HC-neural synapses are the existence
of specialized presynaptic bodies or ribbons in the HC at
afferent synapses (Hamilton, 1968; Engstrom et al., 1974;
Favre and Sans, 1979; Lysakowski, 1996), a subsynaptic
cistern along the postsynaptic membrane of the HC at the
efferent synapses (Ginzberg and Gilula, 1980), and effer-
ent terminals packed with 40- to 60-nm clear synaptic
vesicles (Favre and Sans, 1977; Ginzberg and Gilula,
1980). Afferent terminals can exhibit a postsynaptic den-
sity opposite the presynaptic body (Ginzberg and Gilula,
1980; Favre et al., 1986) and may have an assortment of
vesicular structures but lack proper synaptic vesicles.

Primordial synaptic contacts can possess one or a few,
but not all, of the features of a true mature synapse

shown in part a processed for transmission electron microscopy. The
arrow points to the labeled cell shown in part a, a labeled dying cell.
L, lumen. Scale bars = 10 pm in a, 1 pm in part b.

(Newman-Gage and Westrum, 1984; Kunkel et al., 1987;
Vaughn, 1989). We observed a labeled cell with primordial
synapses in a drug-damaged animal infused with TGFa
plus insulin. Several primordial synaptic contacts were
observed on this cell, a cell that is located in the lumenal
region of the macula. We considered the cell to be a devel-
oping HC because of the presence of the synaptic contacts
and the absence of ultrastructural features characteristic
of supporting cells (e.g., large numbers of membrane-
bound granules, gap junctions). One primordial synaptic
profile contained an asymmetrical dense membrane spe-
cialization (Fig. 3d). During synaptogenesis, membrane
densities frequently line presumptive pre- or postsynaptic
elements in the developing central nervous system
(Westrum et al., 1983; Newman-Gage and Westrum, 1984;
Kunkel et al., 1987; reviewed in Vaughn, 1989), and asym-
metrical membrane densifications were reported in devel-
oping vestibular HCs in mouse (Mbiene et al., 1988). Two
of the primordial synaptic profiles contained coated vesi-
cles (Fig. 3b,d). One coated vesicle, a coated pit, was in
fusion with the presynaptic membrane. Coated “omega-
like” pits are commonly found near developing synaptic
contacts and have been suggested to be involved in adding
molecules to presynaptic, as well as postsynaptic mem-
branes (reviewed in Vaughn, 1989). Coated vesicles are
also thought to play a role in the formation of synaptic
vesicles within developing, as well as mature, presynaptic
elements.

To date, SCs have not been reported to receive innerva-
tion in developing or mature mammalian vestibular epi-
thelia. Hence, we tentatively considered labeled cells with
synaptic specializations to be regenerating HCs. However,
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we cannot rule out the possibility that SCs may receive
transient innervation during development that has not
yet been detected or reported in the literature. Transient
neural-glial synapses have been detected in tissue cul-
tures (e.g., Palacios-Prii et al., 1983) and in the demyeli-
nating spinal cord (Soffer and Raine, 1980), as well as
developing cortical neurons (Edmunds and Parnavelas,
1983).

A subset of SCs in the mature mammalian cochlea (Dei-
ters’ cells & Hensen’s cells) receive innervation (Wright
and Preston, 1976; Liberman et al., 1990; Nadol and Bur-
gess, 1994; Burgess et al., 1997; Fechner et al., 1998,
2001). The synaptic specializations of these synapses are
reported to consist of an accumulation of vesicles, both
clear and dense core, on the presynaptic neural side and
the thickening of pre- and postsynaptic membranes
(Nadol and Burgess, 1994; Burgess et al., 1997). Synaptic
bodies have never been reported. Our identification of a
[®*H]thymidine-labeled cell with clear synaptic bodies is
strongly suggestive of it being a labeled hair cell.

Our identification of new immature HCs in the mam-
malian vestibular epithelium 4 days after drug exposure
is consistent with estimates of the time it takes for new
HCs to be produced in regenerating and normal avian
sensory epithelia. In avians, new auditory HCs first ap-
pear by 3—4 days after the onset of a damaging stimulus
(Cotanche, 1987; Girod et al., 1989; Stone and Cotanche,
1992; Wang and Raphael, 1996; Stone et al., 1996; Stone
and Rubel, 2000). The story is incomplete in avian vestib-
ular tissues, partly as a consequence of the ongoing pro-
duction of new SCs and HCs that occurs normally in this
tissue (Jgrgensen and Mathiesen, 1988; Roberson et al.,
1992). However, it is not unreasonable to speculate that
HCs might appear approximately 3 days after the onset of
a damage stimulus in this tissue as well. This speculation
is based on findings that SCs first enter S phase 16 hours
after insult (Warchol and Corwin, 1996), and immature
vestibular HCs are seen in the normal vestibular epithe-
lium 2 days after S phase (Matsui et al., 2000).

Robust levels of new HC production by means of a
mitotic pathway are seen in regenerating avian vestibular
sensory epithelia (Weisleder and Rubel, 1993), whereas,
cell proliferation in the mammalian vestibular epithelium
is very limited (Lambert, 1994; Rubel et al., 1995; Tanyeri
et al., 1995; Li and Forge, 1997; Zheng and Gao, 1997;
Kuntz and Oesterle, 1998; Forge et al., 1998; Ogata et al.,
1999). Only 2 of the 43 labeled cells examined by TEM
appeared to be newly generated HCs on the basis of hav-
ing synaptic specializations. Increased numbers of labeled
cells with synaptic specializations may be seen with
longer survival times. Our goal was not to exhaustively
quantitate how many new cells with synaptic specializa-
tions are present but to show that some new cells have
synaptic specializations. Future studies are needed to de-
lineate the lifespan of the newly generated cells and to
more further characterize their phenotypes.

One interpretation is that the labeled cells with synap-
tic specializations are not new cells but are damaged hair
cells that will go on to die or maybe recover, the peculiar-
ities of the nerve endings being a consequence of that
damage. The ultrastructural characteristics of the labeled
cells with synaptic specializations were carefully exam-
ined to assess this possibility. Ultrastructural features
that are characteristic for dying cells were not detected.
The cell shown in Figures 4 and 5 has clearly identifiable
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presynaptic bodies opposed to afferent terminals. The ab-
sence of features common to degenerating cells suggests
that the labeled cell is newly generated, not a damaged
HC that has re-entered the cell cycle. The labeled cell of
Figures 2 and 3 has three primordial synaptic contacts
with neural processes but presents a more mixed picture.
Two ultrastructural features typically seen in damaged
cells are seen in this cell (irregular invaginated nucleus
with clumped chromatin and presence of a few primary
lysosomes). However, the neural elements contacting this
cell are clearly primordial in nature and indicative of
developing neural contacts (Newman-Gage and Westrum,
1984; Kunkel et al., 1987; Vaughn, 1989). Furthermore,
numerous polyribosomes are present within this cell, sug-
gesting the absence of marked ribosomal lysis. It is con-
ceivable that some newly generated cells may not live for
long periods of time, similar to some olfactory neurons
(Carr and Farbman, 1993) and the atypical cells in injured
organ of Corti (Lenoir and Vago, 1996, 1997; Daudet et al.,
1998). Such a phenomenon might explain the reported
absence of newly generated cells in the lumenal layer of
drug-damaged guinea pig utricular macula at long sur-
vival times (Rubel et al., 1995) or absence of cells double-
labeled for calmodulin (a hair-cell marker) and BrdU in
gerbil utricular macula allowed to survive 1-4 weeks after
drug-induced damage (Ogata et al., 1999).

Production of new supporting cells in the
mature mammalian vestibular SE

Earlier in vitro (Warchol et al., 1993; Lambert, 1994;
Yamashita and Oesterle, 1995) and in vivo (Rubel et al.,
1995; Tanyeri et al., 1995; Li and Forge, 1997; Kuntz and
Oesterle, 1998; Ogata et al., 1999) studies reported the
occurrence of new cells labeled with a cell proliferation
marker in regions of the mammalian vestibular epithe-
lium near the basement membrane. These cells have tra-
ditionally been considered to be SCs. In the normal mam-
malian vestibular epithelium, the location of the cell
nucleus has played an important role in allowing the
determination of cell type; nuclei located in the upper
portion of the epithelium are traditionally regarded as
belonging to HCs, and nuclei in the lower portion of the
epithelium, adjacent to the basilar membrane, are consid-
ered to be SCs. After injury, the position of the cell nuclei
in the epithelium becomes a much more tenuous indicator
of cell type. For example, cells located near the M phase of
the cell cycle are usually also located in the lumenal nu-
clear layer (Raphael, 1992; Katayama and Corwin, 1993;
Tsue et al., 1994). Our ultrastructural analysis of mitoti-
cally labeled cells with basally located nuclei supports the
conclusion that some of these cells are indeed SCs. How-
ever, some are clearly leukocytes. In addition, we located
SC nuclei in the upper half of the epithelium. Hence,
nuclear location is probably not a reliable indicator of cell
type in vestibular macular epithelium after damage or in
vitro, particularly at times when the epithelium is begin-
ning to collapse.

Leukocytes within the SE

Leukocytes are recruited to sites of tissue injury and
play a part in tissue repair. They secrete cytokines that
stimulate the proliferation of numerous cell types, includ-
ing some CNS glia (reviewed in Hamilton et al., 1993;
Turpin and Lopez-Berestein, 1993). Several studies have
suggested that leukocytes might respond to injuries in
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inner ear epithelia. Increased leukocyte numbers are
found in the mammalian cochlea after labyrinthine infec-
tion (Takahashi and Harris, 1988; Gloddek et al., 1991)
and acoustic trauma (Fredelius and Rask-Andersen, 1990;
Roberson and Rubel, 1994). Macrophages and other leu-
kocytes are recruited to sites of HC lesions in cultured
(Warchol, 1997) and in vivo avian inner ear sensory epi-
thelia (Bhave et al., 1998). Leukocyte numbers increase at
lesion sites before regenerative proliferation in HC epithe-
lia (Jones and Corwin, 1993, 1996; Warchol, 1997; Bhave
et al., 1998). The functional roles of leukocytes in the inner
ear are unclear. They may secrete substances that are
mitogenic for nearby SCs, thus initiating SC proliferation
(Corwin et al., 1991). Two recent observations support this
idea: (1) TNF-a, a macrophage secretory product, en-
hances proliferation of cultured vestibular SCs, and (2)
dexamethasone, an anti-inflammatory drug that inhibits
cytokine production by macrophages, reduces SC prolifer-
ation in cultured utricular macula after HC injury (War-
chol, 1999).

There is little knowledge regarding the specific types of
leukocytes that are recruited to sites of HC lesions and
whether these subtypes release cytokines initiating cell
proliferation. Previous studies support the existence of
macrophages in axolotl lateral line organs (Jones and
Corwin, 1993, 1996) and avian inner ear sensory epithelia
(Warchol, 1997; Bhave et al., 1998). Macrophages (Bohne,
1971; Fredelius and Rask-Andersen, 1990; Roberson and
Rubel, 1994; Vago et al., 1998) and monocytes were seen in
the mammalian organ of Corti (Fredelius and Rask-
Andersen, 1990). We report here the presence of macro-
phages, neutrophils, and lymphocytes in mammalian ves-
tibular SE. We observed leukocytes in both normal and
drug-damaged SE. A resident population of leukocytes
normally resides in undamaged avian inner ear sensory
epithelia (Warchol, 1997; Bhave et al., 1998). Our findings
suggest that several leukocyte subtypes may reside nor-
mally in normal mammalian vestibular SE. However, we
cannot rule out the possibility that the osmotic pump
implantation resulted in leukocyte recruitment. Our find-
ings also support the existence of several leukocyte sub-
types in damaged ear epithelia, and studies examining
functional roles of leukocytes within the damaged epithe-
lium need to take this into consideration.

We observed proliferating leukocytes (macrophages and
lymphocytes labeled with a mitotic tracer) within the
mammalian SE. Hence, studies of mitotic tracer incorpo-
ration in inner ear sensory epithelia after experimental
treatment need to take into account that a subset of the
labeled cells seen within the epithelia are likely to be
labeled immune cells or other nonsensory epithelial cells.
Our findings are harmonious with previous reports of
proliferating macrophages in cultured avian basilar pa-
pilla (Warchol, 1997) and mammalian organ of Corti (Rob-
erson and Rubel, 1994; Vago et al., 1998). We also
observed numerous labeled “active cells.” The ultrastruc-
tural characteristics of these cells did not allow a defini-
tive identification of cell type. They were suggestive, how-
ever, of their being immature immune elements, or
possibly pericyte-like cells, or cells derived from fibro-
blasts. Small mononuclear cells approximately 8.0-10
pms in diameter, with scant cytoplasm that contains few
cell organelles other than mitochondria, have been re-
ported in human mammalian vestibular organs, in the
intra- and subepithelial layers of the dark cell area in the
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semicircular canals and utricle (Masuda et al., 1997). Ma-
suda and colleagues suggest that these cells may be T
lymphocytes, as they observed small cells at the light
microscope level in this region that stained with leukocyte
common antigen (LCA) and UCHL-1.

Do hair cells re-enter the cell cycle after
damage then die?

During the course of the study, we observed one
[®Hlthymidine-labeled HC with ultrastructural features
of a dying cell (multilobed electron-lucent nucleus, numer-
ous lysosomes in the cytoplasm). Several neural elements
were juxtaposed to the labeled cell. The [*H]thymidine
uptake by the HC might be the result of the following: (1)
the cell’s attempt to repair its DNA; (2) the HC’s re-entry
into the cell cycle pathway, which in turn triggers its
subsequent entrance into an apoptotic pathway, leading to
the death of the HC; or (3) the death of a newly generated
HC. Possibilities one and three are unlikely. Numerous
silver grains were detected over the nucleus of the cell,
whereas only a small number of silver grains would be
expected in a quiescent cell repairing its DNA. It is un-
likely that this cell was a dying regenerated HC, because
it was detected in a drug-damaged animal that was per-
fused with [*H]thymidine for 3 days and killed 1 day later.
Studies in rapidly regenerating avian inner ear sensory
epithelia indicate it takes approximately 16 hours for a
cell to enter S-phase after HC death/damage (Girod et al.,
1989; Stone and Cotanche, 1994; Warchol and Corwin,
1996) and 2 days after S-phase until immature bundle
formation is observed (Stone et al., 1996; Matsui et al.,
2000; Stone and Rubel, 2000). Hence, in this cell, insuffi-
cient time had passed for the generation of a HC with a
mature stereociliary bundle. Therefore, the second option
presented above, that the labeled HC re-entered the cell
cycle, passed into S phase (or farther), and subsequently
entered an apoptotic pathway, seems most likely.

Hair cells are generally thought of as being effectively
precluded from division and to reside in a state of terminal
differentiation. However, there is growing evidence that,
in pathologic conditions, many “terminally differentiated”
cell types, particularly neuronal cell types, may attempt to
re-enter the cell cycle and then default to an apoptotic-like
pathway. This abortion of the cycle is thought to be in-
volved in pathologic events such as Alzheimer’s disease
and other neurologic diseases (reviewed in Meikrantz and
Schlegel, 1995; Evan and Littlewood, 1998; Raina et al.,
1999, 2000; Nagy, 2000). Our findings suggest that HCs
may show similar behavior, as part of an apoptotic-like
response.
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