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Neurotrophin-4/5 Enhances Survival of Cultured Spiral Ganglion 
Neurons and Protects Them from Cisplatin Neurotoxicity 
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Destruction of spiral ganglion neurons (SGNs) induced by 
injury and toxins is one of the major causes for hearing 
loss. Here we report that neurotrophin-4/5 (NT-4/5), a mem- 
ber of the nerve growth factor family, promoted survival of 
postnatal rat SGNs up to threefold in dissociated cell cul- 
tures. The survival-promoting potency of NT-4/5 was equiv- 
alent to that of BDNF and stronger than that of NT-3. In 
contrast, NGF showed no detectable effects. Immunohis- 
tochemistry, with TrkB and TrkA antisera, revealed that 
these neurons produced TrkB protein, the functional re- 
ceptor for NT-4/5 and BDNF, but not TrkA protein, the high- 
affinity receptor for NGF. The survival-promoting activity of 
NT-4/5 was completely inhibited by TrkB-IgG fusion pro- 
tein. These results suggest that NT-4/5 is a specific survival 
factor for SGNs. In addition, NT-4/5 protected the SGNs 
from neurotoxic effects of the anti-cancer drug, cisplatin. 
Thus, NT-4/5 may have therapeutic value in preventing 
hearing impairment caused by damage to primary auditory 
afferent neurons. 
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Spiral ganglion neurons (SGNs) are primary auditory afferent 
neurons that deliver signals from the peripheral auditory recep- 
tors, the hair cells in the organ of Corti, to the brain through the 
cochlear nerve. Damage or loss of either the SGNs or the hair 
cells can affect the auditory pathway and result in hearing im- 
pairments. In general, hearing disorders can be caused by infec- 
tions, mechanical injury, chemicals, loud sounds, aging, and 
clinical drugs such as the chemotherapeutic agent, cisplatin 
(Fleischman et al., 1975; Stadnicki et al., 1975; Dublin, 1976; 
Nakai et al., 1982; Hood and Berlin, 1986). Some hearing im- 
pairments are neuron mediated, some are hair cell mediated, and 
others are induced by damage to both auditory neurons and hair 
cells. Since hearing impairment is a serious affliction, any agent 
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that can protect the auditory neurons and/or hair cells from dam- 
age would be of great benefit. 

Neurotrophic factors are good candidate molecules for pre- 
vention of neuron-mediated hearing impairments, as they have 
been widely shown to regulate neuronal differentiation and sur- 
vival during development (Korsching, 1993; Gao et al., 1995a) 
and are known to protect neurons from injury and toxins in 
adults (Hefti, 1986; Apfel et al., 1991; Hyman et al., 1991; Knu- 
se1 et al., 1992; Yan et al., 1992; Koliatsos et al., 1993; Gao et 
al., 1995b). The best characterized mammalian neurotrophic fac- 
tors are members of the nerve growth factor (NGF) family of 
proteins, and are called neurotrophins. These include NGF 
(Levi-Montalcini, 1987), brain-derived neurotrophic factor 
(BDNF).(Barde et al., 1982; Leibrock et al., 1989) neurotro- 
phin-3 (NT-3) (Ernfors et al., 1990; Hohn et al., 1990; Jones 
and Reichardt, 1990; Maisonpierre et al., 1990; Rosenthal et al., 
1990) and neurotrophin-4/5 (NT-4/5) (Berkemeier et al., 1991; 
Ip et al., 1992). Each of the neurotrophins binds to specific high- 
affinity receptors, the Trks (Klein et al., 1990; Kaplan et al., 
1991; Klein et al., 1991a,b; Lamballe et al., 1991; Soppet et al., 
1991; Squint0 et al., 1991; Ip et al., 1993; Tsoulfas et al., 1993). 
For example, NGF selectively binds to TrkA, BDNF and NT- 
4/5 to TrkB, and NT3 to TrkC. Although neurotrophins exert 
their main effects through binding to the Trks, they also bind to 
the NGF low-affinity receptor, P75 (Chao et al., 1986). Recent 
studies indicate that the binding of NGF to P75 may enhance 
the TrkA-mediated signal transduction pathway (Davies et al., 
1993a; Barker and Shooter, 1994; Clary and Reichardt, 1994; 
Verdi et al., 1994). 

In situ hybridization studies indicate that mRNAs for TrkB 
and TrkC are expressed by developing cochleovestibular ganglia 
(Ylikoski et al., 1993; Schecterson and Bothwell, 1994) and that 
mRNAs for BDNF and NT-3 are found in the inner ear including 
organ of Corti (Pirvola et al., 1992; Schecterson and Bothwell, 
1994; Wheeler et al., 1994). However, the expression patterns 
of neurotrophin receptors have not been well determined at the 
protein level, and no study has compared the biological effects 
of the four neurotrophins on postnatal rodent SGNs. In partic- 
ular, the survival-promoting effects of NT-4/5 have not been 
tested on SGNs. In the present experiments, we used TrkB and 
TrkA immunohistochemistry to provide direct experimental ev- 
idence that SGNs make TrkB protein, but not TrkA protein. Ad- 
dition of NT-4/5 to the culture promoted postnatal rat SGN sur- 
vival. The survival-promoting effect of NT-4/5 was dose depen- 
dent and was as potent as that of BDNE but stronger than that 
of NT-3. In contrast, NGF did not show any detectable effects 
on the survival of cultured SGNs. Moreover, TrkB-IgG fusion 
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protein, a specific antagonist for NT-4/5 and BDNF (Shelton et 
al., 1995), completely inhibited the survival-promoting effects 
of NT-4/5. These data, considered together, indicate that NT-4/5 
is a potent and specific survival factor for SGNs. In addition, 
when cisplatin, a widely used chemotherapeutic agent with oto- 
toxic side effects (Fleischman et al., 1975; Stadnicki et al., 1975; 
Nakai et al., 1982; Carenza et al., 1986), was added to the cul- 
ture, SGN survival was reduced in a dose-dependent manner. 
NT-4/5 prevented or ameliorated the neurotoxic effects of cis- 
platin on SGNs in culture. 

Materials and Methods 
SGN cell culture. Cochleae were dissected from postnatal day 5 (P5) 
Wistar rats. After spiral ligament and stiia vascularis tissues were re- 
moved, the remaining spiral ganglia were incubated in a mixture of 
0.125% trypsin and 0.125% collagenase for 25 min at 37°C. The en- 
zyme was inactivated with a mixture of 0.005% soybean trypsin inhib- 
itor (Sigma) and .005% -DNase (Worthington) before tri&ation with 
0.05% DNase in BME. The dissociated cells were oreolated on a 35 
mm untreated tissue culture dish for 25 min to e&i& the neuronal 
population. Under these experimental procedures, about 10% of the cell 
population were spiral ganglion neurons (SGNs), as determined by im- 
munocytochemistry, with a monoclonal antibody (N52) against neuro- 
filaments (200 kDa, Boehringer). The cell suspension was finally plated 
on polylysine (500 pg/ml)/laminin (10 pg/ml)-coated 16-well LabTek 
slides in 200 ~1 of serum-free medium (BME plus insulin-transferrin- 
sodium selenite media supplement; Sigma I-1884, 1% BSA, 2 mM glu- 
tamine, 5 mg/ml glucose) without antibiotics (modified from Bairei et 
al., 1992). Cells were plated at a densitv of 80,00O/well. 

Cell c&nts and qua&ation. After 2-d in culture, viable SGNs were 
identified by labeling with a neurofilament monoclonal antibody (N52, 
Boehringer), viewed under a Zeiss Axiophot microscope, and counted 
using a grid ocular reticule covering an area of 1 mm2. For each culture, 
about 10 randomly selected fields were counted. Data were collected 
from three to five cultures for each of the experimental groups. Data 
were then normalized as a percentage of the viable cells in the control 
cultures in each of the experiments. Two-tailed, unpaired t test was used 
for statistical analysis. 

Growth factors, TrkB-IgG, TrkC-IgG and cisplatin. All human re- 
combinant neurotrophins (Genentech, Inc.) were added to the cultures 
at the time of plating. To block the effects of the neurotrophins, 1 yg/ml 
TrkB-IgG or TrkC-IgG (kindly provided by Dr. David Shelton), specific 
antagonists for NT-4/5 and BDNF or NT-3, respectively (Shelton et al., 
1995), were added to some of the experimental cultures at the same 
time as the neurotrophins were added. In some experiments, cisplatin 
(Bristol-Myers Squibb), a chemotherapeutic agent that has ototoxic side 
effects (Fleischman et al., 1975; Stadnicki et al., 1975), was added at 
various concentrations at the time of plating, either alone or in combi- 
nation with 10 rig/ml of different neurotrophins. In other experiments, 
epidermal growth factor (EGF) (Collaborative Research), basic fibro- 
blast growth factor (bFGF) (Gibco), transforming growth factor-p1 
(TGF-Pl) (Genentech), TGF-P2, TGF-P3, and TGF-P5 (R & D Sys- 
tems) were added to the culture at the time of plating. 

Immunohistochemistry and Immunocytochemistry. For double-anti- 
body labeling, cochlear tissue containing spiral ganglion were dissected 
from P5 rats and immersed immediately in 4% paraformaldehyde (in 
0.1 M phosphate buffer, pH 7.4) for 1 hr. After the preparations were 
cryoprotected with a 30% sucrose solution, cross-sections were cut on 
a cryostat. The sections were first blocked with a 10% normal goat 
serum in 1% Triton X-100 in phosphate-buffered saline (PBS) for 20 
min and then incubated with a mixture of a monoclonal antibody (N52) 
against neurofilament 200 kDa (Boehringer, 5 kg/ml) and a rabbit an- 
tibody against the extracellular domain of;TkB ianti-T&B,,_,,, 2 kg/ml; 
Yan et al.. 1994: Gao et al., 1995a). a TrkA antiserum (l:lO.OOO. Clarv 
et al., 1994), or an antiserum against P75 (1: 10,000: Wesk&p anh 
Reichardt, 1991) in PBS containing 3% normal goat serum and 1% 
Triton X-100 overnight at 4°C. FITC-conjugated goat anti-mouse and 
Texas red-conjugated goat anti-rabbit secondary antibodies (1:70-100; 
Cappel) were then used to reveal the double labeling pattern in the 
sections of spiral ganglion. For neurofilament immunohistochemistry on 
cochlear whole mounts, the preparations were incubated with primary 
antibody for 2 d at 4°C and then Texas red-conjugated goat anti-mouse 
antiserum (1: 100, Cappel) was used to reveal the staining patterns. 

For neurofilament immunocytochemistry, SGN cultures were fixed in 
4% paraformaldehyde (in 0.1 M phosphate buffer, pH 7.4) for 30 min, 
washed in PBS (pH 7.4), and the immunostainings were performed with 
a biotinylated sheep anti-mouse secondary antibody and a streptavidin- 
horse radish peroxidase conjugate (1:200, Amersham Life Science), as 
described (Gao et al., 1995b). 

Results 
NT-415 is a potent and speci$c survival factor for SGNs in 
culture 
When cochlear tissue containing both the spiral ganglion and 
organ of Corti was immunolabeled with a monoclonal antibody 
(N52) against neurofilament protein (200 kDa), the somata and 
processes of the SGNs were intensively stained (Fig. 1A). Neu- 
ronal innervations of hair cells in the organ of Corti from the 
cell somata in the spiral ganglion were easily seen (Fig. 1A). 
This antibody was, therefore, used to identify SGNs in the dis- 
sociated cell cultures. 

SGNs were dissociated from postnatal day 5 (P5) rat cochleae 
and plated in defined serum-free medium. In control cultures 
(Fig. lB), about 75% of SGNs died after 2 d, presumably due 
to a lack of growth factors. Addition of NT-4/5 to the culture 
greatly enhanced the number of surviving SGNs (Fig. lC), in a 
dose-dependent manner (Fig. 2). A wide range of doses (from 
0.1 rig/ml to 50 rig/ml) were tested and a maximal effect of 
approximately threefold increase was seen at a concentration of 
10 rig/ml. Neurofilament immunocytochemical staining revealed 
that cultured SGNs showed bipolar or Y-shaped branching pat- 
terns, as seen in vivo. 

We also examined possible effects of other neurotrophins in- 
cluding NGE BDNE and NT-3 on SGN survival in vitro. 
Among the four neurotrophins, BDNF was equal in potency to 
NT-4/5 at concentrations from l-50 rig/ml (JJ < 0.001 as com- 
pared to the control; Fig. 3). At 0.1 rig/ml, NT-4/5 was more 
potent than BDNF (p < 0.01). NT-3 also displayed a significant 
survival-promoting effect 0, < 0.05 at 0.1 rig/ml; p < 0.001 at 
higher doses), although this effect was less potent than NT-4/5 
or BDNF at all doses (0.1-50 rig/ml) (p < 0.001). In contrast, 
NGF showed no detectable effects in SGN cultures at all doses 
we examined (Fig. 3). 

To test whether NT-4/5, BDNF and NT-3 have synergistic 
effects, we added NT-4/5 together with BDNF or NT-3 into the 
culture; no additive effects were observed at saturated concen- 
trations (Fig. 3). 

To determine if SGNs respond to other growth factors, we 
added epidermal growth factor (EGF), basic fibroblast growth 
factor (bFGF), transforming growth factor+1 (TGF-PI), TGF- 
p2, TGF+3, or TGF-P5 to the cultures. No survival-promoting 
effects were seen, suggesting selective responses of SGNs to 
NT-4/5, BDNF and NT3. 

SGNs make TrkB protein, the high-afinity binding receptor for 
BDNF and NT-415 

To determine whether SGNs make trkB protein, the high-affinity 
binding receptor for BDNF and NT-4/5, TrkB immunohisto- 
chemistry was performed on cross-sections of P5 spiral ganglion 
with a polyclonal antiserum against TrkB extracellular domain 
(TrkB,,_,,; Yan et al., 1994; Gao et al., 1995a). As shown in 
Figure 4A, both the somata and processes of SGNs in the spiral 
ganglion were labeled. In contrast, TrkA antiserum (Clary et al., 
1994) failed to detect the presence of TrkA protein in these 
neurons (Fig. 4C). These results suggest that the effects of NT- 
415 and BDNF on these neurons are direct. 
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Fi), . . _-._-._- --_ A, Texas 
red microscopy shows neurofilament immunohistochemistry on whole- 
mount of P5 cochlear tissue. Both the somata and processes of SGNs 
were heavily labeled and their innervation of hair cells was evident. B 
and C, Bright-field microscopy demonstrates neurofilament protein im- 
munocytochemistry in the SGN cultures in serum-free medium alone 
(B) or in medium containing 10 rig/ml of NT-4/5 (C), respectively. 
Identical results (not shown) were also obtained with a different neu- 
ronal marker, a monoclonal antibody 3AlO (Furley et al., 1990). Note 
that NT-4/5 greatly enhanced the survival of cultured SGNs. Abbrevi- 
ations: SC, spiral ganglion; HC, hair cells. Scale bar, 100 km. 

When the sections of spiral ganglion were double labeled with 
a monoclonal antibody (N52) against neurofilament protein and 
TrkB or TrkA antiserum, the majority of the neurofilament-pos- 
itive SGNs were also labeled by the TrkB antiserum (Fig. 4A,B), 
but not the TrkA antiserum (Fig. 4C,D), suggesting that most 

Figure 2. Quantitation of the effects of NT-4/5 on SGN survival. 
SGNs were prepared from P5 rats, plated and kept for 2 d in serum- 
free medium in the absence or presence of NT-4/5 at different concen- 
trations. Viable SGNs wcrc idcntificd by labeling with a neurofilament 
monoclonal antibody (N52), viewed under a Zeiss Axiophot micro- 
scope, and counted using a grid ocular reticule covering an area of 1 
mm2. For each culture, about 10 randomly selected fields were counted. 
Data were collected from three to five cultures and normalized as a 
percentage of the number of viable neurons in the control cultures in 
each of the experiments. The error bars represent SEM. As compared 
to control cultures, NT-4/5 showed very significant survival-promoting 
effects on SGNs at all doses @ < 0.001, two-tailed, unpaired t test). 

SGNs produce TrkB, but not TrkA proteins. It is of interest that 
SGNs were also immunoreactive to an antiserum against P75 
(Weskamp and Reichardt, 1991, the low-affinity receptor for all 
neurotrophins. It appeared that all SGNs made the P75 protein 
(Fig. 4E,F). In addition, both TrkB and P75 immunostainings 
extended into the cochlear epithelium; however, the immuno- 
reactivities were confined to the afferent nerve terminals of 
SGNs, but were undetectable in the hair cells. 

TrkB-IgG fusion protein blocks the survival-promoting activity 
of NT-415 

To provide further evidence that NT-4/5 acts specifically on the 
SGNs, we added TrkB-IgG fusion protein, a specific antagonist 
for NT-4/5 and BDNF (Shelton et al., 1995), to the SGN cultures 
containing NT-4/5 or BDNE As shown in Figure 5, addition of 
the TrkB-IgG fusion protein completely inhibited the survival- 
promoting effects of NT-4/5 and/or BDNE As expected, the 
TrkB-IgG fusion protein did not block the activity of NT-3. On 
the other hand, TrkC-IgG fusion protein, a specific antagonist 
for NT-3 (Shelton et al., 1995), abolished the effects of NT-3, 
but failed to block the effects of NT-415 and/or BDNF (Fig. 5). 
The specific blocking effects of TrkB-IgG or TrkC-IgG on NT- 
4/5 and BDNF or NT3, respectively, were also seen when more 
than one neurotrophin was present in the culture. In addition, 
TrkB-IgG and/or TrkC-IgG themselves did not show detectable 
effects on the survival of SGNs in normal cultures (Fig. 5). 
These experiments, considered together, confirmed the specific- 
ity of TrkB-IgG and TrkC-IgG and support the notion that the 
survival-promoting effects of NT-4/5 on SGNs are specific. 
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Figure 3. Quantitation of the effects of different neurotrophins on SGN survival. SGNs were prepared from P5 rats and maintained for 2 d in 
serum-free medium without or with different neurotrophins at different concentrations. Quantitation of viable SGNs was made in the same way as 
in Figure 2 and the error bars are SEM. When compared to control cultures, NT-4/5 and BDNF showed very significant survival-promoting effects 
on SGNs at all doses @ < 0.001, two-tailed, unpaired t test). NT-3 also showed significant effects (p < 0.05 at 0.1 rig/ml; p < 0.001 at doses 
from l-50 rig/ml). Difference between NT3 and NT-4/5 was very significant at all doses (p < 0.001). No statistical difference was found between 
NT-4/5 and BDNF except the dose of 0.1 rig/ml @ < 0.01). . - 

NT-415, BDNF, and NT-3, but not NGF, protect SGNs against 
cisplatin neurotoxicity 

Cisplatin, a widely used chemotherapeutic agent, produces oto- 
toxic side effects (Fleischman et al., 1975; Stadnicki et al., 1975; 
Nakai et al., 1982; Carenza et al., 1986). When cisplatin was 
added to the SGN cultures, it induced a dose-dependent inhibi- 
tion of SGN survival (Fig. 6). At a dose of 4 p,g/ml or higher, 
virtually all SGNs died in the culture within 2 d. In contrast, 
cisplatin, at a concentration of 4 pg/ml, had no inhibitory effects 
on survival of postnatal neurons harvested from the CNS such 
as cerebellar granule neurons or hippocampal neurons in vitro; 
the majority of cerebellar granule neurons and hippocampal neu- 
rons survived and elaborated neurites in the culture containing 
4-6 kg/ml of cisplatin (J. L. Zheng and W.-Q. Gao, unpublished 
observations), suggesting that SGNs are selectively vulnerable 
to cisplatin. 

To determine if NT-4/5 could protect the SGNs from cisplatin 
neurotoxicity, NT-4/5 was added along with three different doses 
of cisplatin. At concentrations of 1 pg/ml or 2 p,g/ml cisplatin, 
the percentage of surviving SGNs was higher than that in the 
control cultures lacking cisplatin (Fig. 7). This suggests that NT- 
4/5 promotes SGN survival and protects SGNs from cisplatin 
neurotoxicity. At 4 pg/ml of cisplatin, NT-4/5 still significantly 
protected SGNs from cell death 0, < O.OOl), although the sur- 
vival level was only 70% of control cultures in the absence of 
cisplatin (Fig. 7). 

Equivalent protective effects against cisplatin neurotoxicity 
were observed for BDNF. NT-3 also displayed significant pro- 
tective effects 0, < O.OOl), but was less potent compared to NT- 
4/5 or BDNF 07 < 0.001). Combinations of NT-4/5 and BDNF 
or of NT-4/5 and NT-3 did not show additive effects as com- 
pared to that of NT-4/5 alone. Finally, NGF did not show any 
protective effects (Fig. 7). 

Discussion 

In the present study, we have demonstrated that NT-4/5 pro- 
motes the survival of cultured P5 rat SGNs and protects them 
against neurotoxicity by cisplatin. Of the four known neurotro- 
phins, NT-4/5 and BDNF are equivalently potent survival factors 
and more potent than NT-3. In contrast, NGF has no effect on 
SGN survival. 

The differential survival-promoting effects of NT-4/5 or 
BDNF and NGF on cultured SGNs are consistent with the ex- 
pression pattern of TrkB and TrkA receptors in these neurons. 
The negative staining of TrkA antiserum correlates well with the 
negative results of NGF on these neurons. The detection of TrkB 
protein in the SGNs in the present experiment provides strong 
support for direct actions of NT-4/5 and BDNF on the SGNs. 
Our immunohistochemistry is also in agreement with an earlier 
study by Vazquez and his co-workers (Vazquez et al., 1994), 
which shows TrkB immunoreactivity in the embryonic mouse 
cochleovestibular ganglion. It is of interest that SGNs also pro- 



Figure 4. Dual-immunohistochemistry on cross sections of the spiral ganglion with TrkB, TrkA, or P75 and neurofilament protein antibodies. A, 
C. and E, Texas red microscopy shows the staining pattern of antibodies against TrkB, TrkA, and P75, respectively. B, D, and F, Fluorescence 
microscopy shows the immunostainings of neurofilament antibody (N52) in the same sections as shown in A, C, and E. N52 labeled intensely 
somata and processes of SGNs. Note that while SGN somata and processes were heavily labeled by TrkB and P75 antibodies (A and E), no staining 
by TrkA antiserum was evident (C). Scale bar, 100 km. 

duce P75 protein, a low-affinity binding protein for all four neu- 
rotrophins. The expression of P75 in SGNs has also been de- 
scribed by others (von Bartheld et al., 1991; Ylikoski et al., 
1993; Schecterson and Bothwell, 1994). Although the biological 
function of P75 remains unclear, recent studies indicate that the 
binding between NGF and P75 may enhance the TrkA-mediated 
signal transduction pathway (Davies et al., 1993b; Barker and 
Shooter, 1994; Clary and Reichardt, 1994; Verdi et al., 1994). 
Since an immunohistochemically specific antibody against TrkC 

receptor is lacking, we have not determined the expression pat- 
tern of TrkC protein in these cells. As mRNAs for both TrkB 
and TrkC have been found in the developing cochleovestibular 
ganglion (Ylikoski et al., 1993; Schecterson and Bothwell, 
1994), it is possible that the SGNs coexpress both TrkB and 
TrkC genes. The decreased potency of NT-3 compared to NT- 
415 or BDNF and the absence of additive effects when NT-3 is 
combined with NT-4/5 suggest that TrkC signaling is not cou- 
pled as effectively as TrkB signaling to support survival (Tsoul- 
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Figure 5. TrkBIgG protein inhibits 
the survival-promoting activity of NT- 
4/5 or BDNE SGNs were prepared 
from P5 rats and kept for 2 d in serum- 
free medium containing 1 p,g/ml TrkB- 
IgG and/or TrkC-IgG alone or in com- 
bination with 10 rig/ml neurotrophins. 
Quantitation of viable SGNs was done 
in the same way as in Figure 2. The 
error bars indicate SEM. 
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fas et al., 1993; Valenzuela et al., 1993; Garner and Large, 
1994). 

Although both NT-4/5 and BDNF could activate the same 
TrkB receptor (Berkemeier et al., 1991; Ip et al., 1992; Ip et al., 
1993; Escandon et al., 1994), their actions are not completely 
identical. Subtle differences in their effectiveness have been ob- 
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Figure 6. Cisplatin induces a dose-dependent neuronal cell death. 
SGNs were prepared from P5 rats, plated in serum-free medium con- 
taining different doses of cisplatin, and assayed after 2 d in culture. 
Quantitation of viable SGNs was made in the same way as in Figure 
2. The error bars are SEM. 
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served in NIH-3T3 cells transfected with TrkB receptors (Ip et 
al., 1993), in cultured embryonic cerebellar Purkinje cells (Lark- 
fors et al., 1993), and in aged animals with learning and memory 
deficits (Fischer et al., 1994). Because of these differences in 
effectiveness, it seems important to compare the actions of NT- 
4/5 and BDNF on SGN survival. In the present study, although 
NT-4/5 is more potent than BDNF at a concentration of 0.1 
rig/ml, they show equivalent effectiveness at concentrations from 
l-50 &ml. Similar results have been observed on cultured post- 
natal cerebellar granule neurons (Gao et al., 1995a). The equal 
potency of NT-4/S and BDNF on neuronal survival has also been 
seen in cultures of embryonic midbrain dopaminergic neurons 
(Hynes et al., 1994), embryonic sensory neurons (Davies et al., 
1993b), and adult retinal ganglion neurons (Cohen et al., 1994). 
In addition, it is important to note that no additive effects are 
observed when both NT-4/5 and BDNF are present in the culture 
at saturated concentrations tested. TrkB-IgG, but not TrkC-IgG, 
completely blocks the survival-promoting activity of NT-4/5 
and/or BDNE Furthermore, EGE bFGE TGF-B 1, TGF-B2, TGF- 
B3, or TGF-05 does not show any effects in the SGN cultures. 
These results support the notion that NT-4/5 and BDNF act spe- 
cifically on the SGNs and both NT-4/5 and BDNF activate the 
same receptor, TrkB, for signal transduction. During preparation 
of the manuscript, Lefebvre et al. (1994) reported that BDNF 
and NT-3 support the survival of adult SGNs. The present study 
is in agreement with the earlier report with BDNF and NT-3. In 
addition, our experiments demonstrate specific and potent sur- 
vival-promoting effects of NT-4/5 and provide the first evidence 
that NT-4/5 and BDNF have similar survival-promoting effects 
on SGNs. 
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Concentration of Cisplatin @g/ml) 
Figure 7. NT-415, BDNF and NT-3 protect SGNs against cisplatin neurotoxicity. SGNs were prepared from P5 rats and cultured for 2 d in serum- 
free medium containing 1 pg/ml, 2 pg/ml, or 4 yg/ml of cisplatin alone or with 10 rig/ml of different neurotrophins. Quantitation of viable SGNs 
was done in the same way as in Figure 2. The error bars stand for SEM. The dashed hon’zontul line indicates the survival level of normal cultures 
without cisplatin. Note that even in the cultures containing 4 p,g/ml cisplatin. NT-4/5, BDNF and NT3 showed very significant protecting effects 
on SGNs as compared to the culture containing cisplatin alone 0, < 0.001). Although no difference was found between cultures containing NT- 
4/S and cultures containing BDNE the difference between cultures containing NT-3 and cultures containing NT-4/5 or BDNF was statistically very 
significant (p < 0.001). 
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Previous in situ hybridization studies have indicated that 
mRNA for neurotrophins including BDNF and NT-3 are found 
in the inner ear including cochlear tissues (Pirvola et al., 1992; 
Schecterson and Bothwell, 1994; Wheeler et al., 1994). At pres- 
ent, it is not known if hair cells in the organ of Corti, the pe- 
ripheral target tissue for SGNs, make NT-4/5. We have attempt- 
ed and failed to detect neurotrophins in the extract of organ of 
Corti with ELISA that can measure neurotrophins at a range of 
10m9 g/ml (40 Corti’s organs/ml), suggesting the levels of neu- 
rotrophins are very low. However, it is quite possible that the 
organ of Corti produces more than one trophic factor for survival 
of SGNs. Support for this notion comes from recent gene de- 
letion experiments in which the genes coding for neurotrophins 
are deleted (see a recent review by Snider, 1994). For example, 
in the NT-3 knock-out mice, there is a great loss of SGNs (Far- 
ifias et al., 1994). However, in the mice lacking BDNF, neuronal 
innervation of cochlear hair cells is unaffected and the mice have 
normal auditory responses (Ernfors et al., 1994), presumably 
reflecting compensation between BDNF and NT-4/.5 or NT-3. 

On the other hand, it should be noted that in contrast to other 
sensory neurons that are completely dependent upon neurotro- 
phins for survival (Davies et al., 1986), approximately 20-25% 
of cultured SGNs survive even in the absence of neurotrophins 
in the present experiments. This population survives for a longer 
time (4-6 d) in cultures without neurotrophins (data not shown). 
Although this could be due to endogenous neurotrophins coming 
from SGNs or non-neuronal cells in the culture, the result that 

addition of TrkB-IgG and TrkC-IgG to the control culture with- 
out exogenous neurotrophins does not significantly affect the 
survival percentage of the SGNs, makes this possibility unlikely. 
Therefore, a small subpopulation of SGNs may be neurotrophin- 
independent at and after birth. Supportive evidence comes from 
a study by Guild and his co-workers (Guild et al., 1931), which 
showed that when the organ of Corti, the peripheral target for 
SGNs, and the peripheral axons of the SGNs are completely 
atrophied, approximately 25% of the SGNs remain intact. 

Cisplatin, a widely used chemotherapeutic agent for several 
types of cancer, has two unfortunate side effects in the nervous 
system: peripheral sensory neuropathy (Roelofs et al., 1984; 
Thompson et al., 1984; Mollman, 1990; Siegal and Haim, 1990) 
and ototoxicity (Fleischman et al., 1975; Stadnicki et al., 1975; 
Nakai et al., 1982; Carenza et al., 1986). When neuronal cultures 
were prepared from different CNSs and PNSs, cisplatin selec- 
tively damaged large sensory neurons in the dorsal root ganglia 
and neurons in cochleovestibular ganglion (Zheng and Gao, un- 
published observations). In the case of cisplatin-induced periph- 
eral sensory neuropathy in which TrkC-expressing DRG neurons 
are affected, NT-3 protects and reverses the pathological 
changes induced by cisplatin in both sensory nerve conduction 
velocity and abnormal cytoplasmic patching of neurofilament 
protein (Gao et al., 1995b). Our findings that NT-4/5 effectively 
promotes survival of cultured SGNs and protects SGNs from 
cisplatin neurotoxicity suggest that this factor may be useful in 
prevention of injury or toxin-induced hearing impairment. 
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