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Fig. 4. Effect of glucagon o n  [Ca2+], in BHK 
cells expressing pLJ4. The ratio of emissions 
from excitation at two wavelengths (340 and 
380 nm) is plotted versus time. The arrow 
indicates the time of addition of glucagon (100 
nM final concentration). Representative traces 
for two different cells are shown. This experi- 
ment was repeated three times; at each time 6 
to 40% of the cel ls in a field responded similar- 
ly. Similar responses were obtained with COS-7 
cells expressing pLJ4 (23). 

liver membrane preparations (1 6, 19). 
Glucagon causes an increase i n  the con- 

centration of intracellular calcium ([Ca2+],) 
(4, 2 1) and small increases in  the amount of 
inositol phosphates in hepatocytes (2, 3). We 
monitored [Ca2+Ii in BHK cells transfected 
with pLJ4 with the fluorescent probe fura-2 
(22). The addition of glucagon (100 nM) to 
BHK cells expressing the glucagon receptor 
caused a rapid increase in  [CaZ+], (Fig. 4). 
Control cells expressing the p-adrenergic re- 
ceptor showed no change in [Ca2+],. Gluca- 
gon concentrations as low as 2 nM stimulated 
a similar increase in  [Ca2+Ii (23). Glucagon 
(200 nM) also caused a rapid increase in 
[CaZ+], in COS-7 cells transfected with pLJ4, 
whereas COS-7 cells transfected with our 
vector, pZCEP, did not respond (23). These 
results indicate that activation of the cloned 
glucagon receptor leads to a rapid increase in 
[Ca2+Ii, which is characteristic of receptors 
signaling via inositol phospholipid metabo- 
lites (24). Concentrations of intracellular 
CaZ+ and CAMP are both increased by signals 
from the related PTH (5) and CT receptors 
(6). It is possible that the alternate signaling 
pathways used by the glucagon receptor derive 
from its interaction with different G proteins, 
as previously suggested (3). 

We have not detected a second glucagon 
receptor by expression cloning after screening 
5 x lo5 clones from our rat liver library, nor 
have we detected a different glucagon receptor 
by hybridization with pLJ4 as a probe. Thus, it 
is likely that only one receptor is responsible 
for both types of signaling observed in hepa- 
tocytes. We have also identified a human 
homolog (83% amino acid identity) of the rat 
hepatic receptor from human pancreatic islet 
cell cDNA (25). This suggests a role for the 
liver-derived receptor or a very similar recep- 
tor in  the pancreatic islets as well. 

REFERENCESANDNOTES 

1. R. H. Unger and L. Orci, Ellenberg and Rifkin's 
Diabetes Mellitus Theory and Practice (Elsevier, 
New York, 1990); R. H. Unger and D. Foster, in 
Williams' Textbook of Endocrinology, J. D. Wilson 
and D. W. Foster, Eds. (Saunders, Philadelphia, ed. 
8, 1992), pp. 12551333. 

2. M. J. 0. Wakelam, G. J. Murphy,V. J. Hruby, M. D. 
Houslay, Nature 323, 68 (1 986). 

3. C. G. Unson, E. M. Gurzenda, R. B. Merrifield, 
Peptides 10, 11 71 (1989). 

4. F. D. Sistare, R. A. Picking, R. C. Haynes, Jr., J. 
Biol. Chem. 260, 12744 (1 985) 

5. A. Abou-Samra et a/., Proc. Natl. Acad. Sci. U.S.A. 
89, 2732 (1 992). 

6. 0. Chabre et a/., Mol. Endocrinol. 6, 551 (1992) 
7. C. J. McMahan etal., EM90 J. 10, 2821 (1991). 
8. H. Y. Lin et al., Science 254, 1022 (1 991). 
9. T. lshihara et a/., EM90 J. 10, 1635 (1991). 

10. T. Ishihara, R. Shigemoto, K. Mori, K. Takahashi, 
S. Nagata, Neuron 8, 81 1 (1992). 

11. B. Thorens, Proc. Natl. Acad. Sci. U.S.A. 89, 8641 
(1 992). 

12. J. Kyte and R. F. Doolittle, J Mol. Biol. 157, 105 
(1 982). 

13. G, von Heijne, Nucleic Acids Res. 14, 4683 (1986). 
14. T. Okamoto et a/., Cell 67, 723 (1 992) 
15. A crude preparation of rat liver membranes was 

prepared as described [S. L. Pohl, L. Birnbaumer, 
M. Rodbell J. Biol Chem. 246, 1849 (1971)l. BHK 
cells were cotransfected with pLJ4 and pLJ1 (a 
plasmid containing a selectable marker, dihydrofo- 
late reductase), and clones were isolated that ex- 
pressed the glucagon receptor as determined by 
glucagon binding and CAMP assays. Membranes 
from transfected BHK cells grown in 150-mm plates 
were prepared as described [I. Lagny-Pourmir etal. 
Endocrinology 124, 2635 (1 989)l. Radioligand as- 
says were done in triplicate in a volume of 200 p1 
containing 50 mM Hepes (pH 7.3), 150 mM NaCI, 1 
mM EDTA, bacitracin (0.8 mgiml) (Sigma) 1% bo- 
vine serum albumin (BSA), 0.139 nM i251-labeled 
glucagon, unlabeled glucagon (NovoiNordisk NS, 
Bagsvaerd, Denmark) as indicated, and BHK cell 
membrane protein (10 pg) or liver membrane pro- 
tein (1 46 pg). Binding was initiated by the addition of 
membrane protein and was allowed to proceed for 
30 min at 30°C. The mixiure was centrifuged for 10 

min at 4 %  and the radioactivity in sedimented 
membranes was counted. Nonspecific binding was 
determined in the presence of unlabeled glucagon 
(10 FM) and constituted less than 10% of total 
counts per minute bound. To test for specificity with 
competing peptides, we plated BHK cells express- 
ing pLJ4 the night before at 1 x l o 5  cells per well in 
a 24-well plate. On the day of assay, growth medium 
was replaced with binding medium (BM) [RPMI 
1640, 25 mM Hepes (pH 7.4), 1 % L-glutamine, 1 mM 
sodium pyruvate, bacitracin (20 mglml) aprotinin 
(50 Uiml) (NovolNordiskA/S, Bagsvaerd, Denmark), 
and 1% BSA. After 5 min at-22°C this BM was 
replaced with 0.30 ml of BM containing 0.5 nM 
i251-labeled glucagon and the competing peptide, 
and the mixiure was incubated for 1 hour at 30°C. 
The cells were washed and then removed by 
trypsinization and counted in a gamma counter. The 
CT, secretin, and PTH were purchased from Sigma; 
des-His' [Glu9] glucagon amide was synthesized at 
ZymoGenetics. 

16. M. Rodbell, M. J. Krans S. L. Pohl, L. Birnbaumer, 
J. Biol. Chem. 246, 1861 (1 971). 

17. D. B. Bharucha and H. S. Tager, ibid. 265, 3070 
(1 990). 

18. L. Jelinek, unpublished data. 
19. 0. Sonne, T. Berg, T. Christoffersen, J. Biol. 

Chem. 253, 3203 (i978). 
20. G. Rosenberg and S. Biggs, unpublished data. 
21. R. Charest P. F. Blackmore, B. Berthon, J. H. 

Exton, J. Biol. Chem. 258, 8769 (1983). 
22. G. Gtynkiewicz, M. Poenie, R. Tsien, ibid. 260, 

3440 (1 985) 
23. R. A. Smith and L. J. Jelinek, unpublished data. 
24. M. J. Berridge and R. F. Irvine, ' ~ a t u r e  312, 315 

(1 984) 
25. C. Sprecher, S. Lok F. J. Grant, unpublished data. 
26. K. M. Houamed et a/ ,  Science 252, 1318 (1991). 
27. The pZCEP plasmid was derived from pCDNA I 

(Invitrogen Inc., San Diego, CA) by replacement of 
the MI3 origin of replication and the sup F cassette 
with the p-lactamase cassette from pUC18. The 
library was created by electroporation of Escherich- 
ia coli DHIOB cells (Gibco BRL) and selection on 
agar plates containing ampicillin. The library was 
harvested and stored as a glycerol stock at -80". 

28. We thank T. W. Whitmore (ZymoGenetics) for 
advice and assistance 

4 August 1992; accepted 17 November 1992 

Ultrastructural Evidence for Hair Cell Regeneration 
in the Mammalian Inner Ear 

Andrew Forge,* Lin Li, Jeffrey T. Cotwin, Graham Nevill 
It has long been thought that hair cell loss from the inner ears of mammals is irreversible. This 
report presents scanning electron micrographs and thin sections of the utricles from the inner 
ears of guinea pigs that show that, after hair cell loss caused by treatment with the amino- 
glycoside gentamicin, hair cells reappeared. Four weeks after the end of treatment, a large 
number of cellswith immature hair bundles in multiple stages of development could be identified 
in the utricle. Thin sections showed that lost type 1 hair cells were replaced by cells with a 
morphology similar to that of type 2 hair cells. These results indicate an unexpected capacity 
for hair cell regeneration in vivo in the mature mammalian inner ear. 

T h e  inner ears of vertebrates contain the 
organs for hearing and balance. Their 
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mechanoreceptive auditory and vestibulm 
epithelia are formed of mosaics of sensory 
"hair" and supporting cells. Hair cells can 
be damaged and lost after exposure to nox- 
ious agents including noise and ototoxic 
drugs such as aminoglycoside antibiotics. In 
cold-blooded animals, hair cells are contin- 
uously produced throughout life and dam- 
aged cells can be replaced (1). In birds, 
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after trauma-induced loss, hair cells re- 
emerge and their number recovers through 
reinitiation of mitosis in the area o f  the 
lesion (2). However, i t  has generally been 
believed that mammalian hair cells are 
produced only during embryonic develop- 
ment and that they are not  regenerated i f  
lost from the mature mammalian inner ear 
(3). Permanent hearing impairment or bal- 
ance dysfunction in humans who have been 
exposed to conditions that produce hair cell 
loss has contributed to this assum~tion. 

The auditory epithelium in mammals 
has evolved separately from that in birds 
(4), and i t s  structural organization differs 
from those o f  lower vertebrates. In con- 
trast, the vestibular epithelia, present in 
the saccule, utricle, and the cristae o f  the 
three semicircular canals, are morpholog- 
ically similar in all  vertebrate classes. 
These similarities have led to the specula- 
t ion that hair cell regeneration might take 
place in the mammalian vestibular system 
( 5 ) .  Here we report morphological evi- 
dence showing that hair cells are replaced 
in the utricle o f  the mature guinea pig in 
vivo after gentamicin-induced hair cell 
loss. Warchol et al. (6) provide evidence 
that this probably occurs after reinitiation 
o f  mitosis. 

Daily subcutaneous injections o f  genta- 
micin were given to guinea pigs (3 to 6 
weeks old) for ten consecutive days (7). On 
the last day of treatment and at 2 , 3 , 4 ,  and 
7 davs and then at 4 weeks after treatment, 
the inner ear tissues from gentamicin-treat- 
ed animals and from untreated, age- 
matched guinea pigs were prepared for scan- 
ning electron microscopy (SEM) and trans- 
mission electron microscopy o f  th in sec- 

Fig. 1. Scanning electron micrographs of the striola of the utricular macula from 
a control animal (A and B) and at 4 days (C and D) and 4 weeks (E and F) after 
gentamicin treatment. (A) Low-power view of the normal macula. The hair cells, 
their bundles appearing white, are evenly distributed. The striola, down the 
center, can be distinguished because the hair bundles in this region are shorter 
than those on either side. (B) Normal morphology of the hair bundles at higher 
power. The stereocilia are organized in rows of increasing height toward the 
longer kinocilium (arrowheads). The field is to one side of the central line of the 
striola with most hair bundles oriented the same way, but the arrows indicate two 
bundles that are oriented in the opposite direction. (C) At 4 days after 
gentamicin treatment, hair cells have been lost from the striola and (D) most hair 
cells have been replaced by supporting cells. (E) At 4 weeks after treatment, the 
area that was affected by the drug is wider than that at 4 days, but small hair 
bundles reappearing across the striola are evident. (F) At higher power, cells 
with organized bundles of microvilli are clearly distinguishable from supporting 
cells. They show various stages of hair bundle development and emerge in 
locations where at 4 days supporting cells had replaced hair cells, and they 
reestablish a pattern of cell distribution similar to that seen in the control tissues. 
Scale bars: (A, C, and E), 20 pm; (B, D, and F), 5 pm. 

Fig. 2. Scanning electron mi- 
crographs of hair bundle 
morphologies in the region 
of reappearing hair cells at 
4 weeks after gentamicin 
treatment. The bundles con- 
sist of immature stereocilia 
and a kinocilium. The kinocil- 
ium is distinguishable be- 
cause it is thicker and longer 
than the stereocilia (arrow- 
heads). (A) The kinocilium 
emerges from the center of 
the cell and is completely 
surrounded by the bundle of 
short stereocilia that are an- 
gled toward the cell center, 
that are closely apposed at 
their tips, and that cover the 
entire cell surface. (B) The 
cell surface has expanded 
relative to (A). The stereo- 
cilia are more regularly ar- 
ranged and form a halo 
around a central space in 
which the kinocilium is locat- 
ed. Arrows indicate regularly 
arranged lateral cross-links 
between the tips of adjacent 
stereocilia that connect one 
stereocilium with six neigh- 
bors. (C) The kinocilium is 
close to the center of the cell 
surface but is positioned ec- 
centrically relative to the ste- 
reociliary bundle. (D) The ki- 
nocilium is at one edge of 
the cell and behind the ste- 
reocilia. (E) Side view of hair 
bundles showing relative heights and orientations. A mature bundle in the center of the field is 
surrounded by three immature bundles (1, 2, and 3). Their stereocilia are thinner and shorter than 
those of the mature bundle. In the shortest (cell 1) the kinocilium is in the middle of the stereocilia. 
On cells 2 and 3 the stereocilia are longer and the kinocilium is on one side of the bundle, the same 
side as that of the kinocilium in the mature bundle. Scale bars: (A to D), 500 nm; (E), 2 Fm. 
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Fig. 3. Transmission elec- - .- -. . . . . . . 

tron micrographs of thin 
sections of the striola of the 
utricle in controls (A and C) 
and at 4 weeks after genta- 
micin treatment (B and D 
through G). (A) In the strio- 
lar region of the controls, 
type 1 hair cells (TI) pre- 
dominate over type 2 hair 
cells (T2). This micrograph 
is from a region near the 
edae of the striola in order 
to illustrate type 2 cells; in 
the center of the striola there 
were no type 2 cells. (B) At 
4 weeks after treatment, the 
epithelium is thinner than 
normal. There are no type 1 
cells within the striola, but 
hair cells similar to type 2 
cells are easily identified. 
(C) Apical end of a normal 
type 2 hair cell. The stereo- 
cilia are supported on the 
cuticular plate (cp), a mesh- 
work of microfilaments in the 
apical cytoplasm that sup- 
ports all the stereocilia. 
Each stereocilium is dense- 
ly packed with microfila- 
ments, tapers where it joins 
the cell body (arrow), and 
has an electron-dense root- 
let running into the cuticular 
plate. (D) The hair bundle 
on a cell in the striolar re- 
gion at 4 weeks after treatment; this bundle consists of a kinocilium (arrow) containing parallel 
microtubules and stereocilia with parallel microfilaments. The stereocilia are much thinner and less 
densely packed with filaments than normal. (E) In the apical cytoplasm of a striolar hair cell at 4 
weeks after treatment, microfilaments are present but there is no well-defined cuticular plate. 
Stereocilia show no constriction or rootlet where they join the cell body. The arrow indicates a 
centriole close to the center line of the cell. (F) Hair cell with relatively mature stereocilia forming a 
synapse with a bouton nerve ending (arrow). (G) At higher power, the synapse arrowed in (F) is 
seen to be fully developed with thickened synaptic membranes and presynaptic vesicles (arrow) on 
the hair cell side (HC), demonstrating that it is an afferent nerve ending. Scale bars: (A and B), 10 
pm; (C, D, and E), 500 nm; (F), 2 Fm; (G), 400 nm. 

tions (8). In this work, attention was 
focused on the utricular macula. 

In SEM of the luminal surfaces of the 
utricular macula, hair cells are recognized 
by the organized bundles of stereocilia [mod- 
ified microvilli (9)]  that project from their 
apical ends. In the maculae of the control 
animals, hair cells were regularly and evenly 
distributed (Fig. 1A). Each hair cell was 
separated from its neighbors by intervening 
supporting cells (Fig. 1, A and B). 

Gentamicin treatment caused a loss of 
hair cells from the utricle that began within 
the striolar region (Fig. 1C). The striola is 
a band through the middle of the macula, 
on opposite sides of which hair bundles are 
oriented in o ~ ~ o s i t e  directions. With time . L 

after gentamicin treatment, the loss became 
progressively more extensive and spread 
toward the periphery of the epithelia (Fig. 
1, C and E). By 4 to 7 days, most of the hair 
cells in the striolar region had been re- 

placed completely by the expanded surfaces 
of supporting cells; only a few degenerating 
hair cells remained (Fig. ID). At 4 weeks 
after treatment, however, in the regions 
with extensive cell loss at earlier times, 
there were signs of recovery (Fig. 1E). At 
this time, within the striolar region, cells 
had emerged whose apical surfaces were 
smaller than those of mature hair cells but 
which bore distinct, organized bundles of 
small stereocilia (Fig. IF). These cells were 
present at locations that reestablished the 
normal alternating pattern of hair cells and 
supporting cells (compare Fig. 1, E and F, 
with Fig. 1, A and B). Their hair bundles 
resembled the developing stereocilia seen 
during normal hair cell development and 
during early stages of regeneration in other 
species (10). Each bundle consisted of 
closely packed immature stereocilia that 
were all almost equal in height and a single 
thicker, longer kinocilium (Fig. 2). A pro- 

gression in the development of the hair 
bundles could be identified (Fig. 2, A to 
D). The kinocilium appeared to emerge 
initially from the center of the cell and was 
surrounded by short stereocilia that covered 
almost the entire cell surface (Fig. 2, A and 
B). When the stereocilia were longer, they 
were organized in a regular fashion with 
lateral cross-links radiating from their tips, 
and the kinocilium was positioned eccen- 
trically relative to the stereociliary bundle, 
sometimes located close to the center of the 
cell (Fig. 2C) but on other cells at one edge 
(Fig. 2D). The orientation of these asym- 
metric, immature bundles was often the 
same as that of mature-appearing bundles in 
their immediate vicinity (Fig. 2E). 

Quantitative data were obtained from 
the analysis of 2000-ym2 fields within the 
striolar regions of controls and at 4 weeks 
after gentamicin treatment (I I), and the 
number of hair bundles with the easily 
recognizable, distinctive morphology of the 
most immature forms, that is, with stereo- 
cilia covering the entire cell surface and 
angled toward the center (similar to Fig. 2, 
A and B) was assessed. In control utricles, 
such bundles were Dresent in 8 of 33 fields 
examined (from 1 1 different animals), but 
in none of these fields were there more than 
two immature bundles. In total, 13 imma- 
ture hair bundles were counted, a frequency 
of approximately one per 5000 ym2. At 4 
weeks after treatment, of 35 similar fields 
(from nine different animals). 34 contained , , 

between two and eight immature bundles, 
and the total number was 153, equivalent 
to a frequency of approximately 11 per 5000 
ym2. This substantially larger number con- 
firms that immature hair bundles appeared 
after the gentamicin treatment. 

Thin sections of the control tissues (Fig. 
3A) showed the presence both of type 1 
hair cells (each with a pear-shaped cell 
body enclosed within a single, large nerve 
ending) and of cylindrical type 2 hair cells 
(each surrounded by supporting cells and 
synapsing at its base with several small, 
bouton nerve endines). Across the striolae - ,  

of the control utricles, type 1 cells predom- 
inated to the almost complete exclusion of 
type 2 cells (Fig. 3A). In contrast, in these 
areas in the animals that had survived for 4 
weeks after the end of the gentamicin treat- 
ment, there were almost no intact type 1 
cells (Fie. 3B). The hair cells that were 
present iesembled type 2 hair cells; their 
lateral membranes were surrounded by 
closely apposed supporting cells (Fig. 3, B 
and F). It has been suggested that during 
hair cell reeeneration in the avian vestibu- - 
lar system, type 2 hair cells replace lost type 
1 hair cells (1 2). . , 

In comparison with mature hair cells in 
the control tissue (Fig. 3C), most of these 
reemerging hair cells appeared immature. 
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Their hair bundles did contain a single true 
cilium (kinocilium) (Fig. 3D), but their 
stereocilia were thin, with a relatively low 
density of microfilaments (Fig. 3, D and E) . 
Many joined the cell body without any 
constriction at their proximal end or an 
obvious rootlet, and some arose in the ab- 
sence of a well-differentiated underlying cu- 
ticular plate (Fig. 3E). Whereas most of the 
apparently maturing hair cells had no obvi- 
ous synaptic contacts, some of those that 
possessed more mature stereocilia had a few 
fully developed synapses with afferent nerve 
boutons at their bases (Fig. 3, F and G). 

These mor~holoeical observations dem- - 
onstrate that replacement hair cells can 
develop after ototoxic damage to the utricle 
in guinea pigs. The replacements appeared 
in the regions from which the original hair 
cells were lost. Similar observations have 
been made in cristae and saccules, which 
suggests that these phenomena occur 
throughout the mammalian vestibular sys- 
tem. At least some of the new hair cells 
become innervated, making it likely that 
they could contribute to a recovery of sen- 
sory function. DNA labeling studies de- 
scribed by Warchol et al. (6) indicate that 
the new hair cells are produced after mito- 
ses occurring in response to trauma and thus 
that regeneration of hair cells does occur in 
the mammalian inner ear. 
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Fig. 2D) and which in terms of bundle height and 
stereocilia organization were clearly immature. If 
we include all these bundle forms and exclude 
bundles that showed the typical staircase form 
(regardless of relative height and cell surface 
size), then the total density of immature hair 
bundles at 4 weeks after treatment was 9 t 1.5 
per 1000 pm2 (that is, 56% of the total number of 
hair cells present). These analyses not only con- 
firm that mature hair cells are lost and replaced by 
immature cells after gentamicin treatment but also 
they suggest there may be ongoing development 
of hair cells in undamaged utricles of normal 
mature guinea pigs. 
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Regenerative Proliferation in Inner Ear Sensory 
Epithelia from Adult Guinea Pigs and Humans 
Mark E. Warchol, Paul R. Lambert, Bradley J. Goldstein, 

Andrew Forge, Jeffrey T. Corwin 
Supporting cells in the vestibular sensory epithelia from the ears of mature guinea pigs and 
adult humans proliferate in vitro after treatments with aminoglycoside antibiotics that cause 
sensory hair cells to die. After 4 weeks in culture, the epithelia contained new cells with 
some characteristics of immature hair cells. These findings are in contrast to expectations 
based on previous studies, which had suggested that hair cell loss is irreversible in 
mammals. The loss of hair cells is responsible for hearing and balance deficits that affect 
millions of people. 

Sensory hair cells are essential for the lar sensory epithelia. Tritiated thymidine 
transduction of mechanical stimuli into labeling in mice in vivo has provided sup- 
hearing and balance signals in the internal port for the belief that the cells of the 
ear. Sound is transduced by hair cells in the sensory epithelia in the mammalian ear 
cochlea, and movements of the head are cease proliferation in the embryo or shortly 
transduced bv hair cells in the five vestibu- after birth and do not proliferate in the 

adult ( I ) .  
M. E. Warchol, P. R. Lambert, B. J. Goldstein, J. T. H~~~ we report that cells in the utricular 
Corwin, Department of Otolaryngology-Head and 
Neck Surgery and Department of Neuroscience, Uni- Sensory epithelia from adult guinea pigs and 
versitv of Virainia School of Medicine, Charlottesville, adult humans ~roliferate after. treatment 
VA 22908. - with ototoxic antibiotics when maintained 
A Forge, lnstitute of Laryngology and Otology, Unl- 
versity College London, London WCIX 8EE, United in vitrO and that some the progeny of the 
K~ngdom proliferating cells begin to differentiate as 
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