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Inhibition of Bcl-xL prevents pro-death actions of
ΔN-Bcl-xL at the mitochondrial inner membrane
during glutamate excitotoxicity

Han-A Park1, Pawel Licznerski1, Nelli Mnatsakanyan1, Yulong Niu1, Silvio Sacchetti1, Jing Wu1, Brian M Polster2, Kambiz N Alavian1,3

and Elizabeth A Jonas*,1

ABT-737 is a pharmacological inhibitor of the anti-apoptotic activity of B-cell lymphoma-extra large (Bcl-xL) protein; it promotes
apoptosis of cancer cells by occupying the BH3-binding pocket. We have shown previously that ABT-737 lowers cell metabolic
efficiency by inhibiting ATP synthase activity. However, we also found that ABT-737 protects rodent brain from ischemic injury
in vivo by inhibiting formation of the pro-apoptotic, cleaved form of Bcl-xL,ΔN-Bcl-xL. We now report that a high concentration of
ABT-737 (1 μM), or a more selective Bcl-xL inhibitor WEHI-539 (5 μM) enhances glutamate-induced neurotoxicity while a low
concentration of ABT-737 (10 nM) or WEHI-539 (10 nM) is neuroprotective. High ABT-737 markedly increasedΔN-Bcl-xL formation,
aggravated glutamate-induced death and resulted in the loss of mitochondrial membrane potential and decline in ATP production.
Although the usual cause of death by ABT-737 is thought to be related to activation of Bax at the outer mitochondrial membrane
due to sequestration of Bcl-xL, we now find that low ABT-737 not only prevents Bax activation, but it also inhibits the decline in
mitochondrial potential produced by glutamate toxicity or by direct application of ΔN-Bcl-xL to mitochondria. Loss of
mitochondrial inner membrane potential is also prevented by cyclosporine A, implicating the mitochondrial permeability transition
pore in death aggravated by ΔN-Bcl-xL. In keeping with this, we find that glutamate/ΔN-Bcl-xL-induced neuronal death is
attenuated by depletion of the ATP synthase c-subunit. C-subunit depletion prevented depolarization of mitochondrial membranes
in ΔN-Bcl-xL expressing cells and substantially prevented the morphological change in neurites associated with glutamate/ΔN-
Bcl-xL insult. Our findings suggest that low ABT-737 or WEHI-539 promotes survival during glutamate toxicity by preventing the
effect ofΔN-Bcl-xL on mitochondrial inner membrane depolarization, highlightingΔN-Bcl-xL as an important therapeutic target in
injured brain.
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B-cell lymphoma-extra large (Bcl-xL) is a member of the Bcl2
family of proteins. Anti-apoptotic Bcl-xL1,2 prevents homo-
oligomerization of pro-apoptotic family members, such as Bax
and Bak, and directly inhibits activators of Bax and Bak.3–7

Bcl-xL also plays a neuroprotective role by regulating neuronal
outgrowth,8 enhancing cellular metabolism9–11 and promoting
synaptogenesis and synaptic vesicle endocytosis.12,13 Bcl-xL
is localized both to the mitochondrial outer membrane and to
the inner membrane. It binds directly to the F1 of F1FO ATP
synthase, improving metabolic efficiency by preventing H+ ion
leak across the inner membrane.9,10,14,15

In contrast to its protective functions, Bcl-xL is also capable
of playing a pro-death role.16 ΔN-Bcl-xL, the caspase-
dependent N-terminal cleaved product of Bcl-xL,16–18 is
produced in the brain during ischemia19 and activates large
conductance mitochondrial channel activity20,21 similar to the
activity of oligomerized Bax, but implicating the activity of ΔN-
Bcl-xL itself. Blocking formation of ΔN-Bcl-xL or the mitochon-
drial channel activity of ΔN-Bcl-xL with ABT-737 rescues
neurons from ischemic death.19,21,22 A mouse expressing a

cleavage resistant form of Bcl-xL is protected from neuronal
ischemic damage.19 What is not known, however, is whether
ΔN-Bcl-xL, similarly to full-length Bcl-xL, functions at the
mitochondrial inner membrane.
To examine this question, we used ABT-737, a mimetic of

BH3-only proteins, that binds to Bcl-xL with high affinity and
antagonizes its actions.23,24 ABT-737 facilitates apoptosis
similarly to pro-death BH3-only proteins25 and activates multi-
domain pro-apoptotic proteins such as Bax or Bak.26–28

ABT-737 has been tested as an anti-tumorigenic agent.
Studies on the neurological actions of ABT-737 are surpris-
ingly contradictory, however. Although its pre-synaptic injec-
tion inhibits physiological mitochondrial channel activity and
slows recovery of neurotransmission after high frequency
synaptic stimulation, it also prevents hypoxia-induced synaptic
dysfunction.29 Treatment with ABT-737 lowers the efficiency of
neuronal metabolism by increasing mitochondrial inner
membrane leak.9,10 Nevertheless, administration of ABT-737
in vivo rescues hippocampal neurons from ischemia-induced
cell death.19 Thus, we hypothesize that ABT-737 is not a
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simple inhibitory drug, but may act through multiple pathways
involved in neuronal survival or death.
In this study, we find that a low (nanomolar) concentration

of ABT-737 prevents depolarization of mitochondria by
ΔN-Bcl-xL and attenuates the appearance of ΔN-Bcl-xL in
neurons undergoing glutamate-induced toxicity. Low ABT-737
therefore rescues neurons from death. In contrast, high
(micromolar) ABT-737 inhibits the actions of full-length
Bcl-xL and markedly enhances Bcl-xL proteolysis, exacer-
bating mitochondrial and cellular damage from glutamate-
induced excitotoxicity. We find an important target of ΔN-Bcl-
xL is mitochondrial permeability transition pore (mPTP)
since ΔN-Bcl-xL-induced mitochondrial depolarization is
equally sensitive to cyclosporine A (CsA) or to low-
ABT-737. We suggest that ABT-737 either protects against
or enhances mPTP-dependent cell death depending on its
concentration.

Results

Bcl-xL inhibitors ABT-737 and WEHI-539 aggravate
glutamate-induced neurotoxicity. To test how inhibition of
Bcl-xL leads to cell dysfunction and death, we assayed the
Bcl-xL inhibitor ABT-737 at two different concentrations and
studied cell death in response to glutamate toxicity. During
preliminary screening, we found that 5 μM glutamate did not
affect neuronal viability, but 50 μM glutamate caused irrever-
sible death in hippocampal cultures after 24 h incubation,

thus we chose 20 μM to induce mild excitotoxicity (Figure 1a).
Glutamate-induced neurotoxicity was blocked by applica-
tion of the NMDA receptor antagonist, MK-801, therefore,
glutamate-induced cell death in our in vitro system is
dependent on activation of NMDA receptors (Figure 1b).
Previous studies reported that 1 μM ABT-737 effectively
inhibited full-length Bcl-xL function in cultured cells but did
not cause cell death in the absence of death stimuli.9,13

Primary hippocampal neurons were thus treated with 1 μM
ABT-737, 20 μM glutamate or a combination of both, and cells
were assayed 24 h after stimulation. There was no significant
cell death in the cultures in non-treated, vehicle treated or
ABT-737 (1 μM) treated cells as measured by propidium
iodide (PI) uptake into neurons, a marker for late apoptotic
and necrotic death. In contrast, glutamate significantly
increased the number of PI-positive cells and high ABT-737
exacerbated this effect (Figures 1c and d). Calcein retention
measures cell survival; the combination of high ABT-737 and
glutamate caused a significant deterioration in calcein
retention (Figures 1c and e). LDH release marks loss of cell
membrane integrity and allows for population measurements
of cytotoxicity. High ABT-737 itself did not cause LDH
leakage, but it aggravated glutamate-induced LDH release
(Figure 1f). ABT-737 is reported to inhibit the pro-survival
function of both Bcl-xL and Bcl-2.23 To determine if our effects
could be caused by specific inhibition of Bcl-xL alone, we
applied a selective Bcl-xL inhibitor, WEHI-539.30 During
preliminary screening, we found that 5 μM WEHI-539 served
effectively as the ‘high’ concentration (Supplementary

Figure 1 ABT-737/WEHI-539 aggravates glutamate-induced neuronal toxicity. Primary hippocampal neurons were treated with glutamate (5-50 μM) for 24 h. (a) LDH release
(n= 3 plates from one culture). Neurons were treated with MK801 (0.1 μM), glutamate (20 μM) or a combination of both for 24 h. (b) LDH release (n= 3 independent cultures).
(c-f) Neurons were treated with ABT-737 (1 μM), glutamate (20 μM) or a combination of both for 24 h. (c) PI and calcein-stained neurons. Green: calcein; red: PI. Scale
bar= 20 μm. (d) The number of PI-positive cells (n= 3 independent cultures). (e) Calcein retention (n= 3 independent cultures). (f) LDH release (n= 3 independent cultures).
(g) Primary hippocampal neurons were treated with WEHI-539 (5 μM), glutamate (20 μM) or a combination of both for 24 h. Bar graph shows LDH release level (n= 3
independent cultures). (h) Quantification of Bcl2 or Bcl-xL mRNA level (n= 3 independent cultures). *Po0.05, **Po0.01, ***Po0.001 and ****Po0.0001, one-way ANOVA
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Figure 1). Similarly to ABT-737, 5 μM of WEHI-539 alone
did not alter LDH leakage, but it potentiated glutamate-
induced LDH leakage, confirming that specific inhibition of
Bcl-xL enhances the vulnerability of neurons to excitotoxic
damage (Figure 1g). To confirm the role of Bcl-xL, we also
quantified the mRNA levels of Bcl-xL and Bcl2 in primary
hippocampal neurons. Three-week-old mature primary hippo-
campal neurons contain significantly higher levels of Bcl-xL
gene expression compared to those of Bcl2 (Figure 1h),
therefore Bcl-xL is the main target of ABT-737/WEHI-539 in
our system.

ABT-737 compromises mitochondrial membrane poten-
tial and Bcl-xL inhibition decreases ATP levels in
neurons. Although 1 μM of ABT-737 did not influence
neuronal death or survival, we previously reported that the
same concentration of ABT-737 lowered ATPase activity and
increased inner mitochondrial membrane leak, resulting in
metabolic compromise.9 Thus, we tested if ABT-737 altered
mitochondrial function with or without glutamate challenge. At
6 h incubation, neuronal mitochondrial membrane potential
measured by tetramethylrhodamine (TMRM) fluorescence
was decreased and it decreased further at 16 h incubation
(Figure 2a). We found a significant decline in TMRM
fluorescence in either the ABT-737 or glutamate-treated
neurons at 6 h incubation (Figures 2b and c). The combina-
tion of ABT-737 and glutamate exacerbated the loss of TMRM
(Figures 2b and c). To observe metabolic differences early in
toxicity, neurons were lysed after 8 h incubation to measure
ATP levels. ATP was significantly decreased in all groups
compared to vehicle-treated control, and treatment with high
ABT-737 in glutamate-challenged neurons demonstrated
the lowest level of ATP (Figure 2d). Neurons treated with
WEHI-539 consistently showed a low level of ATP production

during glutamate exposure (Figure 2e), indicating that
inhibition of Bcl-xL alters cellular metabolism to predispose
to neuronal death during excitotoxic stimulation.

Low concentration of ABT-737 or WEHI-539 rescues
neurons from glutamate-induced death. Despite the inhi-
bitory role of ABT-737 on neuronal viability, energy metabo-
lism and mitochondrial function, we previously found that
injection of ABT-737 protected rodent hippocampus against
four vessel occlusion-induced global ischemia in vivo.19 This
was an unexpected and contradictory result compared to our
previous bioenergetic findings,9 but we hypothesized that the
mechanism of ABT-737 in vivo and in vitro may not be
comparable. The rat brain contains over 200 μl cerebrospinal
fluid.31 Since the hippocampus is situated adjacent to the
lateral ventricle, injected ABT-737 may be easily washed out
after stereotaxic delivery. In vitro, ABT-737 is trapped in the
dish and continuously bathes the neurons. Thus the bio-
available concentration of ABT-737 may be lower in the
hippocampus in vivo. Consequently, a lower concentration of
ABT-737 may have a different effect on neuronal survival.
After preliminary screening, we used 10 nM ABT-737, a 100-
fold lower concentration than 1 μM, to protect neurons from
glutamate challenge. ABT-737 (10 nM) alone did not influ-
ence PI positivity, calcein intensity or LDH leakage compared
to vehicle-treated groups. However, cells exposed to 10 nM
ABT-737 with glutamate, compared to glutamate alone,
showed a significantly reduced PI-positive cell number
(Figures 3a and b), an increased level of calcein retention
(Figures 3a and c) and a lower level of released LDH
(Figure 3d). Low concentrations of WEHI-539 also attenuated
glutamate-induced neurotoxicity (Figure 3e and Supple-
mentary Figure S1), consistent with specific effects of the
reagents on Bcl-xL compared to Bcl-2.

Figure 2 High concentration of ABT-737 compromises metabolic function. (a-d) Primary hippocampal neurons were treated with 20 μM glutamate for 1-16 h. (a) TMRM
intensity (n= 3 independent cultures). (b-d) Neurons were treated with ABT-737 (1 μM), glutamate (20 μM) or a combination of both. (b) TMRM (5 nM) was added to the cell
culture medium at 6 h of incubation. Scale bar= 10 μm. (c) TMRM intensity (n= 3 independent cultures). (d) ATP level (n= 3 independent cultures) at 8 h. (e) Primary
hippocampal neurons were treated with WEHI-539 (5 μM), glutamate (20 μM) or a combination of both for 8 h. Bar graph shows ATP level (n= 3 independent cultures).
*Po0.05, **Po0.01, ***Po0.001 and ****Po0.0001, one-way ANOVA
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Low concentration of ABT-737/WEHI-539 improves cell
metabolism during excitotoxic challenge. To test if the
lower concentration of ABT-737 protects mitochondrial
membrane potential to enhance neuronal survival, we treated
TMRM-exposed cells with 10 nM ABT-737, glutamate or a
combination of both. Low ABT-737 did not influence
mitochondrial potential. However, 10 nM ABT-737 treatment
significantly mitigated glutamate-induced loss of mitochon-
drial membrane potential (Figures 4a and b). Either 10 nM
ABT-737 or WEHI-539 reduced the loss of ATP in glutamate-
treated neurons (Figures 4c and d).

ΔN-Bcl-xL-induced mitochondrial dysfunction is pre-
vented by low ABT-737. We previously reported that
ABT-737 inhibits actions of both the anti-apoptotic full-length
Bcl-xL and its pro-apoptotic fragment ΔN-Bcl-xL.19,29 To
elucidate if the neuroprotective property of ABT-737 is
afforded by inhibition of the effects of ΔN-Bcl-xL, we
determined the binding properties of ABT-737 to ΔN-Bcl-xL
by generating a model taking into account the known crystal
structure of full-length Bcl-xL (containing the BH4 domain)

and ΔN-Bcl-xL (lacking the BH4 domain). We compared
ABT-737 binding to the two different structures. We found that
the N-terminal cleavage of Bcl-xL does not disturb complex
formation of ABT-737 with its binding site within Bcl-xL
(Supplementary Figure S2), suggesting that ABT-737 binds
effectively within the same hydrophobic grove in either Bcl-xL
or ΔN-Bcl-xL.
We next studied the direct effect of purified ΔN-Bcl-xL

protein on TMRM fluorescence of isolated mitochondria from
rat brains to determine if ΔN-Bcl-xL directly depolarizes brain
mitochondria. We verified the quality of purified recombinant
Bcl-xL andΔN-Bcl-xL proteins with anti-Bcl-xL (Figure 5a) and
anti-ΔN-Bcl-xL antibodies (Figure 5b), respectively. Since our
custom-made ΔN-Bcl-xL antibody shares a common binding
peptide sequence with full-length Bcl-xL, we verified the
affinity of each antibody to its target protein in hippocampal
lysates (Figure 5c).
To test the effect of ΔN-Bcl-xL on isolated brain mitochon-

dria, we confirmed the purity of isolated subcellular fractions
(Figure 5d). Brain mitochondria were then polarized by the
addition of malate, glutamate and ADP. Isolated mitochondria

Figure 3 Low concentration of ABT-737 protects hippocampal neurons from glutamate-induced death. (a-d) Primary hippocampal neurons were treated with ABT-737
(10 nM), glutamate (20 μM) or a combination of both for 24 h. (a) PI and calcein-stained neurons. Green: calcein; red: PI. Scale bar= 20 μm. (b) Number of PI-positive cells
(n= 3 independent cultures). (c) Calcein retention (n= 4 independent cultures). (d) LDH release (n= 9 independently treated plates from three cultures). (e) Primary
hippocampal neurons were treated with WEHI-539 (10 nM), glutamate (20 μM) or a combination of both for 24 h. Bar graphs show LDH release (n= 3 independent cultures).
*Po0.05, **Po0.01, ***Po0.001 and ****Po0.0001, one-way ANOVA
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were treated with trifluoromethoxy carbonylcyanide phenyl-
hydrazone (FCCP); we found a concentration-dependent
decline of TMRM fluorescence indicative of mitochondrial
potential depolarization (Figure 5e). Twenty minutes incuba-
tion with ΔN-Bcl-xL protein significantly lowered mitochondrial
potential, a result that was effectively prevented by CsA, an

inhibitor of mPTP opening (Figure 5f) or full-length Bcl-xL
(Supplementary Figure 3). The loss of mitochondrial potential
and the prevention of this loss by CsA suggest a role for mPTP
in ΔN-Bcl-xL-induced depolarization. To understand the effect
of ABT-737 on ΔN-Bcl-xL-induced mitochondrial membrane
potential loss, we incubated ΔN-Bcl-xL protein with either

Figure 4 Low concentration of ABT-737 augments mitochondrial TMRM uptake. Primary hippocampal neurons were treated with ABT-737 (10 nM), glutamate (20 μM) or a
combination of both. TMRM (5 nM) was added into cell the culture medium at 6 h of incubation. (a) TMRM stained neurons. Scale bar= 10 μm. (b) TMRM intensity (n= 10
independently treated experiments from four cultures). (c) ATP level (n= 3 independent cultures) at 8 h. (d) Primary hippocampal neurons were treated with WEHI-539 (10 nM),
glutamate (20 μM) or a combination of both for 8 h. Bar graph shows ATP level (n= 4 independent cultures). *Po0.05, **Po0.01, ***Po0.001 and ****Po0.0001,
one-way ANOVA

Figure 5 ΔN-Bcl-xL decreases mitochondrial potential, prevented by CsA and ABT-737. (a) Immunoblot of purified Bcl-xL andΔN-Bcl-xL proteins using anti-Bcl-xL antibody.
(b) Immunoblot of purified Bcl-xL andΔN-Bcl-xL proteins using anti-ΔN-Bcl-xL antibody. (c) Immunoblot of hippocampal neuron lysate using specific antibodies shown in a and
b. (d) Immunoblot showing purity of isolated mitochondria. (e-g) TMRM fluorescence intensity in isolated mitochondria (see text for details; n= 3-12 wells each from 12 rat
brains). (h) Immunoblot showing cytochrome c release from isolated mitochondria (n= 3). *Po0.05, **Po0.01, ***Po0.001 and ****Po0.0001, one-way ANOVA
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100 nM or 5 μM of ABT-737 (higher concentrations of ABT-737
were compared to cell culture studies due to the large
mitochondrial protein amounts) and mixed with the mitochon-
dria. After 20 min incubation, ΔN-Bcl-xL protein significantly
lowered mitochondrial potential. Low ABT-737 (100 nM)
rescued ΔN-Bcl-xL-induced loss of mitochondrial potential,
whereas co-treatment with high ABT-737 (5 μM) did not rescue
mitochondrial potential (Figure 5g) most likely because
of inhibition of endogenous full-length Bcl-xL. ΔN-Bcl-xL
protein also significantly enhanced cytochrome c release
from isolated mitochondria, whereas co-treatment with low
ABT-737 inhibited ΔN-Bcl-xL-induced cytochrome c release
(Figure 5h).

Glutamate increases ΔN-Bcl-xL formation, prevented by
low ABT-737. To understand if excitotoxic stimulation
induces endogenous ΔN-Bcl-xL formation in our in vitro
system, we treated hippocampal neurons with glutamate for
varying times: 1, 6 or 16 h. ΔN-Bcl-xL started to appear at
6 h, was highly expressed at 16 h (Figure 6a) similarly to the
time course of expression of activated Bax (Figure 6b). We
have previously reported that the pan-specific caspase
inhibitor, zVAD, blocked the appearance of ΔN-Bcl-xL.21 In

our current system, we used a specific caspase 3 inhibitor,
Ac-DEVD-CHO (Figures 6c and d), which effectively pre-
vented the formation of ΔN-Bcl-xL.
Since we found that high ABT-737 with glutamate

co-treatment eliminates neurons by 24 h incubation, making
it extremely challenging to collect adequate levels of protein
for western blotting, we chose 16 h glutamate exposure. We
observed basal levels of expression of ΔN-Bcl-xL in both
vehicle- and ABT-737-treated groups without significant
difference. However, high ABT-737 clearly augmented
ΔN-Bcl-xL levels in glutamate-treated neurons (Figure 6e).
Interestingly, treatment with high ABT-737 decreased the level
of full-length Bcl-xL protein expression (Figure 6e), and
glutamate did not further promote this change. The change
in level of full-length Bcl-xL could be caused by decreased
production or increased degradation of the protein. To
differentiate between these, we repeated the experiment in
the presence of the protease inhibitor MG132. MG132
prevented the decrease in Bcl-xL protein level in the presence
of high ABT-737 (Supplementary Figure S4); therefore, high
ABT-737 enhances proteolysis of Bcl-xL.
The effect of ABT-737 in cancer is to sequester anti-

apoptotic molecules, allowing pro-apoptotic Bax to become

Figure 6 ABT-737 regulates appearance of ΔN-Bcl-xL and activation of Bax. (a and b) Primary hippocampal neurons were treated with 20 μM glutamate for 1, 6 or 16 h.
Immunoblot of cell lysate showing time course of appearance ofΔN-Bcl-xL (a) and active bax (b). (c) Primary hippocampal neurons were treated with Ac-DEVD-CHO (2-50 μM)
and glutamate (20 μM) for 16 h. (d) Neurons were treated with Ac-DEVD-CHO (10 μM), glutamate (20 μM) or a combination of both for 16 h. Immunoblot and group data show
level of ΔN-Bcl-xL (n= 4, independent cultures). (e) Primary hippocampal neurons were treated with ABT-737 (1 μM), glutamate (20 μM) or a combination of both for 16 h.
Immunoblot and group data show level of ΔN-Bcl-xL and BclxL (e), active bax and total bax (e′), cytochrome c and active caspase 3 (e′′) (n= 3-5 independent cultures).
(f) Primary hippocampal neurons were treated with low ABT-737 (10 nM), glutamate (20 μM) or combination of both for 16 h. Immunoblot and group data show level ofΔN-Bcl-xL
and BclxL (f), active bax and total bax (f′) and cytochrome c and active caspase 3 (f′′) (n= 3-5 independent cultures). *Po0.05, **Po0.01, ***Po0.001 and ****Po0.0001,
one-way ANOVA
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activated and oligomerize in mitochondrial membranes.32,33

Therefore, we examined whether high ABT-737 in neurons
also activates Bax. We found that high ABT-737 does not
activate Bax, but in contrast, glutamate toxicity activates Bax
as previously reported,34,35 and this activation is enhanced by
high ABT-737 (Figure 6e′), suggesting that a death stimulus is
needed in addition to a drop in Bcl-xL levels to activate Bax.
Correlated with this, in neurons, high ABT-737 enhances
cytochrome c expression and activates caspase 3 only in
glutamate-exposed neurons (Figure 6e′′).
To determine if Bax activation was due to another effect

of glutamate toxicity or was downstream of formation of
ΔN-Bcl-xL, we performed glutamate toxicity in the presence
of low ABT-737. Bcl-xL and ΔN-Bcl-xL levels were not
affected by low ABT-737 (Figure 6f). No activation of Bax
wasmeasured after treatment with lowABT-737. LowABT-737
prevented the formation of ΔN-Bcl-xL (Figure 6f′) and
activation of Bax in the presence of glutamate toxicity
(Figure 6f′). Thus, we conclude that Bax activation is
downstream of ΔN-Bcl-xL formation in the presence of
glutamate. Furthermore, addition of low ABT-737 decreases
cytochrome c release and activation of caspase 3 (Figure 6f′′),
consistent with a ΔN-Bcl-XL-dependent mechanism of apop-
totic induction.

ΔN-BcL-xL-induced loss of mitochondrial inner mem-
brane potential is prevented by depletion of ATP
synthase c-subunit. Our hypothesis centers on the role of
ΔN-Bcl-xL in activation of the inner membrane calcium
ligand-gated, CsA sensitive pore known as the mPTP.
We have previously reported that some full-length Bcl-xL
(about 50%) localizes to the matrix of mitochondria,10 where it
binds to the β-subunit of F1FO ATP synthase.14 To find the
localization of ΔN-Bcl-xL, we performed immunocytochem-
istry. We found that glutamate increased the appearance of
ΔN-Bcl-xL at mitochondria (in both soma and neurites;
Figures 7a and b) because it co-localized with the β-subunit
of the ATP synthase (Figures 7a and b). To determine if
ΔN-Bcl-xL localized to the inner membrane, we removed the
outer membrane with digitonin treatment and confirmed
that, in addition to the outer membrane, both full-length
Bcl-xL and ΔN-Bcl-xL are present in the inner membrane or
matrix (Figure 7c).
ATP synthase is an important candidate to form

mPTP.14,36–40 We and other have previously suggested that
the c-subunit of the ATP synthase forms the mPTP.14,36 To
determine if ΔN-Bcl-xL plays a role in activation of mPTP
during glutamate toxicity, we asked if depletion of the ATP
synthase c-subunit prevents mitochondrial inner membrane

Figure 7 Depletion of ATP synthase c-subunit protects fromΔN-BcL-xL-induced mitochondrial membrane potential loss. (a) Immunocytochemistry of cultured hippocampal
neurons showing co-localization of the β-subunit of ATP synthase withΔN-Bcl-xL. Green: β-subunit of ATP synthase; red:ΔN-Bcl-xL. (b) fluorescence intensity ofΔN-Bcl-xL at
the β-subunit spots (n= 3 independent cultures). This shows thatΔN-Bcl-xL amount is enhanced at the mitochondrial inner membrane after glutamate treatment. (c) Immunoblot
ofΔN-Bcl-xL, Bcl-xL, VDAC and COX4 in intact mitochondria versus mitochondria depleted of the outer membrane. (d) Immunocytochemistry of cultured hippocampal neurons
showing co-localization of HA-labeledΔN-Bcl-xL and GFP-labeled ATP c-subunit shRNA. Red: HA; green: GFP; blue: Hoechst-stained nuclei. (e) % of co-transfected neurons/all
transfected neurons. (f) Primary hippocampal neurons expressing empty vector plus scrambled GFP-labeled shRNA, empty vector plus GFP-labeled ATP c-subunit shRNA,ΔN-
Bcl-xL plus GFP-labeled scrambled or ΔN-Bcl-xL plus ATP c-subunit shRNA stained with TMRM. Red: TMRM; green: GFP. (g) TMRM intensity (n= 25-41 cells). Scale
bar= 10 μm. *Po0.05, ***Po0.001 and ****Po0.0001, one-way ANOVA
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depolarization and neuronal death caused by glutamate
toxicity. Over 70% of cells co-expressed HA-tagged ΔN-Bcl-
xL and GFP-tagged scrambled shRNA or c-subunit (ATP5G1)
shRNA.14 (Figures 7d and e). Despite the lack of overt
neuronal death in neurons expressing ΔN-Bcl-xL/scrambled
shRNA, the mitochondria had a decreased intensity of TMRM
signal (Figures 7f and g). In contrast, ATP c-subunit-depletion
prevented the loss of mitochondrial potential in ΔN-Bcl-xL
expressing neurons (Figures 7f and g).
To understand if ΔN-Bcl-xL-enhanced neuronal death

works via mPTP opening during glutamate toxicity, we
measured cell death in cultures depleted or not depleted of
c-subunit shRNA with or without ΔN-Bcl-xL. ΔN-Bcl-xL
significantly increased the vulnerability of neurons to gluta-
mate challenge (Figures 8a and b). ATP c-subunit-depleted
neurons were significantly protected from glutamate/ΔN-Bcl-
xL-induced neurotoxic death (Figures 8a and b). In addition,
expression of ΔN-Bcl-xL prior to glutamate toxicity caused
more severe damage to neurites than glutamate treatment
alone, suggesting that ΔN-Bcl-xL-expressing neurites may be
on the edge of degeneration prior to glutamate challenge. This
morphological change in neurites was also substantially
rescued by depletion of ATP synthase c-subunit (Figure 8c).

Discussion

We find that ABT-737 or WEHI-539 have dual functions in
neuronal death and survival. Despite lowering mitochondrial
metabolic efficiency,9 high concentrations of ABT-737 (1 μM)
alone do not induce neuronal death. Neurons may be able to
retain energy from glycolysis in unstressed conditions.
However, blocking Bcl-xL functionmildly impairsmitochondrial
function and increases the vulnerability of neurons to a
neurotoxic stimulus. Thus, significant numbers of ABT-737-
treated neurons died after mild levels of glutamate treatment.
Interestingly, this was prevented with low ABT-737 (10 nM),
which rescued hippocampal neurons and prevented mito-
chondrial membrane potential loss and loss of energy
production during glutamate stimulation. Since the N terminus
of Bcl-xL does not contain the ABT-737-binding site
(Supplementary Figure S2), we interpret our data showing
the protective effects of low ABT-737 as representing direct
inhibition of ΔN-Bcl-xL leading to preserved mitochondrial
membrane potential and improved survival; high ABT-737
produces the opposite effect, and additionally causes the
proteolysis of full-length Bcl-xL, priming for the triggering of
pro-apoptotic cascades (Figure 9).

Figure 8 Depletion of ATP synthase c-subunit protects neurons and neurites against ΔN-BcL-xL-aggravated glutamate-induced neuronal death. Primary hippocampal
neurons expressed scrambled GFP-labeled shRNA, GFP-labeled ATP c-subunit shRNA and empty vector orΔN-Bcl-xL with/without glutamate treatment. (a and b) Images and
group data of PI staining of cultured hippocampal neurons at 24 h after glutamate treatment (n= 3 independent cultures per group). (c) Number of neurites attached to soma
(n= 42-55 micrographs) *Po0.05, **Po0.01, ***Po0.001 and ****Po0.0001, one-way ANOVA
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Glutamate-induced excitotoxic stimulation causes intracel-
lular calcium overload and ROS production, leading to early
(by 1 h after in vivo ischemia) caspase activation and
formation of ΔN-Bcl-xL.20 We here show that formation of
ΔN-Bcl-xL is required for Bax activation in these cell death
scenarios, since low ABT-737 arrests the process of Bax
activation and at the level of the inner mitochondrial
membrane prevents ΔN-Bcl-xL-induced, CsA-sensitive depo-
larization and cytochrome c release. In addition, low ABT-737
preserves levels of full-length Bcl-xL, leaving it free to inhibit
cell death pathways. Impaired mitochondrial permeabilization
by glutamate toxicity predicts that depletion of the c-subunit of
the ATP synthase will protect neurons against glutamate/ΔN-
Bcl-xL-induced membrane depolarization and cell death. We
find that this is the case, further emphasizing a role for an
mPTP channel in ΔN-Bcl-xL/Bcl-xL affected pathways during
excitotoxicity (Figure 9).
On the other hand, high ABT-737 should bind full-length

Bcl-xL and block its anti-apoptotic function. This sequestration
of Bcl-xL will trigger Bax activation only upon a death stimulus
as we and others have previously reported.8,41–43 This may be
equivalent to a primed-for-death state44–46 (Figure 9), sincewe
find that neurons display no increase in cell death prior to
glutamate toxicity, whereas glutamate exposure enhances
caspase activation8,34 triggers cleavage of full-length Bcl-xL to
form ΔN-Bcl-xL, initiating Bax activation. Our new data lend
further support to this scenario by demonstrating that low
ABT-737 indirectly inhibits Bax activation by preventing ΔN-
Bcl-xL-induced inner mitochondrial membrane depolarization.
We observed that treatment with ABT-737 decreased full-

length Bcl-xL protein levels in a dose-dependent manner

because ABT-737 binding enhances proteolysis of Bcl-xL.
Czabotar et al.47 reported that the BH3-only protein, NOXA
caused degradation of the anti-apoptotic Bcl-2 protein
myeloid cell factor 1 (Mcl-1) during formation of the NOXA-
Mcl-1 complex. It is also reported that the BH3 region of
NOXA causes Mcl-1 degradation in a proteasome-dependent
manner.48 Zhong et al.49 reported that Mule, an E3 ubiquitin
ligase containing BH3 domain, mediates polyubiquitination of
Mcl-1. In addition to caspase-dependent proteolysis, there-
fore, binding of ABT-737 to Bcl-xL or to ΔN-Bcl-xL protein may
facilitate their degradation via ubiquitin-proteasome pathways.
A surprising finding of this study is that ΔN-Bcl-xL plays

a role at the mitochondrial inner membrane, although this was
predicted by our previous findings that ΔN-Bcl-xL directly
enhances ATP synthase enzymatic activity.9 In the current
study, we observed the loss of mitochondrial inner membrane
potential in both endogenous (glutamate) and exogenous
(plasmid) conditions of ΔN-Bcl-xL expression, as well as after
direct application of purified protein to mitochondria. mPTP is
activated during glutamate-induced death and it is reported to
be an important pharmacological target in ischemic brain
disease.50,51 The retention of mitochondrial inner membrane
potential is crucial to protect neurons against this form of
neurotoxic insult. We previously reported that full-length
Bcl-xL, by binding to the β-subunit of the ATP synthase,
prevents opening of a leak channel of the inner membrane.We
have described recently that a high conductance leak is
formed by the c-subunit of F1FO ATP synthase9,14 and we find
here that CsA inhibits membrane depolarization directly
induced by ΔN-Bcl-xL, implicating mPTP in this depolariza-
tion. In further support of this, we find here that neurons
depleted of c-subunit by specific shRNA were protected from
loss of mitochondrial potential associated with expression of
ΔN-Bcl-xL, and were protected from death associated with
glutamate alone or glutamate in combination with expression
of ΔN-Bcl-xL. Depletion of the ATP synthase c-subunit also
significantly protected from the increased vulnerability of
neurites to degeneration, suggesting that mPTP activation is
involved in triggering degenerative events.
Taken together, our findings support a multifunctional role of

ABT-737 in neuronal death and survival. A strategy to apply
low or high concentrations of ABT-737 may protect neurons
against cytotoxic insults or potentiate apoptosis in malignant
cells, respectively, in clinical applications.

Materials and Methods
Primary cultures of rat hippocampal neurons. Primary rat hippo-
campal neurons were prepared from rat feti (Sprague-Dawley, day 18 of gestation;
Harlan, Indianapolis, IN, USA) as described previously13,52,53 with modifications
specific for this study. After isolation of hippocampi from prenatal brains, neurons
were dissociated and seeded (0.2 × 106 cells/35 mm plate) onto plates containing
medium with 5% FBS. After 2 h incubation, cells were maintained in neurobasal
medium supplemented with B-27, glutamine and antibiotics (Invitrogen GIBCO Life
Technologies, Carlsbad, CA, USA). Neurons were grown at 37 °C in 5% CO2 and
20% O2 in a humidified incubator, and assayed at DIV 20-22. Glutamate treatment:
20 μM glutamate (Sigma-Aldrich, St. Louis, MO, USA) was freshly made in sterile
PBS as an aqueous solution then added to the cell culture medium as described in
relevant figure legends. Bcl-xL inhibitor treatment: a stock solution of ABT-737
(Selleckbio, Houston, TX, USA), or WEHI-539 (Apex Bio, Houston, TX, USA) were
prepared in dimethyl sulfoxide (DMSO). ABT-737 (1 μM or 10 nM), WEHI-539 (5 μM
or 10 nM) or the same volume of DMSO was added into the culture dishes 20 min

Figure 9 Differential regulation of cell death by high or low ABT-737. High
ABT-737 exposure does not by itself cause cell death, but it induces the loss of full-
length Bcl-xL through a non-specific proteolysis-dependent mechanism and indirectly
causes mitochondrial depolarization and energy loss (1). Loss of Bcl-xL also releases
BID to be ready to activate Bax upon a death stimulus (primed for death status; (1)).
Under conditions of glutamate toxicity, caspase activation leads to specific cleavage
of full-length Bcl-xL to form ΔN-Bcl-xL (2). Both calcium influx and ΔN-Bcl-xL act
together to depolarize mitochondrial inner membrane (3), leading to Bax activation
(4), cytochrome c release and further activation of caspases, initiating a positive
feedback loop (5) of enhanced propensity toward neuronal death. Low ABT binds to
ΔN-Bcl-xL (6), preventing the depolarization of the mitochondrial inner membrane,
mPT and Bax activation, thereby preventing downstream neuronal death (7)
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prior to glutamate treatment. Neurons were transfected at days in vitro (DIV) 7 using
lipofectamin LTX with Plus Reagent (Invitrogen).

Viability assay
Lactate dehydrogenase (LDH) assay: The level of cytotoxicity in primary
hippocampal neurons was assayed by measuring leakage of LDH using an in vitro
toxicology assay kit (Sigma-Aldrich) as previously described.54 In brief, data were
calculated by finding the activity of LDH leaked into the medium by damaged cells/
total LDH activity in the culture (cells plus medium). The culture media and lysed
cells were collected after treatment of neurons as described in the relevant figure
legends. The LDH assay mixture was made according to the manufacturer’s
protocol and added to each sample. After 20 min incubation, the reaction was
terminated by adding 1 N HCl. LDH activity was spectrophotometrically measured
with a VICTOR3 multilabel reader (PerkinElmer, Waltham, MA, USA) with
absorbance set at 490 nm. Calcein-AM and PI: viable or dead cells were stained
with calcein-AM or PI as previously described.8,14 After treatment of neurons as
described in the corresponding figure legends, 25 nM calcein-AM or 0.5 μM PI
(Invitrogen, Molecular Probes, Carlsbad, CA, USA) was added into the culture
medium for 30 min. Images were taken using a Zeiss Axiovert 200 microscope. The
number of PI positive neurons, or calcein fluorescence densitometry per cell was
analyzed using AxioVision 4.8.

Measurement of mitochondrial potential (Δψ)
Cell culture: Mitochondrial membrane potential (Δψ) was measured using
the fluorescent lipophilic cationic dye tetramethylrhodamine methyl ester (TMRM,
Invitrogen, Molecular Probes, Carlsbad, CA, USA), which accumulates within
mitochondria in a potential-dependent manner.54,55 After treatment with ABT-737
(Selleck Chemical, Houston, TX, USA), glutamate or a combination of both, primary
hippocampal neurons were stained with 5 nM TMRM for 30 min at 37 °C in the
dark. Images were taken using a Zeiss LSM 710 confocal scanning microscope and
TMRM fluorescence densitometry was analyzed using ZEN software (Carl Zeiss
Microscopy GmbH, Jena, Germany). Brain mitochondria: immediately after isolation
of mitochondria from rat brain, mitochondria were incubated with 2 mM malate,
2 mM glutamate and 2 mM ADP (Sigma), and then treated as described in the
figure legends. Mitochondria were mixed with 100 nM TMRM and loaded onto a 96-
well plate (500 μg/well). Each well was treated with CsA (2 μM, Cell Signaling,
Danvers, MA, USA), FCCP (100 μM, Abcam, Cambridge, UK), ABT-737 (100 nM or
5 μM), ΔN-Bcl-xL, full-length Bcl-xL or a combination and incubated for 20 min in
the dark. The intensity of fluorescence was measured by a SpectraMax Gemini XS
(Molecular Devices, Sunnyvale, CA, USA) with excitation 544 nm and emission
590 nm.

Measurement of ATP production. Primary hippocampal neurons
were seeded on 96-well plates (0.015 × 106 neurons/well). After 3 weeks incubation,
cells were treated as stated in relevant figure legends. Neuronal ATP production
was measured by using ATPlite Luminescence Assay System (PerkinElmer)
according to the manufacturer’s protocol. Plates were washed with sterile PBS,
and cells were lysed. Cells were then incubated with substrate (luciferin) for 15 min.
The reaction between ATP, luciferase and luciferin produces bioluminescence.
ATP-induced-luminescence was measured with a VICTOR3 multilabel reader
(PerkinElmer).

Cloning and purification of ΔN-Bcl-xL and Bcl-xL recombinant
proteins. The rat ΔN-Bcl-xL cDNA (truncation lacking first 60 aa on the
N terminus) was amplified by PCR using primers: (forward) 5′-GAAGGAGATACCAC
CATGgatagccccgcggtgaatgga-3′ and (reverse) 5′-GGGCACGTCATACGGATActtccg
actgaagagtgagcc-3′. PCR product was cloned directly into pME-HA vector using
Expresso CMV Cloning and Expression System (Lucigen, Middleton, WI, USA), to
introduce HA-tag at the C terminus of ΔN-Bcl-xL. Next, HEK cells were transfected
with pME-HA-ΔN-Bcl-xL plasmid and 24 h later cell lysates were prepared. ΔN-Bcl-
xL was purified using Pierce HA tag IP/Co-IP kit (Thermo Scientific, Rockford, IL,
USA) according to the instruction manual. Flag-tagged Bcl-xL construct12 was
immunoprecipitated from HEK293T cell lysates using the EZview Red ANTI-FLAG
M2 Affinity Gel (Sigma-Aldrich) according to the manufacturer’s protocol.
The purified protein samples were examined by western blot.

Immunoblots. After protein purification, protein concentration was determined
using BCA protein reagents (Thermo Scientific). Samples were separated on a
4–12% SDS-polyacrylamide gel (Bio-Rad, Hercules, CA, USA) and probed with

anti-Bcl-xL (1:1000 dilution, Cell Signaling), anti-ΔN-Bcl-xL (1:100 dilution, Aves
Labs, Tigard, OR, USA), anti-active bax (1:100 dilution, Enzo Life Science,
Farmingdale, NY, USA), anti-whole bax (1:1000 dilution, Cell Signaling), anti-
cytochrome c (1:1000 dilution, Cell Signaling), anti-active caspase 3 (1:100 dilution,
Abcam), anti-VDAC (1:1000 dilution, Cell Signaling), anti-COX IV (1:1000,
Invitrogen) and anti-GAPDH (1:1000, Sigma-Aldrich). Anti-ΔN-Bcl-xL is custom-
produced (peptide sequence: CZ DSP AVN GAT GHS SSL D (1:100, Aves
Labs). Membranes were treated with ECL reagents (Perkin Elmer) and images
were analyzed using ImageJ software (National Institutes of Health, Bethesda,
MD, USA).

Isolation of mitochondria. Mitochondria or subfraction of mitochondria was
purified from rat brain as previously described.10,19,56 In brief, rats (n= 12) were
killed and brain tissue was homogenized in isolation buffer (250 mM sucrose,
20 mM HEPES, 1 mM EDTA, 0.5% BSA). After a series of centrifugations, the
nuclear material and the mitochondrial pellet containing synaptosomes
were separated. Synaptosomes were disrupted by applying 1200 psi pressure for
10 min and mitochondria were separated by ultracentrifugation. Subfractionation of
mitochondria was performed as described previously.10 In brief, the purified
mitochondrial pellet was permeabilized and disassociated using 0.1% digitonin.
Anti-VDAC (1:1000 dilution, Cell Signaling) was used as a marker for the outer
membrane, and anti-COX IV (1:1000, Invitrogen) as a marker for the inner
membrane to verify the quality of the fraction.

Immunocytochemistry. Primary hippocampal neurons fixed in 10% buffered
formalin were blocked in 10% goat serum for 1 h, then incubated with anti-HA (1:10
dilution, Santa Cruz Biotechnology, Dallas, TX, USA), anti-GFP (1:100, 1:100,
Abcam), anti-ΔN-Bcl-xL (1:10 dilution, Aves Labs), and anti-ATPB (1:100 dilution,
Abcam) overnight at 4 °C. Cells were washed and incubated with
Alexa-fluor 488 antibody or Alexa-568 antibody (1:200 dilution, Invitrogen, Molecular
Probes, Carlsbad, CA, USA) for 1 h at room temperature and mounted
on glass slides. Images were taken with a Zeiss Axiovert 200 microscope
(Zeiss, Oberkochen, Germany) and processed using AxioVision 4.8.

Homology modeling and protein-ligand docking. The homology
model for ΔN-Bcl-xL was built based on the crystal structure of human Bcl-xL (PDB
ID: 2YXJ)57 by using the Swiss Model software (Swiss-Pdb Viewer 4.0.4, http://
spdbv.vital-it.ch).58 The ABT-737 was docked into the ΔN-Bcl-xL homology model
and the model was refined by using FireDock web server.59 Supplementary
Figure S1 was rendered with UCSF Chimera (UCSF Chimera-visualization system
for exploratory research and analysis60).
Quantitative real-time PCR: Total RNA was extracted from the primary
hippocampal neurons by using the Absolutely RNA miniprep kit (Agilent, Inc., Santa
Clara, CA, USA). Quantitative RT-PCR was performed with the qRT-PCR Kit
(Applied Biosystems, Foster City, CA, USA) using a Step One Plus Real-Time PCR
System (Applied Biosystems). TaqMan Gene Expression Assays (Life Technologies)
and the following TaqMan primers were used to measure expression levels of BclXl
and Bcl2: BclXl (Rn00437783_m1), Bcl2 (Rn99999125_m1). Relative mRNA
expression was determined using the Step One Software v2.2.2 (Applied
Biosystems). The expression values were normalized to the Actin B
housekeeping gene.

Statistical analysis. Data are reported as mean± S.D. of at least three
independent experiments. Difference in means was tested using one-way ANOVA
with Tukey’s test. Po0.05 is considered statistically significant. P values are
provided in figure legends.
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