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Intracellular potassium depletion enhances apoptosis induced by staurosporine
in cultured trigeminal satellite glial cells
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ABSTRACT
Purpose: Satellite glial cells (SGC) surrounding neurons in sensory ganglia can buffer extracellular
potassium, regulating the excitability of injured neurons and possibly influencing a shift from acute to
neuropathic pain. SGC apoptosis may be a key component in this process. This work evaluated induc-
tion or enhancement of apoptosis in cultured trigeminal SGC following changes in intracellular potas-
sium [K]ic.
Materials and methods: We developed SGC primary cultures from rat trigeminal ganglia (TG). Purity
of our cultures was confirmed using immunofluorescence and western blot analysis for the presence
of the specific marker of SGC, glutamine synthetase (GS). SGC [K]ic was depleted using hypo-osmotic
shock and 4mM bumetanide plus 10mM ouabain. [K]ic was measured using the Kþ fluorescent indica-
tor potassium benzofuran isophthalate (PBFI-AM).
Results: SGC tested positive for GS and hypo-osmotic shock induced a significant decrease in [K]ic at
every evaluated time. Cells were then incubated for 5 h with either 2mM staurosporine (STS) or 20 ng/
ml of TNF-a and evaluated for early apoptosis and late apoptosis/necrosis by flow cytometry using
annexin V and propidium iodide. A significant increase in early apoptosis, from 16 to 38%, was
detected in SGC with depleted [K]ic after incubation with STS. In contrast, TNF-a did not increase early
apoptosis in normal or [K]ic depleted SGC.
Conclusion: Hypo-osmotic shock induced a decrease in intracellular potassium in cultured trigeminal
SGC and this enhanced apoptosis induced by STS that is associated with the mitochondrial pathway.
These results suggest that Kþ dysregulation may underlie apoptosis in trigeminal SGC.
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1. Introduction

Satellite glial cells (SGC) are laminar, multipotent, neural
crest-derived glial cells present in the peripheral nervous sys-
tem (Jessen and Mirsky 2005). SGC surround and form a spe-
cial sheath around neuronal cell bodies in every sensory
ganglion, using gap junctions to connect with one another
(Hanani 2005; Ohara et al. 2009). SGC can become activated
after diabetes (Rahman et al. 2016), chemotherapy (Warwick
and Hanani 2013) and inflammation (Blum et al. 2017).
Moreover, SGC play a critical role in maintaining ionic
homeostasis by buffering potassium changes in the extracel-
lular space after neuronal depolarization (Hanani, 2010). To
properly accomplish this function, SGC in the trigeminal gan-
glion express potassium selective channels (Cherkas et al.
2004). Inwardly rectifying potassium channels (Kir) in SGC are
predominantly responsible for a high potassium permeability,
maintenance of the SGC resting membrane potential close to
the equilibrium potential of potassium, and indirectly keep-
ing the neuronal resting potential close to this value (Olsen
and Sontheimer 2008). After peripheral nerve injury (PNI) or

induced peripheral inflammation, reduced immunopositive
expression of SGC-associated Kir4.1 inwardly rectifying potas-
sium channels has been reported in the trigeminal ganglion
(Vit et al. 2008; Takeda et al. 2011). In addition, suppression
of Kir4.1 potassium currents in trigeminal SGCs has been
observed after induced inflammation of the rat whisker pad
(Takeda et al. 2011). Such changes may lead to a decrease in
the Kþ buffering capacity of SGC, decreased intracellular Kþ

concentration of SGC, and changes in neuronal extracellular
ion concentrations. The latter could affect the excitability of
nociceptive primary afferents (Bay and Butt 2012) and con-
tribute to glial cell involvement in the production of neuro-
pathic pain in people and laboratory animals (Vit et al. 2008;
Warwick and Hanani 2013; Hanani et al. 2014; Blum et
al. 2017).

Changes in the flow of ions in and out of the cell and its
intracellular organelles has been linked to the generation of
many disease states by leading to pathological apoptosis
(Burg et al. 2006). Particularly, changes in intracellular Kþ

concentration have been associated with apoptosis
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regulation (Yu 2003; Remillard and Yuan 2004). Different
reports have described the role of Kþ in pro-apoptotic cellu-
lar events by both the intrinsic and the extrinsic pathways
(Bortner and Cidlowski 1998; Montague et al. 1999; Model
2014). Under normal physiological conditions intracellular Kþ

acts as an endogenous modulator of the apoptosis check-
points, particularly as a potential repressor of executioner
caspases and nucleases involved in apoptosis (Bortner et al.
1997; Hughes et al. 1997, Hughes and Cidlowski 1999;
Hoffmann, 2011).

Indirect evidence suggests intracellular Kþ concentration
may change in SGC after peripheral nerve insult-induced
reductions in their expression of Kþ channels or Kþ channel-
mediated currents (Vit et al. 2008; Takeda et al. 2011).
Therefore, this study evaluated the effect of potassium
depletion on induction of apoptosis in trigeminal SGC and
relative impact upon the mitochondrial (intrinsic) and death
receptor (extrinsic) apoptotic pathways. We hypothesize that
a decrease in the intracellular potassium concentration
increases apoptosis in trigeminal SGC. Such a mechanism
modulating trigeminal SGC survival after peripheral nerve
insult could affect Kþ buffering capacity in the trigeminal
ganglion, in turn influencing nociceptor excitability.

2. Materials and methods

2.1. Animals and trigeminal satellite glial cell
primary cultures

The Institutional Animal Care and Use Committee of Virginia
Polytechnic Institute and State University approved the pre-
sent study. Satellite glial cells (SGC) were cultured from trige-
minal ganglia (TG) of 200–250 g male Sprague Dawley rats
(Harlan Laboratories, Dublin, VA). Both TG were aseptically
removed after euthanasia by cervical decapitation and col-
lected in a Petri dish containing 4�C sterile phosphate buf-
fered saline (PBS) without Caþþ and Mgþþ (Invitrogen,
Carlsbad, CA). After careful removal of any remaining con-
nective tissue, individual TG were minced and digested for
60min at 37�C in 5ml of dissociation buffer containing 0.2 U/
ml of collagenase (Liberase TMVR , Roche, Indianapolis, IN) and
0.05% (w/v) DNAse I (Sigma, St. Louis, MO, USA). After com-
pletion of digestion, the tissue was mechanically dissociated
using a polished tip Pasteur pipette and filtered through a
70mm cell strainer (BD Biosciences, Franklin Lakes, NJ, USA).
The filtrate was collected in a medium containing 5ml of
89% Ham‘s F12 medium (CellGrowVR , Mediatech, Inc,
Manassas, VA, USA), 10% heat-inactivated foetal bovine
serum (FBS) (Atlanta Biologicals Inc. Lawrenceville, GA, USA)
and 1% antibacterial/antifungal antibiotics (CellGrowVR ,
Mediatech, Inc, Manassas, VA, USA). SGC were isolated
according to Capuano et al. (2007) and Capuano et al.
(2009). Briefly, SGC were allowed to pre-plate for 3–4 h in a
25 cm2 flask at 37 �C in a humidified atmosphere with 5%
CO2. SGC attached firmly to the bottom of the uncoated
flask, leaving neurons and other remaining cells to float
freely in the medium. At the end of this step, the medium
was removed and SGC remained attached to the flask to
which 5ml of fresh media were added. SGC were incubated

and media changed every other day until full conflu-
ence (10–14days).

2.2. Confirmation of SGC primary culture by
immunofluorescence

Immunofluorescence staining of primary cell culture SGC was
performed to qualitatively verify the presence of glutamine
synthetase (GS), which is a specific marker characteristic of
SGC (Hanani 2005). SGC were obtained from each of 5 differ-
ent 25 cm2 culture flasks. At full confluence, SGC were
washed with PBS and then detached from the flasks by add-
ing 1.5ml of 0.125% trypsin followed by incubation for 5min
at 37�C. Cells were then re-suspended in media and plated
at a density of 10,000 cells/well in six-well plates to which
German coverslips coated with poly-D-lysine and laminin (BD
Biocoat TM, BD Biosciences, Franklin Lakes, NJ) were added.
After 4 days of culture coverslips were removed, washed
three times with PBS and fixed for 3min with pre-warmed
4% paraformaldehyde. Cells were then washed three times
with PBS and permeabilized using a fresh 0.3% Triton X-100
solution in PBS for 5min. After three successive PBS washes,
cells were incubated in a 5% bovine serum albumin (BSA)/
PBS blocking solution for 1 h at room temperature. Primary
antibody for mouse monoclonal anti-glutamine synthetase
(GS) (Santa Cruz Biotechnologies, Santa Cruz, CA, USA) was
diluted 1:500 (v/v) in 1% BSA/PBS. Coverslips were incubated
overnight at 4�C. A fluorescein isothiocyanate (FITC) coupled
goat anti mouse IgG (Invitrogen, Carlsbad, CA, USA) was
used as secondary antibody. Secondary antibody was diluted
1:200 (v/v) in 1% BSA/PBS and incubated for 2 h at room
temperature. Coverslips were washed in PBS and mounted
using a 40,6 diamidino-2-phenylindole (DAPI) mounting
medium (Vectashield TM, Vector Lab, Burlingame, CA, USA).
Primary antibody deletion served as a negative control.

2.3. Confirmation of SGC primary culture by
western blot

Ganglion cells from 5 additional flasks were dissociated as
previously described, pre-plated and grown until full conflu-
ence. These were used for western blot of SGC and neuronal
markers to further evaluate the composition of SGC cultures.
The presence or absence of neurons in our primary cultures
was evaluated using the specific neuronal marker neuron-
specific nuclear protein (NeuN) (Mullen et al. 1992). Briefly,
SGC from 5 different flasks were detached using 0.125% tryp-
sin after washing with ice-cold PBS, then lysed for 10min
using 200 ml of an ice-cold lysis buffer solution that con-
tained 150mM NaCl, 10mM trizma base, 0.5% v/v triton X-
100 and 0.5% w/v deoxycholate. Positive control for western
blot analysis included tissue extracts from rat cortical hemi-
spheres and trigeminal ganglia. Cell lysates and homogen-
ized positive control tissues were centrifuged for 8min at
14,000g. The supernatant was collected and frozen at �70�C
until further analysis. Before western blot experiments were
carried out, total protein concentration was analyzed using
the bicinchoninic acid (BCA) protein assay reagent method
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(Thermo Scientific, Rockford, IL, USA). 10mg of total protein
was separated by electrophoresis in 10% SDS-PAGE gels and
then transferred to a 0.45 lm nitrocellulose membrane by
electroblotting. After blocking with Odyssey blocking buffer
(LI-COR Biotechnology, Lincoln, NE, USA) for 1 h at room tem-
perature, respective membranes were incubated at 4 �C over-
night with 1:1000 (w/v) anti-glutamine synthetase (Santa
Cruz Biotechnologies, Santa Cruz, CA, USA) or 1:1000 (w/v)
anti-NeuN mouse monoclonal antibodies (Millipore, Billerica,
MA, USA). Membranes were washed twice (15min each)
using a 0.1% Tween-20/PBS (pH 7.4) solution and then incu-
bated for 1 h with the fluorescent secondary antibody (IRDye
800CW donkey anti-mouse IgG (Hþ L); LI-COR Biotechnology,
Lincoln, NE, USA) at 1:5000 w/v dilution. After washing,
membranes were developed using a digital imaging device
(LI-COR Biotechnologies Lincoln, NE, USA). For each antibody,
gels for analysis were prepared in duplicate for each pri-
mary culture.

2.4. Potassium depletion and intracellular potassium
measurement

SGC from 24 different primary cultures, originating from 12
different animals, were used. Cells were detached from flasks
using 0.125% trypsin, washed with PBS, resuspended in 1ml
of media, and counted using an automatic cell counter
(Cellometer AutoX4 Cell Counter, Nexcelom Bioscience LCC,
Lawrence, MA, USA). Potassium depletion was accomplished
by hypo-osmotic shock (Elperin et al. 2011). Briefly, 100,000
SGC originating from each primary culture were incubated in
iso-osmotic PBS or in hypo-osmotic PBS (136 mOsm) alone,
or in each of these solutions along with a combination of
the Kþ influx inhibitors ouabain (10mM) plus bumetanide
(10mM). Incubations in hypo-osmotic solutions were per-
formed for 2, 5 or 10min. Hypo-osmotic shock induces an
increase in cell volume, which is followed by a regulatory
volume decrease (RVD) as a form of compensation after
removal of the hypo-osmotic PBS.

To assess the amount of potassium depletion induced by
hypo-osmotic shock, 10,000 SGC from each treatment condi-
tion mentioned above were plated in triplicate in a 96-well
plate and wells were loaded with 10 mM of the cell permeant
acetoxymethyl esterified derivative of potassium benzofuran
isophthalate (PBFI-AM) (Molecular Probes, Carlsbad, CA).
PBFI-AM is hydrolyzed intracellularly to a non-permeable
fluorescent indicator for Kþ. PBFI-AM was diluted in DMSO
containing 25% Pluronic-127 (Molecular Probes, Carlsbad, CA,
USA). After dye loading, cells were incubated for 60min at
37�C and PBFI-AM excess was washed away using PBS. SGC
were plated and signal intensity was detected using a fluor-
escence plate reader (SpectraMax M5 TM, Molecular Devices,
Sunnyvale, CA, USA). Cells were excited at 340 and 380 nm
and emission was recorded at 500 nm. Potassium-associated
fluorescence was determined according to the following for-
mula: Fluorescence ¼ (E 340 – E 340 auto)/(E 380 – E 380
auto), where E¼ emission after 340 and 380 nm excitation,
and E 340 auto and E 380 auto are respective autofluores-
cence values (Grishin et al. 2005). The average of the

triplicates for each treatment, from a given primary culture,
was considered a single data point.

2.5. Stimulation, and flow cytometric analysis, of
SGC apoptosis

A separate complement of cells from each of the 24 primary
cultures used above was employed in our analysis of apop-
tosis. About 100,000 potassium depleted (2min hypo-
osmotic exposure) cells and non-depleted (iso-osmotic) cells
were plated in triplicate in a 24 well cell culture plate
(CostarTM, Corning Life Sciences, Lowell, MA, USA). No Kþ

influx blockers were used in this analysis, and the mean of
each triplicate was considered a single experimental unit.
Iso-osmotic and hypo-osmotic triplicates were incubated for
5 h with PBS vehicle, or with either 2mM staurosporine (STS)
in PBS or 20 ng/ml TNF-a in PBS to, respectively, differentiate
apoptosis induced by the intrinsic and extrinsic pathways.
After this incubation period cells were washed with cold PBS
to stop the reaction and resuspended in 100ml of annexin V
binding buffer to which 5ml of Pacific Blue coupled annexin
V (Molecular Probes, Carlsbad, CA, USA) and 1ml of propi-
dium iodide (PI) (Molecular Probes, Carlsbad, CA, USA) were
added. Cells were incubated for 15minutes at room tempera-
ture and then apoptosis was analyzed by flow cytometry
(FACSAria, BD Biosciences, Franklin Lakes, NJ, USA). The
above procedure was repeated four times on separate days.
Annexin V and PI were used for detection of early apoptotic
(EA) cells and late apoptotic/necrotic (LA/N) cells,
respectively.

2.6. Statistical analysis

All analyses were performed using SAS version 9.2 (SAS Inc.,
Cary, NC, USA). To verify that data followed a normal distri-
bution, probability plots for each variable’s data were gener-
ated. Data were analyzed using a mixed-model analysis of
variance (ANOVA). For the potassium depletion data the lin-
ear model included osmolarity (hypo-osmotic and iso-
osmotic), potassium blockers and time (0, 2, 5 and 10min),
and the interaction between them, as fixed effects. For flow
cytometry data the linear model included apoptosis induc-
tion (control, STS and TNF-a), osmolarity (hypo-osmotic and
iso-osmotic), and the interaction between them, as fixed
effects. Interactions were investigated using the slice option
of the GLIMMIX procedure of SAS. For each model, residual
plots were inspected to verify that the errors followed a nor-
mal distribution with constant variance. Effects of treatment
and conditions were assessed using Tukey’s procedure for
multiple comparison. Overall alpha was set to p< 0.05.

3. Results

3.1. Characterization of SGC primary culture

SGC primary cultures grew to full confluence at day 14 and
appeared morphologically homogeneous (Figure 1(A)). Figure
1(B) demonstrates a representative immunofluorescence
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image for the SGC molecular marker GS, confirming that SGC
were present in these trigeminal ganglion cultures. There
was no convincing evidence of unstained cells on coverslips
after the fixation and staining procedure. In addition, no rec-
ognizable fluorescent signal was evident on negative control
coverslips. A similar pattern of results was obtained from all
5 trigeminal ganglia primary cultures.

Western blot analysis of protein extracts from SGC primary
cell cultures showed an easily detectable band for GS, similar
in position to that of GS-containing positive controls from rat
brain and trigeminal ganglia extracts (Figure 1(C)). GS posi-
tive control bands were located in a position of approxi-
mately 49 Kd. In contrast, there was little indication of
positive bands for NeuN in SGC protein obtained from pri-
mary cultures when compared to easily recognizable band-
ing at the position of NeuN-containing positive control
extracts from brain (Figure 1(D)). NeuN positive control
bands were located in an expected position of approximately
48 Kd. Therefore, western blots suggested the presence of a
ganglionic SGC molecular marker in the cultured cells, while
showing little evidence for a molecular marker of neurons.

3.2. Intracellular potassium depletion

Hypo-osmotic shock by itself significantly reduced [K]ic of
SGC by 58% compared to the iso-osmotic control as early as

2min after the start of incubation (Figure 2) with a maximum
reduction of 64% (p< 0.05) observed at 10min. However, no
significant differences in [K]ic among different hypo-osmotic
incubation times was observed. Addition of the Kþ influx
blockers ouabain plus bumetanide to all experimental condi-
tions significantly reduced [K]ic of SGC relative to the
absence of blockers for the iso-osmotic condition (p< 0.05).
However, this addition failed to significantly improve the
magnitude of [K]ic reduction in SGC induced by incubation
in hypo-osmotic solutions at any time point (Figure 2).

3.3. Apoptosis induction and potassium depletion

We stimulated apoptosis in cultured SGC through the intrin-
sic pathway using staurosporine and through the extrinsic
pathway using TNF-a and examined the effect of [K]ic reduc-
tion by hypo-osmotic shock upon the progression of cell
death. Figure 3(A) shows the percentage of SGC in early
apoptosis because of these conditions. Percentages of early
apoptotic cells did not differ between Kþ-depleted and non-
depleted SGC in PBS control nor in TNF-a stimulated SGC. In
contrast, after stimulation with staurosporine (STS), there was
a significant (p< 0.05) increase in the percentage of cells in
early apoptosis to 38% in [K]ic-depleted cultures compared
to 16% in non-depleted SGC. This percentage for [K]ic
depleted SGC in early apoptosis in the staurosporine

Figure 1. Characterization of SGC primary cultures. (A) Phase contrast photomicrograph of a representative 14-day SGC culture grown in 25 cm2 flasks (10�). (B)
Immunofluorescence image showing glutamine synthetase positive SGC grown on coverslips. (C) Immunoblot analysis, for GS, of SGC primary cell culture compared
with positive controls of rat brain extract and rat trigeminal ganglion extract. A similar band pattern for glutamine synthetase across the three sample populations
can be observed at approximately 49 kd. (D) Immunoblot analysis, for NeuN, of SGC primary cell culture compared with positive controls of rat brain extract. Band
pattern of approximately 50 kd showing that SGC primary cell cultures did not express notable levels of neuronal-specific marker NeuN when compared to rat brain
extract.
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condition was also significantly greater (p< 0.05) than that
for the PBS vehicle and TNF-a exposed, [K]ic depleted cells.
The percentage of SGC in late apoptosis or necrosis after STS
and TNF-a exposure is presented in Figure 3(B). No signifi-
cant differences between treatments, or between depletion
conditions within treatments, were observed.

4. Discussion

The difficulty of studying SGC derives from their small size
and complications associated with their isolation (Hanani
2005; Vit et al. 2006; Capuano et al. 2009; Poulsen et al.
2014). In the present study, we developed a primary cell cul-
ture of trigeminal SGC that was then used to examine the
effects of a decrease in their intracellular potassium concen-
tration on apoptosis induced through the intrinsic and
extrinsic pathways. The issue is important considering prior
evidence for changes in potassium channel expression in
SGC following trigeminal nerve constriction (Vit et al. 2008).

Qualitative observation of our cultures demonstrated a
high degree of confluence and morphological homogeneity
among cells that was verified using glutamine synthetase
(GS), a frequently used specific marker of uninjured gangli-
onic SGC (Weick et al. 2003; Procacci et al. 2008; Belzer et al.
2010; Laursen et al. 2014; Poulsen et al. 2014). As seen by
others (Belzer et al. 2010; Poulsen et al. 2014), the SGC

character of our primary cell cultures was supported by
Western blot detection of intense banding corresponding
with positive controls at the molecular weight of GS and
comparatively negligible signal for the neuronal marker
NeuN. This suggests that we were able to successfully pro-
duce viable SGC cultures.

We successfully reduced intracellular potassium in cul-
tured trigeminal SGC using hypo-osmotic shock. Hypo-
osmotic shock results in cell swelling, but cells then return
towards their iso-osmotic volume through a variety of
actions collectively known as regulatory volume decrease
(RVD) (Pasantes-Morales 1996; Simard and Nedergaard 2004;
Hoffmann et al. 2009). Astrocytes are particularly sensitive to
hypo-osmotic changes, exhibiting a rapid RVD response that
is critical for the fine control of volume in the brain
(Benfenati et al. 2011). RVD has been extensively studied in
primary cultures of astrocytes and neurons (Pasantes-Morales
et al. 1994), but not in SGC. In astrocytes, as well as neurons,
a prominent efflux of potassium ions is a feature of the RVD
that follows hypo-osmotic swelling (Simard and Nedergaard
2004; Pasantes-Morales et al. 2006; Hoffmann et al. 2009). We
exploited this feature of the RVD response, considering previ-
ously reported similarities in physiology and pharmacology
between astrocytes and satellite glial cells (Hanani 2005;
Ohara et al. 2009), to produce a decrease in SGC [K]ic for
purposes of addressing its modulation of SGC apoptosis.

Figure 2. Relative fluorescence intensity indicating [K]ic (mean ± SEM) under iso-osmotic and hypo-osmotic conditions, with or without potassium influx blockers
ouabainþ bumetanide at different times (N¼ 4). Different letters indicate significant differences among treatment groups (p< 0.05).

Figure 3. Percentage of cultured SGC in early apoptosis as demonstrated by annexin V binding (A) and late apoptosis/necrosis determined by PI binding (B) under
iso-osmotic and hypo-osmotic conditions after treatment with apoptosis inducers (N¼ 4, SGC primary cultures originating from different animals for each treat-
ment). Different letters indicate significant difference among treatment groups (p < 0.05). STS: staurosporine; TNF-a: tumour necrosis factor alpha.
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Previous studies of the behaviour of potassium ions in
astrocytes under hypo-osmotic conditions have relied on
measurements of radioactive rubidium release (a congener
surrogate for potassium release), or on whole cell patch
clamp currents (Sanchez-Olea et al. 1993; Quesada et al.
1999; Ordaz et al. 2004). Reductions in osmolarity, like those
used in our experiment, have been shown to produce a 60%
increase in cultured cerebellar astrocyte volume within 1min,
followed as little as 1–2min later by an RVD that progressed
to within 20% of control volume by 15min. This was mir-
rored by an increase in rubidium release that peaked within
2–3min and then gradually decreased almost to control val-
ues over the next 10min, resulting in a loss of about
30–35% of internal rubidium (Sanchez-Olea et al. 1993). The
large rapid decrease (58%) in [K]ic that we observed in our
cultured SGC by 2min after exposure to hypo-osmotic condi-
tions is similar to the above noted latency of the rapid initial
increase in rubidium release in astrocytes under similar con-
ditions. The lack of significant change in [K]ic that we
observed for our cultured SGC between 2 and 10min after
hypo-osmotic exposure is not surprising given the above
noted gradual nature of the return towards baseline of
rubidium release in astrocytes during a comparable time
period after hypo-osmotic exposure. Although the PBFI-AM
method has been used to determine changes in [K]ic in
astrocytes, both in vitro and in vivo, these studies were not
concerned with changes following hypo-osmotic shock
(Muyderman et al. 2001; Kozoriz et al. 2010; Dufour et al.
2011). Our data utilizing the PBFI-AM technique in cultured
trigeminal SGC, following hypo-osmotic shock, indicated a
large rapid decrease in [K]ic concordant with the potassium
efflux reported to accompany the robust RVD seen in cere-
bellar astrocytes and several other cell types following hypo-
osmotic challenge (Pasantes-Morales 1996; Mongin and Orlov
2001; Lauf et al. 2008).

Additionally, we evaluated the use of potassium transport
blockers in conjunction with hypo-osmotic shock intending
to prevent the re-entry of potassium effluent, thereby maxi-
mizing the amount of potassium depletion. Bumetanide is a
well know inhibitor of the ubiquitous Naþ/Kþ/Cl� influx sym-
porter that normally plays an important role in glial cell
potassium buffering (Hoffmann et al. 2009). Similarly, oua-
bain is a well-known inhibitor of the ubiquitous Naþ-Kþ-
ATPase exchange pump that is an indirect driver of so many
critical cell functions. The activity of both pumps can be
affected by changes in cell volume (Mongin and Orlov 2001).
As we reported above, using the blockers failed to further
reduce the [K]ic that we observed in our cultured SGC fol-
lowing hypo-osmotic shock. It is unlikely that this resulted
from an ineffective concentration of these agents given that
they were able to induce a significant reduction in [K]ic in
our SGC under iso-osmotic conditions. Such effects of these
agents have been reported in other cells under iso-osmotic
conditions, although often with a longer time course. Our
findings suggest a Kþ efflux response to hypo-osmotic swel-
ling in trigeminal SGC that was similar in time course and
magnitude to other glial cells, including astrocytes and
microglia, which are known to show a brisk RVD response

(Chv�atal et al. 2007; Ducharme et al. 2007). Although we
used the specific Kþ influx blockers ouabain and bumetanide
to avoid Kþ influx as a compensatory mechanism that coun-
teracts Kþ loss during RVD, they did not appear to affect the
magnitude of [K]ic reduction induced by hypo-osmotic
shock. However, the reduction of [K]ic when these blockers
were employed under iso-osmotic conditions suggested that
these blockers were active in our preparation.

We stimulated the intrinsic/mitochondrial (STS) and extrin-
sic/death receptor (TNF-a) apoptotic pathways to determine
if intracellular Kþ reduction can facilitate apoptosis in trige-
minal SGC. Apoptosis induction has been strongly associated
with changes in ion fluxes, particularly Kþ efflux (Yu et al.
1997; Krick et al. 2002; Platoshyn et al. 2002). The involve-
ment of Kþ currents in apoptosis has been demonstrated in
neurons and some glial cells other than SGC (Nadeau et al.
2000; Yu 2003). The involvement of Kþ regulation in SCG
apoptosis is an important question considering evidence for
changes in Kþ channel expression in SGC associated with
models of neuropathic pain (Vit et al. 2008; Ohara et al.
2009). Manipulations designed to enhance outward Kþ cur-
rents, such as use of the selective Kþ ionophore vanillomycin,
or the Kþ channel opener chromakalin, induced apoptosis
among immune, tumour and neuronal cells (Yu et al. 1997).
Furthermore, high intracellular Kþ protects from entering
apoptosis, inhibiting both the intrinsic and extrinsic path-
ways (Thompson et al. 2001). However, there is evidence
that the direction of the relationship between Kþ currents or
[K]ic with apoptosis may vary among cell types and apop-
totic paradigms (Bortner et al. 2007) highlighting the import-
ance of investigating the effect of altered [K]ic on apoptosis
in SGC induced by different routes. In the present study, we
observed that cultured trigeminal SGC with lowered [K]ic
presented a higher incidence of early apoptosis compared to
non-depleted cells only after stimulation with staurosporine
(STS). Potassium efflux may not only be capable of triggering
or facilitating apoptosis in some cells but is an important
event in the apoptotic volume decrease phase once apop-
tosis has been initiated. Apoptotic cells have been shown to
have reduced [K]ic, ranging from 50 to 35mmol/L (Barbiero
et al. 1995; Hughes and Cidlowski 1999). The enhanced early
apoptosis we observed in Kþ depleted trigeminal SGC follow-
ing STS stimulation, in conjunction with the failure of Kþ

depletion to increase apoptosis in non-stimulated cells, sug-
gests that in trigeminal SGC, osmotically induced Kþ deple-
tion may not be sufficient to induce apoptosis, but may
interact with the Kþ loss of AVD to enhance early apoptosis.

Current results for STS-induced apoptosis suggest that the
role of changing Kþ ion flux may be more important for the
mitochondrial pathway than the death receptor pathway in
trigeminal SGC. STS is often used as an apoptogenic inducer
(Zhang et al. 2004) as it inhibits a broad spectrum of protein
kinases affecting vital metabolic mitochondrial pathways
(Ruegg and Burgess 1989; Yin et al. 2010). The mitochondrial
pathway is one of the major executioner pathways, acting
through permeabilization of the outer membrane and release
of cytochrome c from mitochondria. In addition to this, mito-
chondria respond to proapoptotic stimuli by several
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reactions, including a disturbance of the voltage homeostasis
of the inner membrane (Cheng et al. 2011). Several theories
have emerged over the years, including the potential role of
Kþ in activation of caspases 1 and 3, DNA fragmentation,
and activation of cytochrome c-apoptosome formation
(Walev et al. 1995; Hughes et al. 1997; Cain and Freathy
2001). Studies have evaluated the counter regulation of Kþ

transport by Bcl-2 and Bid in the mitochondrial membrane
(Eliseev et al. 2003). It is also known that Kþ fluxes can affect
the mitochondrial membrane potential and volume, but its
association to Bcl-2 deregulation and cytochrome c release
remains to be further clarified (Yu 2003).

A limitation of this study includes the fact that although
our SGC culture procedure was a modification of previously
published methods, and there was little evidence for the
presence of non-fluorescent cells in our immunostaining, the
choice of antibodies used for our western blots does not
allow us to completely rule out the presence of fibroblasts or
Schwann cells in our cultures. However, the removal of the
fibrous outer capsule after ganglion harvesting likely reduced
the probability of any fibroblast contamination. Similarly, the
RVD procedure used for decreasing [K]ic could have allowed
the efflux of other intracellular ions or molecules that might
have played a role in apoptosis.

In summary, this study showed that hypo-osmotic shock
induced a decrease in intracellular potassium in cultured tri-
geminal SGC and this decrease enhanced STS-induced early
apoptosis associated with the mitochondrial pathway.
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