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Axonal spheroids occur as part of the pathology of a variety of neurologic diseases. Reactive oxygen species (ROS) trigger formation of
spheroids, axonal severing, and Ca 2� overload. The mechanisms by which ROS lead to the spheroid formation at specific axonal sites
remain elusive. Here, using adult mouse primary neurons, we investigate the role of Ca 2�, its regulating systems, and cytoskeletal
changes in formation of axonal spheroids triggered by ROS. The results reveal that dramatically higher axoplasmic Ca 2� levels occur at
the sites of axonal spheroids than in the rest of the axon. High focal axoplasmic Ca 2� levels correlate with focal aggregation of the reverse
Na �/Ca 2� exchanger 1, voltage-gated N-type Ca 2� channel �1B subunit, and actin at the sites of spheroids in individual axons. This
study provides new insights into the mechanism of a spheroid formation at specific sites along axons undergoing oxidative stress and a
basis for new neuroprotective strategies.

Introduction
Oxidative stress is common in a number of neurologic diseases,
such as multiple sclerosis (MS), ischemia, amyotrophic lateral
sclerosis, Alzheimer’s disease, Huntington’s disease, and Parkin-
son’s disease (Sayre et al., 2008). Characteristic morphology of
neurodegeneration, axonal spheroids, is also found in these dis-
orders. In a mouse model of MS, experimental autoimmune
encephalomyelitis (EAE), it has recently been shown that in-
flammatory processes lead to an increase in extracellular reactive
oxygen species (ROS) in acute EAE lesions (Nikić et al., 2011).
This in vivo study established a direct link between high extracel-
lular ROS and the formation of axonal spheroids and subsequent
severing of the axons at the site of spheroid formation. These
morphological changes are characteristic of Wallerian-like de-
generation (Beirowski et al., 2010), which is recognized as a
primary pathologic event in a number of neurologic disorders
where it precedes neuronal cell body injury. These observa-
tions suggest that ROS may be an important cause of forma-

tion of axonal spheroids and degeneration in a variety of
neurologic diseases.

Formation of axonal spheroids begins with the creation of
smaller axonal swellings (Coleman, 2005). To date, a number of
events associated with spheroid formation have been described
and include increases in extracellular ROS, global axoplasmic
Ca 2� increases, aggregation of dysfunctional mitochondria, and
protease activation (Coleman, 2005; Nikić et al., 2011; Wang et
al., 2012). Essential for neuroprotective strategies, spheroid for-
mation may be a reversible process as shown by a direct applica-
tion of an antioxidant mixture in vivo (Nikić et al., 2011).
However, the molecular details of how spheroids form at partic-
ular axonal sites are uncertain.

Extracellular ROS trigger an increase in neuronal Ca 2� (Bar-
sukova et al., 2011b), which has been steadily emerging as a key
player in neurodegeneration. Quenching or removal of extracel-
lular Ca 2� has been shown to be most effective in preventing
spheroid formation in neuronal cultures (Beirowski et al., 2010).
Regulation of axoplasmic Ca 2� involves interplay of Ca 2� chan-
nels, Na�/Ca 2� exchanger on the axolemma, and endoplasmic
reticulum and mitochondria within the axoplasma. Therefore,
elucidating the role of these Ca 2�-regulating systems in spheroid
formation is critical to a development of neuroprotective strate-
gies. Here, using high-resolution imaging, we investigate Ca 2�-
regulating systems and focal Ca 2� elevation at sites of axonal
spheroids in live cortical neurons from adult and postnatal mice
during exposure to ROS. Our results establish specific roles for
the reverse Na�/Ca 2� exchanger 1 (NCX1) and voltage-gated
N-type Ca 2� channel (VGCC) �1B subunit in ROS-mediated
focal axoplasmic Ca 2� elevation at the sites of axonal spheroid
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formation. The findings suggest that NCX1 and VGCC aggre-
gation, associated with actin aggregation, drives dramatic focal
increases of axoplasmic Ca 2�. Prevention of ROS-driven focal
Ca 2�rise, spheroid formation and axonal severing in the pres-
ence of ROS is successfully achieved by inhibition of the reverse
NCX1, N-type, and L-type VGCCs or with the actin stabilizing
agent. This study provides new insights into the mechanism of a
spheroid formation at specific sites along axons undergoing oxi-
dative stress.

Materials and Methods
Cell cultures and transfection. Primary cortical cultures were prepared
from adult 2- to 4-month-old and postnatal day 0 (P0) wild-type B6 mice
of either sex as described previously (Nathan et al., 2004; Barsukova et al.,
2011a,b). The entire cerebral cortex was dissected from the brain and
placed in 2 ml of B27/Hibernate A medium (B27/HA; Invitrogen) with
0.5 mM glutamine (Sigma-Aldrich) at 4°C. The cortex was sliced (0.5 mm
thickness) and transferred to a 50 ml tube containing 5 ml of B27/HA.
After warming for 8 min at 30°C, slices were digested with 6 ml of a 2
mg/ml papain (Sigma-Aldrich) solution in B27/HA for 30 min at 30°C in
a gyrating water bath. The slices were transferred to 2 ml of B27/HA.
After 2 min at room temperature, the slices were triturated 10 times with
a siliconized 9 inch Pasteur pipette and allowed to settle for 1 min. Ap-
proximately 2 ml of the supernatant was transferred to another tube, and
the sediment was resuspended in 2 ml of B27/HA. The above step was
repeated twice, and a total of 6 ml was collected. The resultant superna-
tant was subjected to density gradient centrifugation at 800 � g for 15
min. The density gradient was prepared in four 1 ml layers of 35, 25, 20,
and 15% Optiprep (Invitrogen) in B27/HA medium (v/v). Debris above
the neuron-enriched fraction was discarded. The neuron-enriched frac-
tion was collected and diluted in 5 ml of B27/HA. After centrifuging twice

at 200 � g for 2 min., the cell pellets were re-
suspended in 3 ml of B27/Neurobasal A me-
dium (Invitrogen) with 0.5 mM glutamine and
0.01 mg/ml gentamicin (Sigma-Aldrich). For
transfection, neuronal pellets were resus-
pended in 100 �l of nucleofection solution
with 3 �g/ml of each plasmid construct and
electroporated following an electroporation
system (Amaxa Biosystems) for neurons, mod-
ified by the use of a Ca 2�-free buffer immedi-
ately after the electroporation, which
maintained neuronal viability (Barsukova et
al., 2011a,b). A total of 3 � 10 4 cells were
plated in 30 �l aliquots in the center of glass
coverslips (25 mm diameter) that were coated
overnight with poly-D-lysine (50 mg/ml;
Sigma-Aldrich). After a 1 h incubation in a hu-
midified incubator at 37°C and 5% CO2, each
coverslip was rinsed with B27/HA and trans-
ferred to a six-well plate containing B27/neu-
robasal A medium. Routinely, 10% of adult
neurons were successfully transfected, and the
signal was detectable at 48 h after transfection.

Constructs. For imaging of axonal
�-tubulin III, F-actin, and mitochondria,
neurons were transfected with genetically
encoded constructs EGFP-TubbIII, RFP-
actin, and mito-RFP, respectively, kindly
provided by Dr. G. Banker (Oregon Health &
Science University, Portland, OR).

Reverse Na�/Ca2� exchanger and Ca2�

channel blockers. Reverse Na �/Ca 2� ex-
changer was blocked with 1 �M KB-R7943
(Sigma-Aldrich), the concentration below the
range capable of blocking mitochondrial Ca 2�

uniporter. N-type VGCCs were blocked by a 30
min pretreatment with 50 nM �-conotoxin
GVIA (Sigma-Aldrich). L-type VGCCs were

blocked by pretreatment with 1 �M amlodipine (Sigma-Aldrich) for 30
min.

Ca2� and Na� measurement. For axoplasmic Ca 2� measurements,
neurons were loaded with ratiometric Ca 2� dyes fura-2 AM or fura-FF
(340 and 380 nm excitation, 505 nm emission; Invitrogen) (Fig. 1 A). The
results reported by fura-2 (high-affinity calcium indicator) were
compared with cytosolic Ca 2� response reported by fura-2FF (low-
affinity calcium indicator). Consequently, fura-FF was not used be-
cause it did not accurately report changes in Ca 2� levels in neurons of
either age in response to H2O2. For axoplasmic Na � measurements,
neurons were loaded with ratiometric Na � dye SBFI (340 and 380 nm
excitation, 505 nm emission; Invitrogen). Cells were incubated with 5
�M fura-2 AM or SBFI in imaging buffer (in mM: 142 NaCl, 4
NaHCO3, 10 Na-HEPES, 2.5 KCl, 1.2 MgCl2, 2 CaCl2, and 10 glucose,
pH 7.4) containing 2% BSA (Sigma-Aldrich) and 0.01% pluronic acid
at 37°C for 20 min or 2 h, respectively (Barsukova et al., 2011a,b).
Cells were washed with imaging buffer containing 0.25% BSA for 10
min at 37°C before recording.

Fluorescence live imaging. Imaging was performed after 4 –5 d in cul-
ture. Neurons were treated with 50 or 100 �M H2O2 for 30 min starting at
1 min in the presence of a 5% CO2 air mixture at 37°C (heated stage;
Warner Instruments). Before H2O2 treatment, axoplasmic Ca 2� or Na �

levels among neurons of either age were similar. Neurons were also
treated with 90 mM potassium chloride (Sigma-Aldrich). Imaging was
performed using an inverted microscope (IX81; Olympus) equipped
with a cooled CCD camera (Cascade II; Intelligent Imaging Innovations),
a high-speed wavelength switcher (Lambda DG-5; Sutter Instruments)
controlled by SlideBook software (Intelligent Imaging Innovations), and
appropriate Chroma filters. Exposure time was 500 ms, and frames were
taken every 10 s. Axoplasmic Ca 2� and Na � were evaluated in various

Figure 1. Real-time axoplasmic Ca 2� response to ROS in adult and postnatal cortical neurons. A, Image of a cultured cortical
neuron from an adult mouse loaded with fura-2 (60�, oil). In red boxes are 20 –30 �m axonal segments chosen for high-
resolution imaging. Scale bar, 10 �m. B, Representative axonal segment used for axoplasmic Ca 2� analysis (super-high resolu-
tion, 150�, oil). Scale bar, 5 �m. C, Axoplasmic Ca 2� response to 100 �M H2O2 in adult neurons (n � 16 cells). D, Axoplasmic
Ca 2� response in P0 neurons (n � 23 cells). Before treatments, axoplasmic Ca 2� levels among neurons of both ages were similar
(0 –1 min). E, Absence of axonal spheroids in P0 neurons at 30 min of H2O2 exposure (n � 18 cells).
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axonal segments, from 2 to 30 �m, with 1500
magnification (Olympus; 150�, UPlan, NA
1.45, oil) (Fig. 1 A, B).

Immunocytochemistry. Neurons were fixed
with ice-cold acetone for 5 min, rinsed with
cold PBS, permeabilized for 15 min in 0.02%
Triton X-100, and blocked in 1% BSA for 1 h.
Neurons were then treated with rabbit anti-
calcium channel (�1B subunit, N-type chan-
nel) antibody (Sigma-Aldrich) or NCX1
antibody (Covance), 1:1000 in 1% BSA for 2 h.
After three washes with PBS, neurons were
treated with appropriate anti-rabbit RFP or
anti-mouse GFP secondary antibodies (1:
200; Invitrogen) for 30 min. After three
washes with PBS, neurons were coated with
anti-photobleach oil, and coverslips were
sealed.

Image analysis. Fluorescence changes in axo-
plasm were evaluated using SlideBook software
version 4.2.0. The background fluorescence was
taken from fields not containing axons. Data ob-
tained from 10–50 segments per axon were aver-
aged to represent the response per cell (10–15
cells per experiment).

Statistical analysis. Each experiment was repli-
cated three times using neurons obtained from
three different animals per age (n�3). Data from
each experiment were analyzed by t test or one-
way ANOVA with SPSS statistical software. The
data from all evaluated cells from all animals per
age group are presented as mean � SEM in the
bar graphs described in Results.

Results
Neuronal model
To investigate the effect of extracellular
ROS on axoplasmic Ca 2� and the role of
elevated Ca 2� in spheroid formation, we
established a neuronal model based on
primary cultured cortical neurons from
adult mice after comparing these cultures
with the more commonly used P0 pri-
mary cortical neurons. We used patho-
physiological levels of hydrogen peroxide
previously detected in the brain in vivo
during ischemia (Hyslop et al., 1995) and
used in an in vivo spheroid formation
study (Nikić et al., 2011). In each case,
axoplasmic Ca 2� was assessed with fura-2
during 30 min exposure to H2O2 at 100
�M. A remarkable difference in axoplas-
mic Ca 2� elevation, measured in 20 –30
�m axonal segments, was detected be-
tween neuronal ages. By 15 min, Ca 2� in
P0 axons did not significantly change
from the base level, while in adult axons it
doubled (Fig. 1C,D). By 30 min, P0 axons
had only a 1.8-fold fura-2 fluorescence
rise, whereas in adult axons the fluores-
cence rise reached a 3.6-fold increase,
twice the level of P0 axons (Fig. 1C,D; Student’s t test, **p �
0.01). By 30 min, adult axons showed formation of spheroids
(Fig. 2A,B) whereas the P0 axons did not (Fig. 1E). There were
thus significant differences in responses of cultured adult and P0
axons within the first 30 min of exposure to H2O2. For all other

studies, we selected the adult neurons based on rapid dynamic
changes in their axons, which were not observed in postnatal
cultures and as more representative of what occurs in neurons in
adult EAE mice (Nikić et al., 2011) and in adult-onset diseases in
humans, such as MS.

Figure 2. Spheroid formation and severing of axons triggered by ROS in live adult neurons. A, Swellings form at 30 min,
spheroids form at 60 min, and an axon severs by 205 min in the presence of 50 �M H2O2 (n �9 cells). B, Swellings appear at 15 min,
spheroids appear by 30 min, and an axon severs by 90 min in the presence of 100 �M H2O2 (n � 15 cells). C, In the absence of H2O2,
imaging stress leads only to axonal swellings by 90 min (n � 5 cells) (150�, oil). Scale bar, 10 �m.
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Spheroid formation and axoskeletal changes
Axonal morphology and axoskeletal changes in live adult neu-
rons were examined during oxidative stress with high magnifica-
tion (150� lens). Morphology of 40 –50 �m axonal segments was
followed with time-lapse differential interference contrast (DIC)
microscopy. H2O2 was continuously present starting at min 1.
After continuous exposure to H2O2, axons underwent progres-
sive morphologic changes. Formation of focal swellings in axons
began at �30 min in response to 50 �M H2O2 (Fig. 2A) and �15
min in response to 100 �M H2O2 (Fig. 2B). Swellings progressed
to spheroids around 60 and 30 min for 50 �M H2O2 and 100 �M

H2O2, respectively (Fig. 2A,B). At the same time, segments of
axons between the spheroids decreased in diameter. Disruption
of axons at spheroids occurred at �205 min with 50 �M H2O2

and �90 min with 100 �M H2O2 (Fig. 2A,B). Therefore, the
timing of development of swellings, formation of spheroids, and
axonal severing occurred in an H2O2 concentration-dependent
manner. To minimize the contribution of the imaging stress,
which led to axonal swellings by 90 min (Fig. 2C) and severing at
about 6 h in the absence of H2O2, 100 �M H2O2 was chosen for all
other experiments.

The formation of spheroids coincided with changes in mito-
chondria, �-tubulin III, and F-actin. Changes in mitochondrial
morphology in live neurons and its colocalization with spheroids
were detected by the use of mitochondrially targeted genetic con-

struct mito-RFP (Fig. 3A,B). Swelling and rounding of mito-
chondria began �15 min of exposure. Swollen mitochondria
were localized within the spheroids by 30 min.

�-Tubulin III and F-actin were labeled with the genetic con-
structs EGFP-TubbIII and RFP-actin, respectively. Before the ap-
plication of H2O2, actin was more concentrated in the philopodia
of axon terminals and at points of axonal branching, whereas
tubulin was evenly distributed along axons. Dynamic changes in
tubulin and F-actin were detected during spheroid formation.
Significantly higher fluorescence density of tubulin and actin la-
beling was detected in spheroids than in segments outside the
spheroids of live neurons at 30 min with 100 �M H2O2 exposure
(Fig. 3A–E). Faster actin responses in a form of aggregation oc-
curred in the retracting philopodia and small axonal branches
than along the axon during the H2O2 treatment (Fig. 3C,D).

Pretreatment of neurons with tubulin-stabilizing agent Taxol
did not prevent spheroid formation (Fig. 3, compare F, B). Pre-
treatment with the actin-stabilizing agent cytochalasin D greatly
attenuated spheroid formation (Fig. 3, compare G, D); only for-
mation of swelling was observed at 30 min, which did not prog-
ress to spheroid formation. These data demonstrate that spheroid
formation and narrowing of an axon between spheroids is ac-
companied by active cytoskeletal restructuring during oxidative
stress and, as has been described in vivo, by morphologic changes
in mitochondria (Nikić et al., 2011).

Figure 3. Cytoskeletal changes in axons of live adult neurons during spheroid formation triggered by ROS. A, Axon of a neuron transfected with fluorescent constructs labeling �-tubulin III
(green) and mitochondria (red). B, Colocalization of rounded mitochondria and tubulin in spheroids after 30 min exposure to 100 �M H2O2 (n � 12 cells). C, Neurons transfected with a fluorescent
construct for F-actin (red). D, Aggregation of F-actin in spheroids after 30 min exposure to 100 �M H2O2 (n � 15 cells). E, Quantification of fluorescence intensities of tubulin and F-actin inside and
outside the spheroids at 30 min (one-way ANOVA, **p � 0.001). A.U., Arbitrary units. F, Pretreatment with 1 �M Taxol does not prevent spheroid formation (image at 30 min of H2O2 exposure; n �
10 cells). G, Pretreatment with cytochalasin D (10 �g/ml) attenuates spheroid formation (image at 30 min of H2O2 exposure; n � 9 cells; 150�, oil). Scale bars, 10 �m.
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Axoplasmic Ca 2� in spheroids
Global increases of axoplasmic Ca2� have been previously associ-
ated with axonal spheroid formation and disruption. Because dis-
tinct microdomains with transient high focal Ca2� were previously
demonstrated in healthy neurons (Chen et al., 2011), we sought to
determine whether axoplasmic Ca2� increased uniformly along ax-
ons undergoing oxidative stress or whether there might be focal
increases at sites of spheroid formation. To determine this, we mea-
sured axoplasmic Ca2� response to H2O2 in 2–3 �m axonal seg-
ments (Fig. 4F) instead of 20–30 �m segments used in initial studies
(Fig. 1A). Such measurements allowed for comparison of Ca2� lev-
els inside the spheroids and in the segments between the spheroids
(Fig. 4A–F). Importantly, the ratiometric property of the Ca2� dye
fura-2 controls for the artifacts arising from volume change in the
axon. For example, fura-2 reported a similar base level and a rise in
Ca2� in the neuronal soma, with its large volume, and in 20–30 �m
axonal segments (Fig. 5A,B).

Analysis of a micrometer-range axoplasmic Ca 2� response to
H2O2 showed a significant difference in Ca 2� at the sites of swell-
ing and spheroid formation and the neighboring segments begin-
ning at 15 min. A significantly higher Ca 2� level was detected at
sites of swellings (Fig. 4C,G,H; 1.90 � 0.18 vs 1.56 � 0.13; Stu-
dent’s t test, **p � 0.001) before formation of spheroids. Subse-
quent formation of spheroids at 20 min continued to coincide
with significantly higher Ca 2� within the spheroids than the
neighboring segments (Fig. 4D,E,G,H; 4.06 � 0.42 vs 2.63 �
0.30; Student’s t test, **p � 0.001). Removal of H2O2 after 10 min

of exposure, when first swellings begin to form (Fig. 4C), pre-
vented spheroid formation but not swellings, which still devel-
oped (Fig. 5C). Earlier removal of H2O2 attenuated further
axoplasmic Ca 2� rise observed during 30 min exposure to H2O2,
although axoplasmic Ca 2� did not return to baseline within 20
min (Fig. 5D). These results suggest the existence of a local Ca 2�-
regulating mechanism responsible for a significantly higher Ca 2�

accumulation at the sites of spheroids.

Role of Ca 2� sources in spheroid formation
We next compared extracellular and intracellular Ca 2� contribu-
tions to axoplasmic Ca 2� elevation in response to H2O2. Varying
axonal segments of adult neurons ranging from 2 to 30 �m were
analyzed. Elimination of the extracellular Ca 2� led to a substan-
tial reduction from 3.6-fold (Fig. 1C) to 2-fold by 30 min in
fura-2 fluorescence rise and prevented axonal swellings and
spheroid formation (Fig. 6A,B,I). Since the absence of extracel-
lular Ca 2� did not completely abolish axoplasmic Ca 2� in-
creases, the contribution of Ca 2� released from mitochondria to
the H2O2-mediated cytosolic Ca 2� increase was next evaluated.
Mitochondria released Ca 2� during exogenous oxidative stress
via formation of permeability transition pore (PTP) (Barsukova
et al., 2011b). Consequently, the absence of extracellular Ca 2�

combined with application of cyclosporin A (CsA, 10 �M, 30 min
pretreatment), which binds cyclophilin D (CyPD) and thereby
inhibits PTP activation in mitochondria, completely abolished
increases in axoplasmic Ca2� (Fig. 6C,D,I) (Forte et al., 2007). CsA

Figure 4. Ca 2� in an axon of a live adult neuron during spheroid formation triggered by ROS. A–E, Axonal swelling formation at 15 min, followed by spheroids at 20 –30 min, coincides with focal
Ca 2� increase at spheroid sites as assessed by fura-2 (green) and DIC (gray) during 30 min exposure to 100 �M H2O2 (n � 15 cells; 150�, oil). Scale bar, 10 �m. F, Representative 2–3 �m regions
chosen for focal Ca 2� analysis. G, Ca 2� levels at the sites of spheroids. H, Ca 2� levels in axonal segments between the spheroids.
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pretreatment alone in the presence of extracellular Ca2� led to a
significant axoplasmic Ca2� reduction (Fig. 6E,F,I), and prevented
axonal spheroid formation but did not prevent formation of axonal
swellings (Fig. 6E). Another approach, which also leads to a sus-
tained extracellular Ca2� influx, was tested next. Neurons were sub-
jected to a sustained depolarization with KCl, which led to spheroids
formation within 4 min (Fig. 6H), strikingly faster when compared
with 20 min in response to H2O2 (Fig. 1C). Fura-2 fluorescence rise
reached threefold under KCl at 30 min (Fig. 6G). Together, these
results demonstrate a primary role of extracellular Ca2� and a sec-
ondary role of mitochondrial PTP activation in spheroid formation
and axonal severing in response to ROS.

Role of axolemmal Ca 2�-regulating systems in
spheroid formation
The axolemmal Ca 2� regulators, such as the reverse NCX of the
plasma membrane and the VGCCs, have been implicated in an-
oxia, ischemia and MS pathology (Kornek et al., 2001; Pilitsis et
al., 2001; Craner et al., 2004a,b; Brand-Schieber and Werner,
2004; Stys 2004, 2005; Annunziato et al., 2007; Tsutsui and Stys,
2012). NCX, operating in reverse mode, could pump Ca 2� into
the cytoplasm while extruding Na�, opposite to its normal func-
tion of Ca 2� extrusion (Tsutsui and Stys, 2012). Consequently,
we assessed whether ROS might stimulate reversal of NCX1 and
thereby contribute to the axoplasmic Ca 2� elevation and spher-
oid formation. To examine this issue, axonal segments of adult
neurons ranging from 2 to 30 �m were analyzed in the presence
of the NCX1 inhibitor, KB-R7943, applied within 30 s of H2O2

exposure. The results showed that inhibition of NCX1 activity
with a single application of KB-R7943 completely prevented
swelling and spheroid formation and significantly attenuated

axoplasmic Ca 2� elevation from 3.6-fold
(Fig. 1C) to 1.8-fold at 30 min (Fig.
7A,B,K). Moreover, consequent applica-
tion of KB-R7943 within 14 min of the
first application completely abolished
axoplasmic Ca 2� elevation under H2O2

(Fig. 7C,D,K). Remarkably, KB-R7943
completely prevented accelerated swelling
and spheroid formation under sustained
depolarization with KCl and lowered axo-
plasmic Ca 2� to the baseline by 15 min
(compare Figs. 6G, H and 7E, F; at 15 min,
2.63 � 0.72 vs 1.12 � 0.17; at 30 min;
3.23 � 0.82 vs 1.00 � 0.09; Student’s t test,
**p � 0.0001). Pretreatment with N-type
or L-type VGCC blockers, �-conotoxin
GVIA and amlodipine, respectively, attenu-
ated axoplasmic Ca2� increases, but less
than did KB-R7953. Importantly, these
blockers also prevented formation of swell-
ings and spheroids (Fig. 7G–K). These re-
sults demonstrate the contributions of the
reverse NCX1 and Ca2� channels to axo-
plasmic Ca2� rise and their key role in
spheroid formation in response to ROS.

Aggregation of axolemmal Ca 2�-
regulating systems in spheroids
Distinct axoplasmic Ca 2� elevation
within swellings/spheroids during exoge-
nous oxidative stress, demonstrated in
Figure 4, could be most easily explained

by focal increased influx of extracellular Ca 2� at the sites of
spheroid formation. This scenario would predict that NCX1 (op-
erating in reverse mode) and N-type VGCC �1B subunit, previ-
ously shown to accumulate in axonal lesions in EAE (Kornek et
al., 2001; Craner et al., 2004a), accumulate at sites of spheroid
formation in response to ROS. Accordingly, we performed im-
munocytochemistry for these Ca 2�-specific regulators impli-
cated in MS in untreated neurons and in neurons exposed to
H2O2. NCX1 and N-type VGCC �1B subunit were evenly distrib-
uted along untreated axons (Fig. 8A,C). However, after 30 min of
H2O2 exposure, NCX1 and N-type VGCC �1B subunit were
densely aggregated at the sites of axonal spheroids and sparsely
distributed in axonal segments between the spheroids (Fig.
8B,D). Analysis of the fluorescence intensity showed a significant
difference in intensity of NCX1 or N-type VGCC �1B immuno-
labeling between spheroids and axonal areas outside spheroids
(Fig. 8E). In the absence of the permeabilization step, similar
aggregation was observed (Fig. 8F,G). NCX1 or N-type VGCC
�1B accumulation on the axolemma began by 15 min, before
spheroid formation (Fig. 8H, I). Pretreatment of cultures with
KB-R7943 or �-conotoxin attenuated NCX1 or N-type VGCC
�1B aggregation and spheroid formation (Fig. 8 J,K). These data
demonstrate ROS-driven aggregation of reverse NCX1 and
N-type VGCC �1B subunit and suggest that the focal increase in
Ca 2� at sites of future spheroid formation may result from the
aggregation of NCX1 and Ca 2� channels at these sites.

Axoplasmic Na � in spheroids
If NCX1 operates in reverse mode at sites of axonal swelling, Na�

would be extruded from the axoplasm by focal aggregation of
NCX1 and reflected in uneven dynamic distribution of Na�

Figure 5. Fura-2 Ca 2� reporting is not affected by the sample thickness. A, Fura-2 (green) in a soma and an axon of an adult cortical
neuron. In red boxes are areas of interest where Ca 2� was analyzed in response to H2O2. B, Identical Ca 2� increase reported by Fura-2 in
a soma and an axon, regions that vary greatly in thickness. C, Removal of H2O2 after 10 min, instead of 30 min, results in only swellings and
no spheroids by 30 min (right) in an axon of an adult neuron. D, Removal of H2O2 attenuates axoplasmic Ca 2� increase but does not lower
it to baseline, as measured in 20 –30 �m segments (n � 9 cells; compare response with Fig. 1C).
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along the axon. To assess this and confirm our earlier results, we
also assessed axoplasmic Na� in spheroids and neighboring seg-
ments with the Na�-specific ratiometric dye SBFI. Axoplasmic
Na� increase was significantly lower within spheroids than in the
segments outside the spheroids starting at 15 min in response to
H2O2, as reported by SBFI fluorescence (Fig. 8L,M; at 15 min,
1.10 � 0.14 vs 1.38 � 0.19; at 30 min, 1.40 � 0.15 vs 1.66 � 0.21;
Student’s t test, **p � 0.001). The difference in Na� between
spheroids and segments outside is an inverted image of the dif-
ferences in the case of Ca 2� (compare Figs. 4G, H and 8L, M).
These results are consistent with the demonstrated aggregation of
the reverse NCX1 at the sites of spheroids.

Discussion
While ROS-induced axonal spheroid formation and its associa-
tion with increased axoplasmic Ca 2� have been described previ-
ously, the molecular details of the connection between Ca 2�,
spheroid formation, and axonal rupture are uncertain. In the
present study, we demonstrate for the first time focal increases of
axoplasmic Ca 2� that precede spheroid formation in axons ex-
posed to ROS. In addition, we demonstrate the aggregation of the
reverse NCX1, N-type VGCC, and actin at sites of focal Ca 2�

increase and spheroids and the ability to block spheroid forma-
tion with inhibitors of NCX1, VGCC, and an actin-stabilizing
agent. These findings suggest a series of concerted responses to
ROS that lead to focal accumulations of the reverse NCX1 and
N-type VGCC and focal increases in axoplasmic Ca 2� that result
in spheroid formation and axonal disruption.

What key players determined the sites of spheroid formation?
Our results show that focal increases in Ca 2� preceded spheroid

formation. At 15 min of exposure to ROS, Ca 2� levels at the sites
of future spheroids were significantly higher than in other axonal
segments. By 30 min, fura-2 fluorescence rise in spheroids was
over 1.5 times higher than in the rest of the axon. This difference
in Ca 2� levels points to a key role of focal Ca 2� increase in
spheroid formation. Focal high Ca 2� is consistent with transient
high Ca 2� domains in healthy neurons (Chen et al., 2011). How-
ever, during ROS exposure these domains become persistent and
mark sites of damage.

Our results demonstrate that extracellular Ca 2� is a primary
source of ROS-mediated axoplasmic Ca 2� increase. Removal of
extracellular Ca 2� was significantly more efficient in lowering
axoplasmic Ca 2� and preventing spheroids than inhibition of
mitochondrial Ca 2� stores release. The inhibition of the reverse
NCX1 completely prevented Ca 2� increase and spheroid forma-
tion in the presence of ROS, suggesting that reverse NCX1 is
responsible for the bulk of Ca 2� influx. A rise of axoplasmic Na�

preceded Ca 2� increase in response to ROS (Figs. 4G,H, 8L,M),
suggesting the initial role of Na� channels in rising Na� and
consequent activation of the reverse NCX1. The inhibition of
N-type or L-type VGCCs also completely prevented spheroid
formation in the presence of ROS and is consistent with neuro-
protection achieved with the inhibition of N-type or L-type
VGCCs in EAE and blocking N-type VGCC in autoimmune optic
neuritis (Kornek et al., 2001; Brand-Schieber and Werner, 2004;
Gadjanski et al., 2009). Interestingly, while preventing spheroid
formation, blocking N-type or L-type VGCCs did not completely
abolish Ca 2� rise. What conclusions can be drawn from these
findings? First, the reverse NCX1-driven Ca 2� contribution is

Figure 6. Extracellular and intracellular Ca 2� contribution during spheroid formation triggered by ROS in adult neurons. A, B, Absence of extracellular Ca 2� prevents swellings/spheroids as it
attenuates axoplasmic Ca 2� increase during 30 min exposure to 100 �M H2O2 and fura-2 (green) (n � 16 cells; 150�, oil). Scale bar, 10 �m. C, D, CsA combined with the absence of extracellular
Ca 2� completely abolishes Ca 2� increase and swellings/spheroids (n � 8 cells). E, F, CsA in the presence of extracellular Ca 2� leads to only swellings and lowers Ca 2� increase (n � 12 cells). G,
H, Sustained depolarization with KCl results in spheroids within 4 min (n � 11 cells). I, Ca 2� response to above treatments is compared with Ca 2� response to H2O2 in regular buffer measured in
20 –30 �m segments (as shown in Fig. 1C) (one-way ANOVA, **p � 0.001).
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greater than the Ca 2� channel-driven Ca 2� contribution to
ROS-mediated axoplasmic Ca 2� rise. Second, both axolemmal
reverse NCX1 and Ca 2� channels play a key role in spheroid
formation. Finally, the formation of spheroids seems to require a
certain threshold of Ca 2� that needs to be reached, and inhibi-
tion of Ca 2� channels alone allows a Ca 2� rise that does not reach
that threshold.

Focal aggregation of reverse NCX1 and N-type VGCC seems
to be critical to spheroid formation. Our results show a high
density of reverse NCX1 and N-type VGCC within spheroids
after exposure to ROS. These findings are consistent with N-type
VGCC �1B subunit aggregation in dystrophic axons in EAE and
MS (Kornek et al., 2001) and colocalization of NCX and an ax-
onal injury marker, �-amyloid precursor protein, in demyeli-
nated axons in EAE (Craner et al., 2004a). Our data suggest that
extracellular ROS lead to active axolemmal changes involving
redistribution of NCX1 and VGCC; any swelling solely driven by
changes in osmolarity would lead to a spreading of the axolem-
mal elements, organelles, and cytoskeleton, not focal aggregation.
These findings suggest that the aggregation of the reverse NCX1
and N-type VGCC govern the excessive channeling of extracellu-
lar Ca 2� into the sites of spheroids. Furthermore, opposite dy-
namics of Ca 2� and Na� increases inside and outside the
spheroids confirms the role of focal aggregation of the reverse
NCX1.

Other intra-axonal changes associated with spheroids were
detected. Accumulation of swollen mitochondria in spheroids in
response to ROS shown here and previously in vivo (Nikić et al.,
2011) is likely to occur in response to high focal Ca 2� in spher-
oids, leading to opening of mitochondrial PTP (Barsukova et al.,
2011b). It is plausible that ROS-driven activation of the PTP, loss
of ATP, and release of pro-apoptotic agents are primary events
responsible for spheroid formation. However, pretreatment of
neurons with CsA, which inhibits PTP activation, did not prevent
axonal swellings during ROS exposure. These results point to a
secondary role of ROS-driven mitochondrial dysfunction in
spheroid formation. A high density of fluorescent labeling for
F-actin was found in spheroids. Since Ca 2� regulates actin dy-
namics (Brünig et al., 2004; Oertner and Matus, 2005; Akopian et
al., 2006), F-actin aggregation within spheroids is likely to stem
from the effect of Ca 2� rise on normal F-actin concentration at
branching points (Andersen et al., 2011). Indeed, the majority of
spheroids formed at branching points along the axon (Fig. 2A,B).
Retraction of small branches preceded formation of spheroids at
branching sites. Attenuation of spheroid formation with the
actin-stabilizing agent cytochalasin D, shown here, and the re-
versible nature of spheroid formation previously shown in vivo
(Nikić et al., 2011) support the idea that active cytoskeletal re-
structuring occurs in response to ROS. Furthermore, it is consis-
tent with the previous findings that depolymerization of actin

Figure 7. Role of axolemmal Ca 2�-regulating systems in spheroid formation triggered by ROS in adult neurons. A, B, KB-R7943, a reverse NCX1 inhibitor, prevents swellings/spheroids as it
attenuates axoplasmic Ca 2� increase during 30 min exposure to 100 �M H2O2 and fura-2 (green) (n � 12 cells; 150�, oil). Scale bar, 10 �m. C, D, Dual sequential application of KB-R7943
completely abolishes Ca 2� increase and swellings/spheroids during 30 min exposure to H2O2 (n � 10 cells). E, F, KB-R7943 prevents spheroids and lowers Ca 2� during sustained depolarization
with KCl (n � 16 cells). G–J, �-Conotoxin (G, H ), an N-type VGCC inhibitor, and amlodipine (I, J ), an L-type VGCC inhibitor, prevent swellings/spheroids as they attenuate Ca 2� increase (n � 13
cells and n �14 cells, respectively). K, Ca 2� response to above treatments is compared with Ca 2� response to H2O2 alone measured in 20 –30 �m segments (as shown in Fig. 1C) (one-way ANOVA,
**p � 0.001).
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with cytochalasin D stabilizes intracellular free Ca 2� and protects
hippocampal neurons (Furukawa et al., 1995). Actin thus may
play a dual role in the formation of spheroids: a structural and a
Ca 2�-regulating role. While a high density of the punctuate flu-
orescent labeling for tubulin occurred in spheroids, suggesting
the presence of disrupted microtubules, Taxol, which stabilizes
microtubules, did not prevent spheroid formation, suggesting a
secondary role of microtubule destabilization.

Together, these results suggest the following scenario of ax-
onal spheroid formation in response to ROS. Elevated exogenous
H2O2 associated with pathologic inflammation (Nikić et al.,
2011) leads to axoplasmic Na� increase. Rising Na� activates the
reverse mode of NCX, leading to a fast uniform Ca 2� increase
along the axon. Rising Ca 2� leads to further aggregation of
F-actin normally found concentrated at axonal branching points
and axon terminals. Fast actin response and its aggregation is
likely to drive axolemmal changes, such as aggregation of reverse
NCX and VGCCs. Increased focal density of reverse NCX and
VGCC results in focal Ca 2� increases at the sites of axonal swell-
ing. Disrupted axonal transport contributes to swellings pro-
gressing into spheroids. Rapidly rising focal Ca 2� in spheroids
triggers local mitochondrial Ca 2� overload, PTP activation, and
release of pro-apoptotic agents. Removal of ROS or application
of antioxidants reverses the direction of NCX, allowing for the
extrusion of axoplasmic Ca 2� excess, deaggregation of actin, and
restoration of axonal transport.

This study does not address cellular sources of ROS that occur
in vivo, such as activated microglia, and whether ROS-producing
inflammatory cells would induce focal Ca 2� rise at sites of spher-
oid formations. Our in vitro system contains unmyelinated ax-

ons, and whether myelinated axons would develop focal Ca 2�

increases at sites of spheroid formations in response to ROS is
also uncertain. However, our study may be of relevance to MS, in
which loosely myelinated or demyelinated segments present an
unprotected axonal surface for interaction with elevated levels of
ROS produced by microglia in MS lesions (Lassmann, 2010;
Abourbeh et al., 2012). Importantly, demyelination in MS leads
to Nav1.6 and Nav1.2 channel redistribution (Craner et al.,
2004b) and their increase in demyelinated segments. That would
facilitate focal Na� rise, reversal of NCX and Ca 2� rise, which
makes our proposed model of Ca 2�-dependent spheroid forma-
tion even more relevant to MS. Upregulation of Na� influx
shown here is also characteristic of trauma (Iwata A et al., 2004)
and anoxia/ischemia, suggesting that the proposed model is a
common pathway for axonal degeneration. While the relative
specificity of KB-R7943 could be a limitation at 10 �M via non-
specific block of L-type Ca 2� channels (Ouardouz et al., 2005),
we used an order of magnitude lower concentration of 1 �M

KB-R7943. Importantly, when L-type Ca 2� channels were
blocked with amlodipine, we saw only a modest effect on axoplas-
mic Ca 2� regulation (Fig. 7, J vs B, D). These results implicate the
influx of Ca 2� via reverse NCX1 as a key event in the onset of
spheroid formation. CsA binds not only to CyPD in mitochon-
dria but other cyclophilins as well. However, CsA pretreatment
did not affect the cytosolic Ca 2� level in adult neurons in which
CyPD was genetically eliminated but other cyclophilins remained
intact (our unpublished observations). Therefore, we believe CsA
was sufficiently specific for the assessment of the contribution of
mitochondria to increases in axoplasmic Ca 2� in response to
ROS.

Figure 8. Aggregation of axolemmal Ca 2�-regulating systems during spheroid formation triggered by ROS in adult neurons. A, NCX1 distribution in an untreated axon (green) (150�, oil). Scale
bar, 5 �m. B, NCX1 aggregation in spheroids at 30 min of exposure to 100 �M H2O2 (n � 15 cells). C, N-type VGCC �1B subunit (red) distribution in an untreated axon. D, N-type VGCC �1B subunit
aggregation in spheroids at 30 min of exposure to 100 �M H2O2 (n � 14 cells). E, Quantification of fluorescence intensities of NCX1 and N-type VGCC �1B subunit immunolabeling (one-way ANOVA,
**p � 0.001). F, G, NCX1 (green) and N-type VGCC �1B subunit (red) aggregation in axolemma of spheroids at 30 min of exposure to 100 �M H2O2, in the absence of permeabilization (n � 9 cells
and n � 10 cells, respectively). H, I, NCX1 and N-type VGCC �1B subunit aggregation before spheroid formation, at 15 min of exposure to H2O2 (n � 12 cells and n � 11 cells, respectively). J, K,
Attenuation of NCX1 and N-type VGCC �1B subunit aggregation in the presence of KB-R7943 or �-conotoxin (n � 14 cells and n � 12 cells, respectively). L, M, Axoplasmic Na � response during
spheroid formation triggered by ROS in adult neurons (n � 12 cells). L, Na � levels at the sites of spheroids. M, Na � levels in axonal segments between the spheroids.
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In summary, our findings suggest that ROS-mediated spher-
oid formation is driven by three main events: fast actin response
and its aggregation, focal aggregation of NCX and VGCC, and
focal Ca 2� rise. These results create a basis for developing new
neuroprotective strategies that would prevent spheroid forma-
tion by targeting Ca 2�–actin interactions and Ca 2� regulating
systems—actin interactions in axons undergoing oxidative stress.
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