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Abstract
Enhanced spiral ganglion neuron (SGN) survival and regeneration of peripheral axons following
deafness will likely enhance the efficacy of cochlear implants. Overexpression of Bcl-2 prevents
SGN death, but inhibits neurite growth. Here we assessed the consequences of Bcl-2 targeted to
either the mitochondria (GFP-Bcl-2-Maob) or endoplasmic reticulum (ER, GFP-Bcl-2-Cb5) on
cultured SGN survival and neurite growth. Transfection of wild type GFP-Bcl-2, GFP-Bcl-2-Cb5,
or GFP-Bcl-2-Maob increased SGN survival, with GFP-Bcl-2-Cb5 providing the most robust
response. Paradoxically, expression of GFP-Bcl-2-Maob results in SGN death in the presence of
neurotrophin-3 (NT-3) and brain derived neurotrophic factor (BDNF), neurotrophins that
independently promote SGN survival via Trk receptors. This loss of SGNs is associated with
cleavage of caspase 3 and appears specific for neurotrophin signaling, since co-expression of
constitutively active mitogen activated kinase kinase (MEKΔEE) or phosphatidyl inositol-3 kinase
(P110), but not other prosurvival stimuli (e.g. membrane depolarization), also results in the loss of
SGNs expressing GFP-Bcl-2-Maob. MEKΔEE and P110 promote SGN survival while P110
promotes neurite growth to a greater extent than NT-3 or MEKΔEE. However wild-type GFP-
Bcl-2, GFP-Bcl-2-Cb5 and GFP-Bcl-2-Maob inhibit neurite growth even in the presence of
neurotrophins, MEKΔEE, or P110. Historically, Bcl-2 has been thought to act primarily at the
mitochondria to prevent neuronal apoptosis. Nevertheless, our data show that Bcl-2 targeted to the
ER is more effective at rescuing SGNs in the absence of trophic factors. Additionally, Bcl-2
targeted to the mitochondria results in SGN death in the presence of neurotrophins.
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INTRODUCTION
Spiral ganglion neurons (SGNs) provide the afferent fibers of the auditory nerve. They
express TrkB and TrkC, but not Trk A, receptors and are thus supported by brain derived
neurotrophic factor (BDNF) and neurotrophin-3 (NT-3) along with other neurotrophic
factors, which are produced in the cochlea, spiral ganglion Schwann cells, and the cochlear
nucleus (Despres and Romand 1994; Farinas et al. 2001; Fritzsch et al. 1997; Hansen et al.
2001a; Pirvola et al. 1994; Schecterson and Bothwell 1994; Staecker et al. 1995; Wheeler et
al. 1994; Ylikoski et al. 1993). Loss of hair cells leads to degeneration of the afferent fibers
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innervating the cochlea and ultimately death of the SGNs via apoptosis (Alam et al. 2007;
Lee et al. 2003; Spoendlin 1975; Wang et al. 2001b). Strategies to prevent SGN death and
regenerate the peripheral axons carries particular relevance for patients with profound
hearing loss since most are candidates for cochlear implantation with an electrode to
stimulate the residual SGNs (Bianchi and Raz 2004; Pettingill et al. 2007; Roehm and
Hansen 2005). Disruption of the apoptotic mechanism represents one strategy to prevent
SGN degeneration following deafening (Alam et al. 2007; Lee et al. 2003).

Members of the Bcl-2 family of proteins are critical regulators of apoptosis; some promote
survival while others promote apoptosis (Rong and Distelhorst 2008). Prosurvival members
of the Bcl-2 family (e.g. Bcl-2 and Bcl-XL) rescue SGNs deprived of trophic factor in vitro
and in vivo (Hansen et al. 2007; Staecker et al. 2007). Bcl-2 expression decreases in the
spiral ganglion following hair cell loss, correlated with SGN death, further supporting a role
for Bcl-2 in SGN survival (Bae et al. 2008). In addition to their well-characterized effects on
apoptosis, members of the Bcl-2 family of proteins also regulate neurite growth. For
example, Bcl-2 enhances axon and neurite growth in retinal ganglion cells (RGCs),
embryonic trigeminal neurons, and PC12 cells (Chen et al. 1997; Hilton et al. 1997; Jiao et
al. 2005; Leaver et al. 2006). Conversely, overexpression of Bcl-2 and Bcl-XL, which
promote SGN survival, strongly inhibit SGN neurite growth (Hansen et al. 2007).

Bcl-2 was initially described as localizing to the mitochondria where it disrupts the apoptotic
machinery to promote cell survival (Gorman et al. 2000; Gross et al. 1999; Hockenbery et
al. 1990; Kroemer et al. 2007; Reed et al. 1998; Shimizu et al. 1998; Tsujimoto et al. 2006).
More recently, Bcl-2 function in the endoplasmic reticulum (ER) has been recognized,
where it regulates ER Ca2+ stores and prevents apoptosis in many cells (Bassik et al. 2004;
Rong and Distelhorst 2008; Thomenius and Distelhorst 2003). In PC12 cells, Bcl-2 targeted
to either the mitochondria or ER promotes cell survival, whereas only Bcl-2 targeted to the
ER promotes neurite growth, implying that the effects of Bcl-2 on neuronal differentiation
depend on its subcellular localization (Jiao et al. 2005). Here we investigated the relative
ability of Bcl-2 targeted to either the mitochondria or the ER to promote SGN survival. We
also asked whether targeting Bcl-2 to the mitochondria or ER would differentially affect
neurite growth. We find that Bcl-2 targeted to the mitochondria and ER both promote SGN
survival, with the later being more effective. Further, overexpression of Bcl-2 inhibits SGN
neurite growth regardless of its targeting to the mitochondria or ER. Finally, we found that
targeting of Bcl-2 to the mitochondria paradoxically induces SGN death in the presence of
neurotrophins, but not other pro-survival stimuli.

METHODS
Spiral ganglion culture and transfection

Dissociated spiral ganglion cultures were prepared from P5 rat pups, plated on
polyornithine- and laminin-coated 8-well culture chambers (Nalge Nunc Intl., Naperville,
IL), and maintained in high glucose Dulbecco’s Modified Eagle’s Medium with N2
supplement (Invitrogen, Carlsbad, CA) and fresh insulin (Sigma-Aldrich, St. Louis, 10 μg/
ml) in a humidified incubator with 6.5% CO2 at 37°C as previously described (Hansen et al.
2001b; Hegarty et al. 1997). All cultures were initially plated in BDNF or NT-3 (R&D
systems, Minneapolis, MN, 50 ng/ml) to support SGN survival during transfection. The
cultures were then transfected with expression plasmids 3–4 hours following placement in
culture using calcium-phosphate precipitation at 37°C as previously described (Hansen et al.
2003; Zha et al. 2001). Twelve to 14 hours after transfection the cultures were washed three
times, the media was exchanged and the cultures were maintained in serum free DMEM
with N2 supplements in the presence or absence of neurotrophic factors that promote SGN
survival for an additional 48 hours.

Renton et al. Page 2

J Neurosci Res. Author manuscript; available in PMC 2012 March 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Wild-type, ER and mitochondrially targeted GFP tagged Bcl-2 constructs, and
corresponding constructs lacking Bcl-2 were kindly provided by Clark Distelhorst (Case
Western Univ. Cleveland, OH). pGFP-Bcl-2-Cb5 and pGFP-Cb5 encode amino acids 100–
134 of human cytochrome b5 to target expression to the ER (Wang et al. 2001a). pGFP-
Bcl-2-Maob and pGFP-Maob encode amino acids 492–520 of human monoamine oxidase B
to target expression to the mitochondria (Wang et al. 2001a). Constitutively active MEK1
(MEKΔEE) and P110 expression plasmids were kindly provided by Dr. Steven Green
(University of Iowa, Iowa City, IA) (Cowley et al. 1994; Hu et al. 1995; Klippel et al. 1996).

Immunolabeling and microscopy
Following completion of each experiment, cultures were fixed with 4% paraformaldehyde
for 10 minutes and permeabilized with 0.1% Triton-X in phosphate buffered saline (PBS).
Non-specific antibody was blocked with blocking buffer (5% goat serum, 2% bovine serum
albumin (BSA) and 0.1% Triton-X in PBS) and immunolabeled with anti-neurofilament 200
(NF200) monoclonal antibody (N52, Sigma-Aldrich, St. Louis, MO) that recognizes
phosphorylated and unphosphorylated NF200 (1:1000, Sigma-Aldrich; St. Louis, MO).
Subsets of cultures were simultaneously immunostained with rabbit anti-heat shock protein
60 (1:100, Cell Signaling, Boston, MA), rabbit anti-calnexin (1:100, SPA-860, Stressgen
Biotechnologies, San Diego, CA), rabbit anti-Bcl-2 (1:1,1000, ab18210, Abcam, Cambridge,
MA) or rabbit anti-cleaved caspase-3 (Active caspase, 1:400, 5A1E, Cell Signaling, Boston,
MA). Alexa 350, Alexa 546, Alexa 568, and/or Alexa 647 conjugated secondary antibodies
(1:1000, Invitrogen, Carlsbad, CA) were used to detect primary antibody labeling as
indicated.

Following fixation and immunostaining, apoptotic cells were detected by terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) using the In Situ Cell Death
Detection Kit, TMR red kit (Roche Diagnostics, Indianapolis, IN) according to the
manufacturer’s instructions as previously described (Hansen et al. 2008). Nuclei were
labeled with Hoechst 3342 (10 μg/ml).

Digital images of transfected SGN were captured on a Leica DMRIII microscope equipped
with epifluorescent filters and a cooled CCD camera using Leica FW4000 software (Leica
Microsystems, Bannockburn, IL). For detection of anti-Hsp60, anti-calnexin, anti-Bcl-2, or
anti-Active caspase immunolabeling, MitoTracker Red labeling, and TUNEL the cultures
were imaged on a Leica SP5 laser scanning confocal microscope equipped with 405 nm, 488
nm, 543 nm, and 633 nm laser lines (Leica Microsystems, Bannockburn, IL)

Neuron survival and neurite length determination
Survival of transfected SGNs was determined as previously described (Hansen et al. 2003;
Hansen et al. 2007). Briefly, every transfected, surviving neuron was counted for each
condition. Criteria for scoring neuronal survival were: (1) GFP positive, (2) NF200
immunoreactive, and (3) and an intact, non-pyknotic nucleus. Each condition was performed
in duplicate or triplicate and repeated at least three times. For each repetition, the control
condition consisted of the number of surviving SGNs transfected with GFP and maintained
in NT-3 (50 ng/ml). SGN survival was calculated as percentage of surviving transfected
SGNs relative to the number of transfected SGNs present in control conditions for each
repetition. We typically obtained ~1,000 surviving SGNs/well in cultures maintained in NT3
(50 ng/ml) corresponding to ~2,000 surviving SGNs/cochlea in culture, similar to the plating
efficiency of other methods of culturing rat SGNs (Hansen et al. 2007; Ripoll and Rebillard
1997). Typically 10–15% of the SGNs were transfected yielding approximately 130
transfected SGNs per well (Hansen et al. 2007). Significance for difference in means among
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groups for cell survival was tested by one way ANOVA followed by a post hoc Tukey test
using SigmaStat (Systat Software, Inc., Point Richmond, CA).

Neurite length was determined by measuring the entire length of the longest process
extending from transfected SGNs (GFP- and NF200-positive) using the measurement tool in
ImageJ (NIH; Bethesda, MD). Ten to thirty randomly selected SGNs were scored for each
experimental repetition. Length is defined as the maximal possible distance along a neurite,
i.e., the distance from the soma to the end of the longest neurite (if more than one neurite
was present) and to the end of the longest branch at each branchpoint for branched neurites.
If the longest neurite/branch of the chosen cell extended beyond the image border, additional
images were acquired to include and measure the entire length of the process (Hansen et al.
2007; Roehm et al. 2008). Cumulative histograms based on neurite length with 100 μm bins
were constructed for all transfected SGNs in each condition using Excel software
(Microsoft, Seattle, WA). Significance for differences in neurite length among treatment
groups was determined by Kruskal-Wallis ANOVA on ranks followed by a post hoc Dunn’s
method using SigmaStat.

MitoTracker Red labeling
SG cultures, transfected with GFP-Maob or GFP-Bcl-2-GFP and maintained in the absence
of trophic factors, were loaded for 15 min with 100 nM MitoTracker® Red CMXRos
(Invitrogen, Carlsbad, CA) at 37 °C 24 h after transgene expression according to the
manufacturer’s protocol. Following 3 rinses with media, the cultures were fixed with 4%
paraformaldehyde and immunolabeled with anti-NF200 antibody followed by an Alexa 350
conjugated secondary antibody. Cells were imaged with a Leica SP5 laser scanning confocal
microscope.

RESULTS
Bcl-2 promotes SGN survival, but inhibits neurite growth (Hansen et al. 2007; Staecker et
al. 2007). We sought to determine if the ability of Bcl-2 to promote cell survival or inhibit
neurite growth depends on its subcellular localization. Primary spiral ganglion cultures were
prepared from p5rat pups and were transiently transfected with plasmids encoding Bcl-2
tagged with green fluorescent protein (GFP) and targeted to either the mitochondria or ER.
GFP-Bcl-2-Maob, which bears the mitochondria targeting region of monoamine oxidase b
(Maob) (Wang et al. 2001a), localizes to the mitochondria in SGNs, verified by
colocalization of GFP-Bcl-2-Maob with heat shock protein (Hsp) 60 immunoreactivity (Fig.
1). GFP-Bcl-2-Cb5, bearing the ER targeting sequence of cytochrome b5 (Cb5) (Wang et al.
2001a), localizes to the ER in SGNs, verified by colocalization with calnexin
immunoreactivity (Fig. 1).

For survival assays, SG cultures were transfected with wild-type GFP-Bcl-2, GFP-Bcl-2-
Maob, or GFP-Bcl-2-Cb5 or with the control plasmids, GFP, GFP-Maob, or GFP-Cb5.
Immunostaining with anti-Bcl-2 antibodies confirmed increased Bcl-2 expression in neurons
transfected with wild-type GFP-Bcl-2, GFP-Bcl-2-Moab, or GFP-Bcl-2-Moab compared
with nontransfected neurons or neurons transfected with control plasmids (Fig. 2). Forty
eight hours after transgene expression the cultures were fixed and immunolabeled with anti-
neurofilament 200 (NF200) antibody to identify SGNs and their neurites. The number of
surviving SGNs was determined in each condition and expressed as a percent of SGNs
transfected with GFP and maintained in neurotrophin-3 (NT-3, 50 ng/ml), which promotes
SGN survival (Hegarty et al. 1997). The number of GFP-positive surviving SGNs in NT-3
across all repetitions was 127±24 (mean±standard deviation).

Renton et al. Page 4

J Neurosci Res. Author manuscript; available in PMC 2012 March 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Similar to wild-type GFP-Bcl-2 (Hansen et al. 2007), both GFP-Bcl-2-Maob and GFP-
Bcl-2-Cb5 promote SGN survival compared with GFP-Maob or GFP-Cb5, respectively
(p<0.01) (Fig. 3). Survival of SGNs transfected with GFP-Bcl-2-Cb5 was significantly
greater than survival of SGNs transfected with either GFP-Bcl-2 or GFP- Bcl-2-Maob
(p<0.04). On the other hand, survival of SGNs transfected with GFP-Maob or GFP-Cb5 and
maintained in NT-3 was comparable to survival of SGNs transfected with GFP and
maintained in NT-3 (Fig. 5).

Overexpression of wild-type Bcl-2 or Bcl-XL inhibits SGN neurite growth, even in the
presence of neurotrophic factors (Hansen et al. 2007). We next asked whether the ability of
Bcl-2 to inhibit neurite depends on its subcellular targeting. We compared neurite length of
SGNs transfected with wild-type GFP-Bcl-2, GFP-Bcl-2-Maob, or GFP-Bcl-2-Cb5 with
SGNs transfected with GFP. Neurite lengths are presented as a cumulative histogram so that
conditions with longer neurites are shifted to the right compared with conditions with shorter
neurites (Fig. 4). Both GFP-Bcl-2-Maob and GFP-Bcl-2-Cb5 significantly reduced SGN
neurite growth relative to control, (p<0.05, Kruskal-Wallis ANOVA on ranks and post hoc
Dunn’s method), even in the presence of NT-3, a neurotrophin that promotes SGN neurite
growth (Aletsee et al. 2001). Thus, similar to wild-type Bcl-2 and Bcl-XL, Bcl-2 targeted to
the mitochondria or ER inhibits SGN neurite growth.

To further characterize the pro-survival effects of Bcl-2, we asked whether the ability of
Bcl-2 targeted to either the mitochondria or ER to promote SGN survival was additive with
neurotrophins. SG cultures transfected with GFP-Bcl-2-Maob, GFP-Bcl2-Cb5, GFP-Maob,
or GFP-Cb5 were maintained in the presence of absence of NT-3 (50 ng/ml) and SGN
survival was determined as above. There was no difference in SGN survival in cultures
transfected with GFP-Bcl-2-Cb5 in the presence of absence of NT-3, indicating that the
prosurvival effects of neurotrophins are not additive with Bcl-2 localized to the ER (Figs. 3
and 5). By contrast, treatment with NT-3 significantly reduced the survival of SGNs
transfected with GFP-Bcl-2-Moab relative to those maintained in the absence of NT-3 or to
SGNs transfected with GFP-Maob and maintained in NT-3 (p<0.04). The increase in cell
death in SGNs expressing GFP-Bcl-2-Maob in the presence of NT-3 was not simply due to
increased levels of proteins localized to the outer mitochondrial membrane since NT-3 did
not increase death of SGNs expressing GFP-Maob. Also, it is not due to a generalized
overexpression of Bcl-2 since NT-3 does not induce cell death in SGN transfected with
wild-type GFP-Bcl-2 or GFP-Bcl-2-Cb5.

To determine the type of cell death induced by NT-3 in SGNs expressing GFP-Bcl-2-Maob,
we labeled a subset of cultures with TUNEL (Terminal deoxynucleotidyl transferase dUTP
nick end labeling), which specifically labels nuclei of apoptotic cells (Gavrieli et al. 1992).
SGNs expressing GFP-Bcl-2-Maob and maintained in NT-3 demonstrated condensed and/or
fragmented nuclei that labeled with TUNEL suggesting that these neurons die by apoptosis
(Fig. 6). To confirm apoptosis in SGNs expressing GFP-Bcl-2-Maob and treated with NT-3,
we immunostained a subset of cultures with an anti-active caspase-3 antibody which
specifically detects cleaved caspase-3, a hallmark of apoptosis (Rong and Distelhorst 2008).
Activated caspase 3 was detected in the cytoplasm of SGNs expressing GFP-Bcl-2-Maob in
the presence, but not the absence, of NT-3 (Fig. 7). Thus, NT-3 induces apoptosis in SGNs
expressing Bcl-2 localized to the mitochondria.

The paradoxical increase in apoptosis of SGNs expressing GFP-Bcl-2-Maob treated with
NT-3 prompted us to ask whether other pro-survival stimuli also increase apoptosis in SGNs
expressing GFP-Bcl-2-Maob. Membrane depolarization with 30 mM extracellular potassium
(30K) or cotransfection of GFP-Bcl-2-Cb5, both potent pro-survival stimuli (Figs. 3 and 8)
(Hansen et al. 2007; Hegarty et al. 1997), did not increase cell death in SGNs transfected
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with GFP-Bcl-2-Maob (Fig. 8). Conversely, BDNF, which promotes SGN neurite growth
and survival (Hegarty et al. 1997), increased cell death in SGNs transfected with GFP-Bcl-2-
Moab (p=0.024), similar to the effect of NT-3. SGNs express TrkB and TrkC suggesting that
the increase in SGN death by BDNF and NT-3 results from activation of Trk signaling.
Another possibility is that NT-3 and BDNF promote apoptosis by activating p75NTR, a low
affinity receptor for neurotrophins that induces apoptosis in some neurons (Lee et al. 2001;
Linggi et al. 2005). To test this possibility, we treated SG cultures transfected with GFP-
Bcl-2-Maob with proNGF (3 nM), a high affinity ligand for p75NTR. Additionally, SGNs
lack TrkA so that proNGF cannot activate Trk in SGNs. Contrary to the effect of mature
neurotrophins, proNGF did not induce cell death in SGNs expressing GFP-Bcl-2-Maob (Fig.
8). Taken together these results demonstrate that neurotrophins induce cell death in SGNs
expressing GFP-Bcl-2-Maob via activation of Trk.

Neurotrophins activate mitogen activated protein kinase kinase/extracellular regulated
kinase (MEK/Erk) and phosphatidyl inositol-3 kinase/Akt (PI3-K/Akt) signaling to promote
SGN survival; inhibition of MEK or PI3-K reduces survival of SGNs treated with
neurotrophins (Hansen et al. 2001b). We asked which of these pathways contributes to the
death of SGNs expressing GFP-Bcl-2-Moab in the presence of neurotrophins. To address
this question, we transfected SGNs with plasmids encoding P110, the catalytic domain of
PI3-K which is constitutively active, or a constitutively active mutant of MEK (MEKΔEE)
(Cowley et al. 1994; Hu et al. 1995; Klippel et al. 1996). Both P110 and MEKΔEE
maintained SGN survival in the absence of other trophic stimuli, indicating that each is
sufficient for SGN survival (Fig. 9).

Next, SGNs were co-transfected with GFP-Bcl-2-Moab and either P110 or MEKΔEE and
SGN survival was determined. Overexpression of either P110 (p=0.04) or MEKΔEE
(p=0.01) significantly reduced the survival SGNs co-expressing GFP-Bcl-2- Maob (Fig. 9).
Thus, activation of PI3-K or MEK induces cell death in SGNs expressing Bcl-2 localized to
the mitochondria similar to the effect of neurotrophins.

Similarly, P110 and MEKΔEE promote SGN neurite growth with the former being more
effective than MEKΔEE or NT-3 (p<0.05) (Fig 10). These data indicate that PI3-K or
MEKΔEE is sufficient to promote SGN survival and neurite growth in the absence of other
trophic stimuli. Neither however was able to overcome the inhibition of neurite growth by
GFP-Bcl-2 (Fig. 10).

Given the ability of GFP-Bcl-2-Maob to induce apoptosis in SGNs maintained in
neurotrophins, we considered the possibility that GFP-Bcl-2-Maob compromised
mitochondrial function. To probe mitochondrial fitness, we labeled SGN transfected with
GFP-Bcl-2-Maob or GFP-Maob with MitoTrackerR Red CMXRos, a cationic fluorophore
that is concentrated in the cytosol of mitochondria with an intact mitochondrial
transmembrane potential (ΔΨm) (Duchen et al. 2003; Jayaraman 2005). SGNs expressing
GFP-Bcl-2-Maob, but not GFP-Maob or untransfected cells, did not label with MitoTracker
Red indicating that GFP-Bcl-2-Maob disrupts the ΔΨm (Fig. 11). A subset of cultures were
cultured on glass coverslips and imaged live after MitoTracker Red labeling and yielded
similar results as the fixed cultures (data not shown).

DISCUSSION
Many neurons, including SGNs, die in the absence of neurotrophic factors (Bok et al. 2003;
Hegarty et al. 1997; Lefebvre et al. 1991; Scarpidis et al. 2003). Here we show that
overexpression of wild-type, mitochondrially-targeted, or ER-targeted Bcl-2 promotes SGN
survival with ER-targeted Bcl-2 providing the most robust response. Thus, inhibition of the
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apoptotic pathway is sufficient for SGN cell survival. The survival of SGN transfected with
wild-type or ER targeted Bcl-2 exceeds that of SGNs treated with neurotrophins and
neurotrophins provide no additional survival advantage for SGNs expressing wild-type or
ER-targeted Bcl-2 (Figs 2 and 4) (Hansen et al. 2007), implying that Bcl-2 does not rescue a
distinct subpopulation of SGNs compared to those supported by neurotrophins.

Effect of subcellular localization of Bcl-2 on cell survival
Wild-type Bcl-2 localizes to mitochondrial, ER, and nuclear membranes (Akao et al. 1994;
Krajewski et al. 1993). Bcl-2 prevents apoptosis, at least in part, by protecting the
mitochondria. For example, prosurvival members of the Bcl-2 family prevent apoptosis in
response to trophic factor withdrawal by inhibiting Bax-induced opening of the
mitochondrial permeabilization pore, cytochrome c release, and subsequent caspase
activation (Green and Reed 1998; Gross et al. 1999; Kluck et al. 1997; Polster and Fiskum
2004; Yang et al. 1997; Yuan and Yankner 2000). Bcl-2 localized to the ER inhibits of the
disruption of the ΔΨm, cytochrome c release, and Bax activation suggesting that Bcl-2
localized to the ER indirectly protects the mitochondria (Annis et al. 2001; Hacki et al.
2000; Thomenius et al. 2003). The mechanisms by which ER-targeted Bcl-2 protects the
mitochondria and prevents apoptosis are still being elucidated although, at least in part, ER-
targeted Bcl-2 interacts with inositol 1,4,5, triphosphate (IP3) receptor Ca2+ channels to
prevent IP3-mediated Ca2+release and redistribution to the mitochondria (Rong and
Distelhorst 2008).

In addition to its well-characterized ability to prevent apoptosis, Bcl-2 can induce apoptosis
in certain circumstances (Uhlmann et al. 1998; Wang et al. 2001a); an effect that has been
attributed to cleavage by caspase 3 with consequent truncation of the BH4 domain (Cheng et
al. 1997; Clem et al. 1998; Kirsch et al. 1999). In HEK293 cells, transient expression of
wild-type and mitochondrially targeted Bcl-2 induces apoptosis while stable transfection
results in cell survival (Wang et al. 2001a). However, mitochondrially targeted Bcl-2 is not
cleaved and mutation of the caspase 3 cleavage site in wild-type Bcl-2 fails to prevent
apoptosis indicating that in these cells the pro-apoptotic effect does not depend on Bcl-2
cleavage by caspases (Wang et al. 2001a). Our data demonstrate that, in the absence of
trophic support, overexpression of Bcl-2 supports SGN survival regardless of its subcellular
targeting.

Interaction of mitochondrially targeted Bcl-2 with neurotrophic signaling
GFP-Bcl-2-Maob and neurotrophins both independently promote SGN survival; however
overexpression of GFP-Bcl-2-Maob increases apoptosis of SGNs maintained in
neurotrophins. Several observations suggest that the prodeath effect of GFP-Bcl-2-Maob in
the presence of neurotrophins results from Trk activation. First, the prodeath response
occurs in cultures maintained in NT-3 and BDNF, but not proNGF. SGNs express p75NTR,
TrkB and TrkC, but not TrkA. Thus, NT-3 and BDNF, but not proNGF, activate Trk
signaling in SGNs.(Despres and Romand 1994; Farinas et al. 2001; Fritzsch et al. 1997;
Pirvola et al. 1994; Schecterson and Bothwell 1994; Staecker et al. 1995; Wheeler et al.
1994; Ylikoski et al. 1993) The fact that proNGF fails to increase cell death in SGNs
expressing GFP-Bcl-2-Maob excludes the possibility that the prodeath response is mediated
by p75NTR, a high-affinity receptor for proneurotrophins capable of promoting cell death in
neurons and Schwann cells (Lee et al. 2001; Linggi et al. 2005; Provenzano et al. 2008;
Syroid et al. 2000). Second, membrane depolarization, which promotes SGN survival
independent of neurotrophin/Trk signaling (Bok et al. 2007; Bok et al. 2003; Hansen et al.
2001b), does not increase death in SGNs expressing GFP-Bcl-2-Maob. Finally, transfection
of constitutively active MEK or PI3-K constructs both increase cell death in SGNs co-
transfected with GFP-Bcl-2-Moab. Both MEK and PI3-K are required for neurotrophin/Trk-
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mediated SGN survival (Hansen et al. 2001b) and we show here that both independently are
sufficient to promote SGN survival and neurite growth.

SGNs expressing mitochondrially targeted Bcl-2 fail to label with MitoTracker Red
indicating loss of ΔΨm. Loss of ΔΨm is felt to be an early event in the apoptotic cascade;
(Castedo et al. 1996; Macho et al. 1996) nevertheless, SGNs expressing mitochondrially
targeted Bcl-2 survive in the absence of other trophic stimuli and in the presence of elevated
extracellular potassium or Bcl-2 targeted to the ER. However, when these neurons are
treated with neurotrophins, they undergo apoptosis. These observations suggest that SGNs
with compromised ΔΨm are susceptible to death in the presence of neurotrophins, perhaps
due to increased bioenergetic demands (Kroemer et al. 2007).

Effect of subcellularly targeted Bcl-2 on neurite growth
We found that overexpression of Bcl-2 strongly inhibits SGN neurite growth regardless of
its subcellular localization. These results are consistent with our previous observation that
overexpression of wild-type Bcl-2 or Bcl-XL, another prosurvival member of the Bcl-2
family, inhibits SGN neurite growth (Hansen et al. 2007). In contrast to our observations in
SGNs, Bcl-2 and Bcl-XL targeted to the ER, but not wild- type Bcl-XL, promote neurite
growth in CNS and embryonic sensory neurons and in PC12 cells (Chen et al. 1997; Hilton
et al. 1997; Jiao et al. 2005). In the case of PC12 cells, Bcl-2 appears to promote neurite
growth by decreasing Ca2+ uptake by the ER, thereby increasing [Ca2+]i which promotes
PC12 neuritogenesis.(Jiao et al. 2005) Conversely increases in [Ca2+]i above basal levels
activates calpain and inhibits SGN neurite growth, even at [Ca2+]i optimal for cell survival
(Hegarty et al. 1997; Roehm et al. 2008).

Implications
Disruption of the apoptotic mechanism represents a prevalent strategy to prevent the
neuronal loss in neurodegenerative diseases. In the cochlea, SGN degenerate following hair
cell loss in a pattern characterized initially by loss of the peripheral process followed by
apoptosis of the neurons (Alam et al. 2007; Dodson and Mohuiddin 2000; Ladrech et al.
2004; Lee et al. 2003; Spoendlin 1971). Cochlear implant prostheses restore auditory
perception to the majority of patients with extensive hair cell loss and optimal performance
with a cochlear implant requires the long-term survival of deafferented SGNs (Gillespie and
Shepherd 2005; Hillman et al. 2003; Roehm and Hansen 2005; Rubinstein 2004). Thus,
prevention of SGN apoptosis and regeneration of the peripheral processes following
deafness holds critical implications for optimal cochlear implant performance as well as
future strategies aimed restoring hearing by regenerating lost hair cells (Izumikawa et al.
2005; Leake et al. 1999; Roehm and Hansen 2005; Shinohara et al. 2002). Overexpression
of Bcl-2 rescues neurons, including SGNs, from cell death and targeting of Bcl-2 to specific
subcellular compartments may optimize axon regenerative responses (Jiao et al. 2005;
Staecker et al. 2007). However, our data suggest that overexpression of Bcl-2, regardless of
its subcellular targeting, inhibits SGN neurite regeneration, thus potentially limiting the
effectiveness of this strategy as a means of restoring neural function. Further, the
observation that mitochondrially targeted Bcl-2 results in SGN apoptosis in the presence of
neurotrophins highlights the importance of careful evaluation of strategies that combine
multiple prosurvival stimuli to prevent neuronal loss (Leake et al. 2007; Leake et al. 2008;
Shepherd et al. 2005).
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Figure 1.
Targeting of Bcl-2 to the mitochondria and endoplasmic reticulum in spiral ganglion
neurons. Spiral ganglion neurons were transfected with GFP-Bcl-2-Maob (A) or GFP-Bcl-2-
Cb5 (B). Cultures were immunostained with anti-heat shock protein (Hsp) 60 (A, red) or
anti-calnexin (B, red) and anti-neurofilament 200 (NF200, blue) antibodies and imaged with
laser confocal microscopy. GFP-Bcl-2-GFP-Maob colocalizes with Hsp60 immunoreactivity
and GFP-Bcl-2-GFP-Cb5 colocalizes with calnexin immunoreactivity.
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Figure 2.
Transfection of GFP-Bcl-2-WT, GFP-Bcl-2-Maob or GFP-Bcl-2-Cb5 results in increased
Bcl-2 expression. Spiral ganglion cultures were transfected with GFP-Bcl-2-WT, GFP-
Bcl-2-Maob or GFP-Bcl-2-Cb5, or GFP as indicated. Twenty four hrs after transfection, the
cultures were immunostained with anti-NF200 (red) and anti-Bcl-2 (scaled, right panels)
antibodies and imaged with laser confocal microscopy. The intensity of Bcl-2
immunostaining is scaled (0-255) in the right panels. Images were obtained a lower
magnification to allow demonstration of a transfected (GFP-positive, green, arrow) and
untransfected neuron (GFP-negative, arrowhead) in each condition. SGNs expressing GFP-
Bcl-2-WT, GFP-Bcl-2-Maob or GFP-Bcl-2-Cb5 demonstrate increased Bcl-2
immunoreactivity compared with SGNs expressing GFP, GFP-Maob (not shown), or GFP-
Cb5 (not shown). Scale bar=20 μm.
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Figure 3.
Expression of Bcl-2 targeted to the mitochondrial or endoplasmic reticulum promotes spiral
ganglion neuron (SGN) survival. Mean SGN survival in cultures transfected with GFP and
maintained in neurotrophin-3 (NT-3, 50 ng/ml) is defined as 100%. The number of surviving
SGNs in control conditions was 127±24 (mean±standard deviation) across all repetitions.
Transfection of GFP-Bcl-2-Cb5 or GFP-Bcl-2-Maob increases mean SGN survival 5 and 1.5
times, respectively, compared with transfection of GFP and maintenance of cultures in NT-3
(control). Each condition was performed in duplicate or triplicate and repeated at least three
times. Error bars present standard deviation from each repetition. Significance of difference
among means was determined by one-way ANOVA followed by a post-hoc Tukey analysis.
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Figure 4.
Expression of Bcl-2 to the mitochondrial or endoplasmic reticulum inhibits SGN neurite
growth. A, B, and C. Representative epifluorescence images of spiral ganglion cultures
transfected with GFP, GFP-Bcl-2-Cb5, or GFP-Bcl-2-Maob and maintained in the presence
of NT-3 (50 ng/ml) for 48 h following transgene expression. Cultures were immunolabeled
with anti-NF200 antibodies (red). SGNs transfected with GFP-Bcl-2-Cb5 (B) or GFP-Bcl-2-
Maob (C) extend short neurites relative to SGNs transfected with GFP (A). D. Neurite
length was determined by measuring the longest process extending from each transfected
SGN. Results are presented as cumulative percent histograms where conditions with shorter
neurites are shifted to the left compared with conditions with longer neurites. Each condition
was performed in duplicate or triplicate and repeated at least three times. n=total cumulative
number of SGNs scored for each condition for all repetitions. Neurite length in cultures
transfected with wild-type GFP-Bcl-2, GFP-Bcl-2-Cb5, or GFP-Bcl-2-Maob was
significantly different from cultures transfected with GFP (p<0.05 by Kruskal-Wallis
ANOVA on ranks and post hoc Dunn’s method).
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Figure 5.
Mitochondrially targeted Bcl-2 decreases SGN survival in the presence of NT-3. Mean SGN
survival in cultures transfected with GFP and maintained in neurotrophin-3 (NT-3, 50 ng/
ml) is defined as 100%. Expression of GFP-Bcl-2-Maob in the presence of NT-3 decreased
mean SGN survival by 81% relative to cultures expressing GFP-Bcl-2-Maob in the absence
of NT-3. Each condition was performed in duplicate or triplicate and repeated at least three
times. Error bars present standard deviation from each repetition. Significance of difference
among means was determined by one-way ANOVA followed by a post-hoc Tukey analysis.
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Figure 6.
Treatment with NT-3 leads to apoptosis of SGNs expressing mitochondrially targeted Bcl-2.
Spiral ganglion cultures were transfected with GFP-Bcl-2-Maob and maintained in the
absence (A) or presence (B) of NT-3 for 24 h after transgene expression. Cultures were
immunostained with anti-NF200 (red) antibodies and labeled with TUNEL (green, right
panels) and imaged with laser confocal microscopy. SGNs transfected with GFP-Bcl-2-
Maob and treated with NT-3 (B), but not control SGNs (A) demonstrate TUNEL-positive
condensed and fragmented nuclei.
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Figure 7.
Treatment with NT-3 leads to activation of caspase 3 in SGNs expressing mitochondrially
targeted Bcl-2. Spiral ganglion cultures were transfected with GFP-Bcl-2-Maob and
maintained in the absence (A) or presence (B) of NT-3 for 24 h after transgene expression.
Cultures were immunostained with anti-NF200 (blue) and anti-activated caspase-3 (red)
antibodies and imaged with laser confocal microscopy. SGNs transfected with GFP-Bcl-2-
Maob and treated with NT-3 (B) demonstrate activated caspase-3 immunoreactivity. Scale
bar=10 μm.
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Figure 8.
Mitochondrially targeted Bcl-2 decreases SGN survival specifically in the presence of
neurotrophins. Mean SGN survival in cultures transfected with GFP and maintained in
neurotrophin-3 (NT-3, 50 ng/ml) is defined as 100%. Maintenance of cultures expressing
GFP-Bcl-2-Maob in brain derived neurotrophic factor (BDNF, 50 ng/ml) decreased mean
SGN survival by 64% relative to cultures expressing GFP-Bcl-2-Maob in the absence of
neurotrophic factors. Conversely, maintenance of cultures expressing GFP-Bcl-2-Maob in
30 mM extracellular K+ (30K) or pro-nerve growth factor (proNGF, 3 nM) did not reduce
SGN survival. Error bars present standard deviation from each repetition. Each condition
was performed in duplicate or triplicate and repeated at least three times. Significance of
difference among means was determined by one-way ANOVA followed by a post-hoc
Tukey analysis.
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Figure 9.
Activation of PI3-K or MEK1 promotes SGN survival and decreases survival of SGNs
expressing mitochondrially targeted Bcl-2. Spiral ganglion cultures were cotransfected with
plasmids expressing the catalytic domain (P110) of PI3-K or constitutively active MEK1
(MEKΔEE) and GFP or GFP-Bcl-2-Maob. Mean SGN survival is expressed as relative to
survival in cultures transfected with GFP and maintained in NT-3. Error bars present
standard deviation from each repetition. Each condition was performed in duplicate or
triplicate and repeated at least three times. Significance of difference among means was
determined by one-way ANOVA followed by a post-hoc Tukey analysis. * p<0.05
compared with SGNs transfected with GFP-Maob or GFP-Cb5 (data shown in Fig. 2). **
p<0.05 compared with SGNs cotransfected with GFP-Bcl-2-Maob and P110 and SGNs
cotransfected with GFP-Bcl-2-Maob and MEKΔEE.
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Figure 10.
Activation of PI3-K promotes SGN neurite growth but fails to rescue neurites in SGNs
expressing Bcl-2. A and B. Representative epifluorescence images of spiral ganglion
cultures cotransfected with GFP and MEKΔEE (A) or P110 (B). Cultures were
immunolabeled with anti-NF200 antibodies (red). C. Neurite length was determined as
above for spiral ganglion cultures cotransfected with empty vector, P110, or MEKΔEE and
GFP in the presence (empty vector) or absence (P110 and MEKΔEE) of NT-3. n=total
cumulative number of SGNs scored for each condition for all repetitions. Neurite length in
cultures cotransfected with P110 and GFP was significantly different from cultures
cotransfected with MEKΔEE and GFP or transfected with GFP (p<0.05 by Kruskal-Wallis
ANOVA on ranks and post hoc Dunn’s method). D. Neurite length was determined as above
for spiral ganglion cultures cotransfected with wild-type GFP-Bcl-2 and P110 or MEKΔEE.
Neurite length in cultures cotransfected with wild-type GFP-Bcl-2 and P110 or MEKΔEE
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was significantly different from cultures transfected with GFP (p<0.05 by Kruskal-Wallis
ANOVA on ranks and post hoc Dunn’s method).
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Figure 11.
Bcl-2 targeted to the mitochondria disrupts the mitochondrial transmembrane potential.
Spiral ganglion cultures were transfected with GFP-Maob or GFP-Bcl-2-Maob and loaded
for 15 min with MitoTracker® Red CMXRos 24 h after transgene expression. Cultures were
subsequently immunostained with anti-NF200 antibodies (blue) and imaged with laser
confocal microscopy. SGNs expressing GFP-Bcl-2-Maob, but not GFP-Maob, fail to label
with MitoTracker Red indicating disruption of the mitochondrial transmembrane potential.
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