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Charcot-Marie-Tooth (CMT) disease is a peripheral neurop-
athy associated with gene duplication and point mutations in
the peripheral myelin protein 22 (PMP22) gene. However, the
role of PMP22 in Schwann cell physiology and the mechanisms
by which PMP22 mutations cause CMT are not well-under-
stood. On the basis of homology between PMP22 and proteins
associated with modulation of ion channels, we hypothesized
that PMP22 alters ion channel activity. Using whole-cell elec-
trophysiology, we show here that heterologous PMP22 expres-
sion increases the amplitude of currents similar to those
ascribed to store-operated calcium (SOC) channels, particularly
those involving transient receptor canonical channel 1 (TrpC1).
These channels help replenish Ca2� in the endoplasmic reticu-
lum (ER) following stimulus-induced depletion. Currents with
similar properties were recorded in WT but not pmp22�/�

mouse Schwann cells. Heterologous expression of the CMT-as-
sociated PMP22_L16P variant, which fails to reach the plasma
membrane and localizes to the ER, led to larger currents than
WT PMP22. Similarly, Schwann cells isolated from Trembler J
(TrJ; PMP22_L16P) mice had larger currents than WT litter-
mates. Calcium imaging in live nerves and cultured Schwann
cells revealed elevated intracellular Ca2� in TrJ mice compared
with WT. Moreover, we found that PMP22 co-immunoprecipi-
tated with stromal interaction molecule 1 (STIM1), the Ca2�

sensor SOC channel subunit in the ER. These results suggest
that in the ER, PMP22 interacts with STIM1 and increases Ca2�

influx through SOC channels. Excess or mutant PMP22 in the

ER may elevate intracellular Ca2� levels, which could contribute
to CMT pathology.

Peripheral myelin protein 22 (PMP22) is a tetra-span mem-
brane protein that constitutes 2–5% of total peripheral myelin
protein (1, 2). Duplication or point mutations in PMP22 are the
most common cause of Charcot-Marie-Tooth (CMT)5 disease,
an inherited peripheral neuropathy affecting 1 in 2500 people
that causes severe disability associated with disrupted myelina-
tion (3, 4). In contrast, heterozygous deletion of PMP22 causes
hereditary neuropathy with liability to pressure palsies (HNPP)
(5). CMT1A, the most prevalent form of CMT disease, is caused
by heterozygous duplication of chromosome 17p11.2, which
contains PMP22, resulting in overexpression of WT PMP22
(6 –8). Other forms of CMT disease are caused by single amino
acid substitutions in PMP22 and are collectively referred to as
CMT1E (4). The CMT1E-associated L16P mutation results in
protein misfolding, accumulation in the ER, and formation of
cytoplasmic aggresomes (9 –15). Both duplication and point
mutations in PMP22 lead to dys-/demyelination, increased
Schwann cell number, and severe secondary axonal loss. How-
ever, the mechanisms by which PMP22 overexpression or
mutations cause these diseases are poorly understood, as is the
functional role of PMP22 in myelination.

Proposed roles for PMP22 include regulation of growth
arrest (16), apoptosis (17, 18), myelin compaction (19), forma-
tion of epithelial intercellular junctions (20 –22), and linking
the actin-cytoskeleton to lipid rafts (23). However, these remain
controversial (24), and the mechanisms by which PMP22 con-
tributes to these functions remain to be elucidated. Recent
analysis of pmp22�/� mice revealed an essential role for this
protein in the formation of tight adherens and adhesion junc-
tions in peripheral myelin (25). This may be related to the fact
that PMP22 is homologous to the claudins and likely shares a
similar structure (26, 27). Deficiency in PMP22 disrupted these
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junctions, resulting in leaky myelin and impaired action poten-
tial propagation. Because PMP22 also shows structural homo-
logy to proteins associated with modulation of ion channels
(26), we hypothesized that PMP22 modifies ion channel activity
in a manner that impacts cell function.

Our results suggest that PMP22 modulates store-operated
calcium (SOC) channels. SOC channels are composed of a
pore-forming protein (Orai1) in the plasma membrane and a
calcium sensor (STIM1) in the ER (28, 29). STIM1 senses deple-
tion of ER calcium stores and activates Orai1 to allow for Ca2�

replenishing (30, 31). Orai1 can also recruit the transient recep-
tor canonical channel 1 (TrpC1) to the plasma membrane,
where it associates with STIM1 in trans to facilitate Ca2� entry
(32).

Heterologous expression of PMP22 increased the magnitude
of whole-cell currents with properties similar to those ascribed
to TrpC1-containing SOC channels. In contrast, these currents
were severely impaired in pmp22�/� Schwann cells. We also
found that similar currents in Schwann cells from mice harbor-
ing the trafficking-deficient PMP22_L16P mutation (TrJ) were
significantly enhanced relative to cells isolated from WT litter-
mates. Additionally, biochemical analysis demonstrated an
interaction between PMP22 and STIM1 in Schwann cells.
Together, the functional and biochemical results suggest that
PMP22 has a functional role in the ER, possibly contributing to
the regulation of calcium homeostasis via SOC channels. This
conclusion is further supported by our observation that intra-
cellular Ca2� levels in TrJ Schwann cells are significantly higher
than in WT cells. Because high levels of intracellular Ca2� in
Schwann cells can induce demyelination (33), our results pro-
vide novel insights into the pathogenesis of CMT.

Results

Because peripheral myelin protein 22 (PMP22) shows homo-
logy to several proteins (e.g. connexins and the � accessory sub-
units of Ca2� channels) associated with ion transport across the
plasma membrane (26), we hypothesized that expression of
PMP22 could affect ion channel activity in mammalian cells. To
test this possibility, human WT PMP22 (PMP22_WT) was
transiently expressed in tsA201 cells (HEK293 cells stably
transfected with SV40 large T antigen), and changes in mem-
brane conductance were analyzed.

PMP22 expression increases SOC current magnitude in tsA201
cells

Because of the modest homology between PMP22 and con-
nexins, we first tested whether PMP22 affected membrane con-
ductance using protocols previously used to activate connexin
hemi-channels: long depolarizations or removal of extracellular
divalent cations (34 –36). Long-depolarizing pulses (�60 mV,
8 s long) failed to generate distinct currents between
PMP22_WT-expressing and control tsA201 cells (cells tran-
siently expressing empty EGFP vector), but exposure to diva-
lent-free solution elicited whole-cell currents in PMP22_WT-
expressing cells that were much larger than in control cells
(data not shown). Because the intracellular calcium concentra-
tion in those experiments was low (�10 nM), the latter results
suggest that the currents observed after the removal of extra-

cellular divalent cations may be associated with store-operated
calcium (SOC) channels, which are expressed in HEK293 cells
(37, 38). SOC channels can be activated by emptying ER cal-
cium stores by dialyzing the cytoplasm with a calcium chelator,
e.g. EGTA (30). SOC currents may be very small but removal of
all extracellular divalent cations allows sodium ions to perme-
ate the SOC channel, generating larger currents that can more
easily be measured (30).

In our experiments, we measured SOC channel activity after
inducing passive Ca2� depletion from the ER by including
EGTA in the pipette solution plus no added Ca2� and perfusing
the cells with either control (�Ca2�/Mg2�) or -free (�Ca2�/
Mg2�, DVF) external solutions. Whole-cell currents were
recorded from PMP22_WT-expressing and control tsA201
cells. The control cells exhibited small currents after exposure
to DVF solution (Fig. 1A), whereas the PMP22_WT-expressing
cells generated much larger currents (Fig. 1B). Fig. 1C shows
the average current-voltage (IV) relationships, normalized
for membrane capacitance, measured from control and
PMP22_WT-expressing cells exposed to �Ca2�/Mg2� and
�Ca2�/Mg2� external solutions. External Gd3� (10 �M), a
SOC channel blocker, completely abolished the DVF-induced
currents in both control and PMP22_WT-expressing cells (Fig.
1, A and B). Fig. 1D shows the IV relationships for the Gd3�-
sensitive current (�Ca2�/Mg2� minus versus �Ca2�/Mg2� �
10 �M Gd3�) measured for the DVF-induced currents recorded
from control and PMP22_WT-expressing cells. Because
HEK293 cells display SOC currents (37, 38) and PMP22 expres-
sion markedly augmented their amplitude, our results suggest
that PMP22 modulates SOC channel activity in these cells.

An alternative explanation for the observed currents is that
PMP22 is activating P2X7 receptors. P2X7 receptors are ATP-
gated cation channels that have significant permeability to
Ca2� and Na� (39, 40). PMP22 was previously reported to asso-
ciate with P2X7 receptors (41) and to increase their activity
(42). However, the currents measured in our expression system
were independent of P2X7 receptors. Perfusion of control and
PMP22_WT-transfected tsA201 cells with 1 mM ATP failed to
activate any currents (data not shown), which is in accordance
with previous findings indicating that HEK293 cells do not
express P2X7 receptors or respond to ATP (39, 43, 44).

SOC currents are elicited in pmp22�/� but not in pmp22�/�

mouse Schwann cells

To determine whether endogenous PMP22 could contribute
to SOC currents, we isolated Schwann cells from WT and
pmp22�/� mice. Whole-cell currents from Schwann cells were
recorded using calcium-free intracellular solution plus EGTA
and exposed to control and DVF external solutions. As shown
in Fig. 2, A and B, removal of external divalent cations induced
currents in WT Schwann cells that were fully blocked by 10 �M

Gd3�, similar to the currents detected in tsA201 cells trans-
fected with PMP22_WT (Fig. 1). Further evidence that PMP22
may function as a physiological modulator of SOC channels was
obtained when recording from mouse pmp22�/� Schwann
cells. Removal of external divalents failed to generate current
following passive depletion of ER Ca2� in �60% of pmp22�/�

Schwann cells (Fig. 2C). In the remaining cells, divalent removal
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induced large currents, �10� larger than pmp22�/� cells,
which were relatively insensitive to Gd3� (Fig. 2D), requiring at
least 100 �M Gd3� before they were inhibited. Fig. 2E shows the
average current recorded at �60 mV obtained from 14
pmp22�/� Schwann cells. The large currents in pmp22�/�

cells are likely not mediated by the same channels as in
pmp22�/� cells because of their distinct Gd3� insensitivity. Lee
et al. (23) reported previously that pmp22�/� Schwann cells had
impaired adhesion as well as disrupted lipid rafts and cytoskeletal
organization. Indeed, we did note that pmp22�/� cells exhibited
reduced adhesion, although this was not quantified. Such altera-
tions in adhesion and the cytoskeleton could lead to increased
opening of large, nonselective cation channels, which is consistent
with the currents we detected in some of the cells. Interestingly,
currents with these properties were not observed in any PMP22-
expressing Schwann cells. These results strongly suggest that
PMP22 expression modulates SOC channel activity.

SOC currents in Schwann cells exhibit characteristics of TrpC1
channels

SOC currents flow through the channel Orai1 in the plasma
membrane and are activated by the ER Ca2� sensor STIM1 (28,
29). In addition, STIM1 can also activate the TrpC1 channel to
allow Ca2� influx, although this requires Orai1-mediated Ca�

entry, which causes TrpC1 to traffic to the cell surface where it
forms a trans-complex with STIM1 (32). The STIM1–Orai1
complex comprises the classic calcium release–activated Ca2�

(CRAC) channel, whereas TrpC1 and STIM1 form distinct
channels with different properties. The CRAC channel is

inwardly rectifying, whereas the TrpC1 channel is weakly rec-
tifying. The relatively linear IV curves we measured in both
mouse Schwann cells and PMP22-transfected tsA201 cells
(Figs. 1C and 2B) suggest that TrpC1, not Orai1, is mediating
the current recorded in these cells. To further interrogate a role
for TrpC1 in these currents, we tested the permeability of DVF-
induced currents in Schwann cells to cesium (Cs�). Orai1 chan-
nels have a very low permeability to Cs� (45), although this
cation readily flows through TrpC1 channels (46). Fig. 3, A and
B, illustrates whole-cell currents, and the average IV relation-
ships measured for currents recorded from rat Schwann cells in
the presence and absence of external divalents demonstrate
that these cells exhibit similar currents to those recorded from
mouse Schwann cells and tsA201 cells transfected with PMP22
(Figs. 1, A and B, and 2, A and B). We next tested whether
substituting Na� for Cs� as the main external cation generated
whole-cell currents in the absence of external divalent cations.
As shown in Fig. 3C, similar currents were recorded from
Schwann cells with either Na� (●) or Cs� (�) as the main
external cation. In both conditions, removal of external diva-
lents elicited inward currents with equal amplitudes and rever-
sal potentials of �0 mV, indicating similar permeability to these
two cations, supporting a role for TrpC1 in these currents.

ER-restricted PMP22_L16P mutant is sufficient for modulation
of SOC channels

Under normal conditions only �20% of WT PMP22 reaches
the cell surface (26, 47), whereas the rest is retained in the ER
and is eventually targeted for degradation via the ER-associated

Figure 1. Transient expression of PMP22_WT augments Gd3�-sensitive, DVF-induced whole-cell currents in tsA201 cells. Average whole-cell currents
were recorded from control (A) or PMP22–WT– expressing (B) cells exposed to �divalent solution (left, �Ca2�/Mg2�), divalent-free solution (center, �Ca2�/
Mg2�), or divalent-free plus 10 �M Gd3� solution (right). C, average current-voltage relationships (IVs) measured in �divalents (left) or �divalents (right)
solutions. D, average Gd3�-sensitive current-voltage relationships for DVF-induced currents measured for control (E, n � 16) or PMP22_WT expressing (●, n �
14) cells. *, p � 0.05; **, p �0.02; ***, p � 0.01.

PMP22 increases SOC currents
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degradation pathway (10, 48). Thus, WT PMP22 may regulate
SOC channel activity when localized to either the plasma mem-
brane through association with a channel protein or at the ER
by interacting with STIM1. To distinguish between these two
possibilities, we isolated Schwann cells from TrJ mice, a mouse
model for CMT1E disease that expresses the PMP22 point
mutation L16P (49). This mutant protein, in contrast to WT
PMP22, fails to localize to the cell surface and accumulates in
the ER and ER-Golgi intermediate compartment (9, 50). More-
over, PMP22_L16P also reduces the surface expression of WT
PMP22 (50). However, the mechanism by which the mutation
leads to disease pathology is poorly understood. It is not simply
a loss of function, because heterozygous loss of function muta-
tions result in a different disease state, HNPP (51).

Dialysis with calcium-free intracellular solution followed by
exposure to DVF external solution yielded Gd3�-sensitive cur-
rents in Schwann cells isolated from littermate WT and TrJ
heterozygous (TrJ-Het) mice (Fig. 4, A and B). Interestingly, the

currents recorded from TrJ-Het Schwann cells were significantly
larger than those recorded from WT cells. Fig. 4C shows the IV
relationships for Gd3�-sensitive DVF-induced currents for WT
and TrJ-Het cells. DVF-induced currents in both WT and TrJ-Het
cells exhibited similar sensitivity to block by external Gd3�, WT
IC50 �1.3 �M, AND TrJ-Het IC50 �1.4 �M (Fig. 4D). These results
suggest that SOC channel modulation by PMP22 does not require
its localization to the plasma membrane.

Because TrJ-Het Schwann cells can still express some
PMP22_WT at the plasma membrane, albeit at much reduced
levels, we further explored the possibility of current modulation
by ER-bound PMP22 by transiently expressing the TrJ PMP22
mutant (L16P) in tsA201 cells. Ectopic expression of
PMP22_L16P results in virtually all of the protein trapped
inside the cell with no detectable PMP22 on the cell surface (15,
50). As illustrated in Fig. 5, expression of either PMP22_WT or
PMP22_L16P produced Gd3�-sensitive, DVF-induced cur-
rents (Fig. 5, A and B). Similar to the results from TrJ-Het

Figure 2. Gadolinium-sensitive, DVF-induced whole-cell currents are observed in pmp22�/� but not in pmp22�/� mouse Schwann cells. A, average
whole-cell currents recorded from WT mouse Schwann cells exposed to �divalents (left, �Ca2�/Mg2�), divalent-free (center, �Ca2�/Mg2�), or divalent-free
plus 10 �M Gd3� (right) solutions. B, average IVs for Gd3�-sensitive DVF-induced currents (●) and for currents measured in the presence of divalents (E) (n �
6). C, representative whole-cell currents recorded from pmp22�/� mouse Schwann cells exposed to divalent-free (left) or divalent-free plus 10 �M Gd3� (right)
solutions. D, example of large currents recorded from some pmp22�/� mouse Schwann cells exposed to divalent-free (left) or divalent-free plus 10 �M Gd3� (right)
solutions. E, average whole-cell currents measured at �60 mV and normalized for membrane capacitance in the presence of divalents, in DVF solution, and in DVF
solution � 10 �M Gd3�. Left, no DVF-induced current (n � 8); right, Gd3�-resistant DVF-induced currents (n � 6). *, p � 0.05, **, p � 0.003; ***, p � 0.0001.
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Schwann cells, the currents recorded from heterologous expres-
sion of PMP22_L16P were substantially larger than those from
PMP22_WT-expressing tsA201 cells. Fig. 5C shows the IV
relationships for Gd3�-sensitive DVF-induced currents for
PMP22_WT type and PMP22_L16P-expressing cells. The DVF-
induced currents recorded from tsA201 cells expressing either
PMP22_WT or PMP22_L16P were equally sensitive to Gd3� (IC50
�0.4 �M, Fig. 5D) and show similar Gd3� sensitivity as the DVF-
induced currents in mouse WT and TrJ-Het Schwann cells (Fig.
4D). These results support the notion that it is the ER-located pop-
ulation of PMP22 that modulates SOC function.

Further evidence that PMP22 at the plasma membrane is not
required for SOC channel modulation was provided by heter-
ologous expression of the PMP22 trembler mutation, G150D,
which also fails to reach the cell surface (11). Transient expres-
sion of PMP22_G150D in tsA201 cells generated DVF-induced
currents similar to those observed when PMP22_L16P was
expressed. In the presence of external divalents, the currents
measured at �80 mV were �1.6 	 0.7 pA/pF (n � 5) for cells
expressing PMP22_WT and �2.0 	 1.5 pA/pF (n � 5) for cells
expressing PMP22_G150D. Following the removal of external
divalents, the Gd3�-sensitive current measured at �80 mV in
cells expressing the WT protein was �16.0 	 8.3 pA/pF (n � 5)
and �24.0 	 10.6 pA/pF (n � 5) in PMP22_G150D-expressing

cells. Therefore, similar to PMP22_L16P, expression of the ER-
retained PMP22_G150D mutant also resulted in DVF-induced
currents that were larger than those measured when WT
PMP22 was expressed. These findings further indicate that
SOC channels are modulated by ER-localized PMP22.

Intracellular calcium levels are increased in TrJ nerves and
Schwann cells

The larger currents observed in TrJ-Het Schwann cells sug-
gested that there may be disrupted intracellular Ca2� homeo-
stasis in the nerves of Trembler J mice, which could contribute
to demyelinating pathology. To test this possibility, isolated
sciatic nerves from TrJ-Het or WT mice were incubated in
cell culture media containing the Ca2� indicator Calcium
OrangeTM. After 20 min, the nerves were rinsed and rapidly
imaged, and the fluorescence intensity was measured. Com-
pared with WT nerves, those from TrJ-Het mice exhibited sig-
nificantly higher levels of intracellular Ca2� (Fig. 6, A and B). In
addition, the distribution pattern for the Ca2� was altered in
the TrJ-Het nerves: in the WT, Ca2� was primarily localized to
the regions adjacent to the nodes of Ranvier, as described pre-
viously (52), whereas in TrJ-Het nerves, it was distributed
throughout the internodal regions, suggesting disrupted Ca2�

homeostasis.

Figure 3. Divalent-free induced current in Schwann cells is permeable to both Cs� and Na� and similar to TrpC channels. A, average whole-cell currents
recorded from WT rat Schwann cells exposed to �divalents (left, �Ca2�/Mg2�), divalent-free (center, �Ca2�/Mg2�), or divalent-free plus 10 �M Gd3� (right)
solutions. B, average IVs for Gd3�-sensitive for divalent-free (●) and for currents recorded in �Ca2�/Mg2� solution (E). n � 7. *, p � 0.05; **, p � 0.01. C, average
IVs recorded from rat Schwann cells exposed to �divalents (left, �Ca2�/Mg2�) or divalent-free (right, �Ca2�/Mg2�) solution with Na� (●, n � 6) or Cs� (�, n �
7) as the main external cation.

PMP22 increases SOC currents
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To quantify intracellular Ca2� levels specifically in Schwann
cells, as opposed to whole-nerve fibers, we cultured Schwann
cells from WT and TrJ-Het sciatic nerves. The cells were incu-
bated with the Ca2�-sensitive dye FURA-2AM, and the resting
intracellular Ca2� concentration was determined using an in
vitro calibration curve. Corroborating the results from the
intact nerve analysis, there was a 32.5% increase in intracellular
Ca2� in TrJ-Het Schwann cells relative to WT (Fig. 7). These
results are consistent with our finding that the L16P mutant
PMP22 allows excess Ca2� flux through SOC channels, which
could contribute to dysmyelination.

PMP22 associates with STIM1

The most likely mechanism by which ER-located PMP22
could modulate SOC channel activity is by interacting with
STIM1, the SOC channel subunit localized to the ER (28, 29).
We tested this possibility by performing protein co-immuno-
precipitation from rat sciatic nerve. As depicted in Fig. 8,
STIM1 and PMP22 could be co-immunoprecipitated, suggest-
ing that modulation of SOC currents by PMP22 occurs through
its interaction with STIM1 in the ER.

Discussion

CMT disease is the most common inherited neuropathy in
humans (3, 24), yet there is currently no cure for this debilitat-
ing disease. CMT disease is associated with gene duplication
(CMT1A) (6 –8), dominant single-point mutations (CMT1E)

(24), and heterozygous loss of function (HNPP) (5) of PMP22.
Although the function of PMP22 is not well-understood, it clearly
has an essential role in myelination: pmp22�/� mice exhibit
tomacula and eventual loss of myelin, axon degeneration, and
severe neuropathy (53). Both gene duplication and single-point
mutations in PMP22 lead to dys-/demyelination, increased
Schwann cell number, and secondary axon degeneration, but the
mechanism leading to the pathology is not known (24, 54, 55). It is
clear, however, that the disease involves more than a simple loss of
PMP22 function because the phenotype of the pmp22 knockout is
very distinct from that of CMT1A and CMT1E (53). Further evi-
dence of the differences between the pathology caused by the
absence, overexpression, or mutations in PMP22 is suggested by
our ability to elicit SOC-like currents in WT, and even larger SOC-
like currents in heterozygous TrJ Schwann cells, but not in
Schwann cells isolated from pmp22�/� mice.

PMP22 expression increases SOC currents independently of
P2X7 receptor expression

We hypothesized that PMP22 affects ion channel activity,
thus modifying cell function. A previous study showed that
PMP22 affects membrane conductance by modifying the activ-
ity of the ATP-gated P2X7 receptor, a calcium channel, leading
to higher intracellular calcium and demyelination (42). How-
ever, our results show that PMP22 increases the magnitude of
SOC-like currents independently of P2X7 receptors: HEK293
cells do not express P2X7 receptors or ATP-activated currents

Figure 4. TrJ-Het mouse Schwann cells exhibit Gd3�-sensitive, DVF-induced whole-cell currents larger than littermate WT cells. Representative
whole-cell currents were recorded from WT (A) or TrJ-Het (B) mouse Schwann cells exposed to �divalent (left, �Ca2�/Mg2�), divalent-free (center, �Ca2�/
Mg2�), or divalent-free plus 10 �M Gd3� (right) solutions. C, average IVs for Gd3�-sensitive DVF-induced currents measured from WT (�, n � 21) or TrJ-Het (�,
n � 6) cells. D, concentration-response curves for Gd3� block of DVF-induced currents recorded from WT (�) or TrJ-Het (�) Schwann cells. Solid lines represent
data fit with Hill equation. n �4 for all concentrations. *, p � 0.05; **, p �0.02.
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Figure 5. Traffic-deficient PMP22_L16P mutant generates Gd3�-sensitive, DVF-induced whole-cell currents in tsA201 cells. Representative whole-cell
currents recorded from tsA201 cells transiently expressing PMP22_WT (A) or PMP22_L16P (B) exposed to �divalents (left, �Ca2�/Mg2�), divalent-free (center,
�Ca2�/Mg2�), or divalent-free plus 10 �M Gd3� (right) solutions. C, average IVs for Gd3�-sensitive DVF-induced currents measured from cells expressing
PMP22_WT (�, n � 11) or PMP22_L16P (�, n � 14). D, concentration-response curves for Gd3� block of DVF-induced currents recorded from tsA201 cells
transiently expressing PMP22_WT (�) or PMP22_L16P (�). Solid lines represent data fit with Hill equation. n �5 for all concentrations.

Figure 6. Intracellular calcium levels are increased in TrJ nerves. A, sciatic nerves from 4- to 8-week-old WT and TrJ-Het mice. The perineurium was
extracted, and fibers were teased apart before being incubated with Calcium Orange AM in DMEM. Nerves were visualized at �400 on a fluorescent micro-
scope. Scale bar, 5 �m. B, average signal intensities were obtained and normalized to the area of the regions of interest and the mean intensity of the
neighboring background. The nodal regions in the WT nerves (arrows) were avoided because they exhibited higher levels of Ca2� than the internodal regions.
n � 3, **, p � 0.0018, based on a Student’s t test.

PMP22 increases SOC currents

12060 J. Biol. Chem. (2019) 294(32) 12054 –12065



(39, 43, 44) and perfusion of ATP failed to activate currents in
control or PMP22-expressing tsA201 cells. In addition, the
interaction between PMP22 and P2X7 most likely occurs at the
plasma membrane, because these proteins were shown to co-
immunoprecipitate (40) and P2X7 mediates influx of extracel-
lular Ca2�. In contrast, our results indicate that modulation of
SOC channels by PMP22 occurs via interactions in the ER, not
at the plasma membrane; SOC-like currents were detected
upon expression of the PMP22_L16P mutant, which fails to
reach the cell surface, and an interaction between the ER resi-
dent protein STIM1 and PMP22 was detected. Therefore, our
findings together with previous studies suggest that PMP22
may affect cellular Ca2� homeostasis by increasing the function
of two pathways, P2X7 and SOC channels. Whether the PMP22
regulation occurs individually, or concurrently on both chan-
nels, is an interesting yet unaddressed question.

SOC-like currents regulated by PMP22 suggest the
involvement of TrpC1

SOC channels are composed of a pore-forming protein
(Orai1) in the plasma membrane and a calcium sensor in the ER
(STIM1), which senses depletion of ER calcium stores following

various stimuli (28, 29). Following Ca2� efflux from the ER, the
C-terminal region of STIM1 interacts with Orai1 in trans fash-
ion, inducing channel opening and influx of extracellular Ca2�

to replenish the stores. STIM1 appears to be the primary acti-
vator of Orai1 (56). This CRAC channel is very Ca2�-selective
and highly inwardly rectifying, which differs from the weakly
rectifying, Na� permeant currents that we observed. However,
Orai1-mediated Ca2� entry causes TrpC1 to traffic to the cell
surface where it also interacts with STIM1 to function as a
unique SOC channel (57). TrpC1 can form a channel on its own
or in combination with other TrpC channels, although only
TrpC1 has been detected at significant levels in cultured
Schwann cells (GEO database, National Institutes of Health).
Nevertheless, the channels formed in combination with TrpC1
mediate a Ca2� flux that is weakly rectifying and is a relatively
nonselective cation channel (58 –60). Notably, TrpC1 is perme-
able to Cs� (46), unlike the CRAC channel (45). The currents
we found regulated by PMP22 in Schwann cells are most con-
sistent with those mediated by TrpC1.

PMP22 interacts with the SOC channel subunit STIM1

Our results, both functional and biochemical, suggest that
PMP22 modulates SOC channels by interacting with STIM1.
However, it is possible that the PMP22 does not directly inter-
act with STIM1. Previous results showed that STIM1 binds to
the ER chaperone protein calnexin (61). Moreover, calnexin has
been demonstrated to associate with PMP22 (62). Thus, the
PMP22–STIM1 interaction may be mediated by calnexin.
Interestingly, the mutant PMP22_L16P protein displays dra-
matically prolonged binding to calnexin in the ER (62). Hence,
it is possible that the larger currents recorded from TrJ
heterozygous Schwann cells and tsA201 cells transiently
expressing PMP22_L16P, when compared with WT Schwann
cells or tsA201 cells expressing PMP22_WT, may be due to a
prolonged lifetime of the PMP22– calnexin–STIM1 complex,
not just higher PMP22 protein levels in the ER.

PMP22 is a member of the claudin/EMP/voltage-gated Ca2�

channel �-subunit superfamily of tetraspan membrane pro-
teins, which include the transmembrane �-amino-3-hydroxy-
5-methyl-4-isoxazole propionate receptor regulatory proteins
(TARP). Like many of these proteins, PMP22 has been shown to
regulate the formation of various types of cell junctions, includ-
ing various myelin junctions in Schwann cells (25) as well as
epithelial and endothelial cell– cell junctions (22). Considering
that the Orai1–STIM1–TrpC1 complex essentially forms a
junction between the ER and the plasma membrane, it is not
surprising that PMP22 would also regulate this type of junction.
However, PMP22 has primarily been considered to function at
the plasma membrane, yet only about 20% of the nascent WT
protein successfully traffics to the cell surface, most of it being
retained in the ER, where it is eventually targeted for degrada-
tion (47). The results presented here suggest that some portion
of ER-retained PMP22 also has a role in regulating SOC
channels.

SOC channels and demyelination

Currently, the mechanism by which PMP22 gene duplication
or single-point mutations cause the pathology of CMT is not

Figure 7. Intracellular calcium levels are increased in TrJ Schwann cells.
Schwann cells cultured from WT or TrJ-Het mice were loaded with Fura-2AM,
and the 340/380 fluorescence intensity ratio was measured and converted to
[Ca2�]i using an in vitro calibration curve. Shown are the measurements for
individual cells from two separate dissections with the average value 	 S.E. (*,
p � 0.015, based on a Student’s t test).

Figure 8. Co-immunoprecipitation of PMP22 and STIM1 from mouse sci-
atic nerve. The top and bottom panels illustrate whole-cell lysate proteins
(left) and proteins immunoprecipitated with IgG (middle) or anti-STIM1 (right)
antibody and then probed with anti-STIM1 antibody (top) or with anti-PMP22
antibody (bottom) (*, antibody light chain).
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known (24, 54, 55). Studies with CMT1A rat Schwann cells,
which overexpress PMP22 due to gene duplication, show that
down-regulation (42) or block (63) of the P2X7 receptor pro-
motes myelination, suggesting that altered intracellular cal-
cium levels may contribute to defects in myelination in this
model of disease. In contrast, single-point mutations in PMP22,
such as the L16P mutation, cause the protein to accumulate in
the Schwann cell ER (9, 50). Higher levels of PMP22 protein in
the ER may lead to increased PMP22–STIM1 complexes and
larger SOC channel activity. Indeed, the currents we detected in
the TrJ Schwann cells under divalent free conditions were
much larger than those in WT cells. In addition, there were
significantly higher levels of intracellular Ca2� in nerves from
TrJ mice, relative to the WT. Calcium levels in the ER are tightly
controlled, and perturbations in Ca2� homeostasis via Ca2�

depletion or overload would alter cellular function (64). For
example, changes in ER Ca2� concentrations trigger ER stress,
which activates the unfolded protein response (64). Indeed,
markers of ER stress have been detected in TrJ nerves, which
may also contribute to the nerve pathology (65).

PMP22 possibly affects intracellular Ca2� levels by modulat-
ing both P2X7 and, based on the results presented here, SOC
channels, depending on its cellular location. This divergent
effect would indicate a difference between the pathology of
CMT1A and CMT1E: increased P2X7 activity in CMT1A (due
to PMP22 trisomy) but SOC channel activity in CMT1E. More-
over, the degree of Ca2� disruption may differ between
CMT1A and CMT1E: Schwann cells isolated from CMT1E-like
TrJ mice (and tsA201 cells expressing PMP22_L16P) exhibit
larger currents (with similar kinetics and Gd3� sensitivity) than
cells expressing the WT protein. Moreover, indicators of ER
stress have only been detected in nerves from TrJ but not
PMP22-overexpressing animals (65, 66).

In summary, our results suggest a new role for PMP22 in
Schwann cell physiology and pathophysiology. PMP22 local-
ized in the ER affects Ca2�-dependent cellular processes by
modifying SOC channel activity and calcium influx. The
observed association between PMP22 and STIM1 may explain
how misfolding-based ER retention (26) (13) of mutant forms of
PMP22 alters intracellular Ca2� levels, contributing to CMT1E
pathogenesis. Future studies will investigate the role of PMP22
on Ca2� homeostasis and determine whether the variety of
CMT disease phenotypes is the result of variations in the spe-
cific interactions between STIM1 with various disease-associ-
ated forms of PMP22.

Materials and methods

Cell culture

tsA201 cells (HEK293 cells stably transfected with SV40 large
T antigen) were grown at 37 °C with 5% CO2 in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS, Atlanta Biologicals, Norcross, GA), 2
mM L-glutamine, and penicillin (50 units/ml)/streptomycin
(P/S) (50 �g/ml). Only cells from passage numbers of �13 were
used. Unless otherwise stated, all tissue culture media were
obtained from Life Technologies, Inc.

Mouse Schwann cells were isolated from sciatic nerves of
CD1, C57BL/6J WT, pmp22�/� (53) backcrossed into
C57BL/6 for nine generations, or TrJ heterozygous mice (49)
on postnatal days 4 – 6, as described previously (67). The
cells were plated on culture dishes coated with poly-D-lysine
(Thermo Fisher Scientific) and maintained in DMEM with
10% FBS (Sigma) supplemented with 50 ng/ml NRG1 recom-
binant epidermal growth factor domain (R & D Sciences cat-
alog no. 396-B).

Rat Schwann cells were isolated from postnatal days 4 – 6
pups and maintained in DMEM with 10% FBS and P/S, supple-
mented with forskolin (2 �M, Sigma catalog no. F86886).

All experiments conducted with tissues derived from ani-
mals were approved by the Animal Care and Use Committee at
Vanderbilt University.

Plasmids and cell transfection

Full-length human PMP22 (GenBankTM accession no.
NG_007949.1) cDNA was engineered into the mammalian
expression vector pIRES2-EGFP (BD Biosciences–Clontech).
The PMP22_L16P mutant was generated by introducing the
mutation into PMP22_WT using the QuikChange site-directed
mutagenesis system (Stratagene, La Jolla, CA). All recombinant
cDNAs were sequenced in their entirety to confirm the pres-
ence of the desired modification and the absence of unwanted
mutations. Expression of PMP22_WT and PMP22_L16P con-
structs were achieved by transient transfection using FuGENE
6 (Roche Applied Science) in which 0.7 �g of cDNA was trans-
fected. To rule out nonspecific effects due to transfection or
EGFP expression, control cells were transfected with the non-
recombinant pIRES2-EGFP vector. After transfection, tsA201
cells were incubated for 48 h as described above before use in
electrophysiological experiments.

Immunoprecipitation and Western blotting

Sciatic nerves isolated from postnatal day 5 rats were lysed in
RIPA buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 1% Nonidet
P-40, 0.5% deoxycholate, 0.1% SDS, with cOmpleteTM protease
inhibitor (Millipore Sigma)). The lysate was quantified using
the Bradford reagent (Bio-Rad). 500 �g of total sciatic nerve
lysate were incubated with protein G–Sepharose beads (Life
Technologies, Inc.) to pre-clear nonspecific protein binding to
the Sepharose beads. For immunoprecipitation, anti-STIM1
(Abnova, Walnut, CA) or mouse IgG was incubated with pro-
tein G–Sepharose beads. The precipitates were then washed
three times with RIPA buffer followed by two washes with TBS.
Immune complexes were then separated on a 9% polyacryl-
amide gel for STIM1 and a 12% polyacrylamide gel for PMP22
and Western-blotted using a rabbit anti-STIM1 antibody (Cell
Signaling, Danvers, MA) at 1:1000 or rabbit anti-PMP22 anti-
body (Assay Biotech, Fremont, CA) at 1:2500. Following incu-
bation with primary antibody, the blots were probed with
horseradish peroxidase-conjugated anti-rabbit (Pierce) and
detected by enhanced chemiluminescence on a Bio-Rad
ChemiDoc MP imaging system and processed in ImageLab 6
(Bio-Rad).
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Live calcium imaging

Sciatic nerves of adult (6 – 8 weeks) TrJ heterozygous and
C57BL/6J mice were isolated and immediately transferred into
DMEM without phenol red (Gibco/Invitrogen) on ice. The
epineurium and perineurium were excised, and individual
nerve fibers were teased apart. The nerves were incubated for
20 min (37 °C, 5% CO2) in DMEM containing 4 �M Calcium
OrangeTM AM (Life Technologies, Inc., catalog no. C-3015).
The nerves were then rinsed once with DMEM and incubated
in low light at room temperature (20 –23 °C) for 20 min. Imme-
diately following incubation, the fibers were imaged on glycerol-
mounted slides at �400 magnification using a Zeiss Axioskop2
microscope (Zeiss Microimaging, Thornwood, NY) and an
AxioCam MRc5 camera with Axiovision Imaging software. For
analysis, FIJI was used to determine the total corrected fluores-
cence levels of internodal regions relative to background by col-
lecting the integrated density of fluorescence levels of manually
drawn regions of interest and subtracting the average background
intensity (calculated from three adjacent selections, equal to the
region of interest in area). Statistical significance among the two
groups was determined using an unpaired Student’s t test.

Intracellular calcium level measurement

The fluorescent calcium (Ca2�) dye Fura-2AM (Setareh Bio-
tech catalog no. 6101, Eugene, OR) was used to measure cyto-
solic calcium concentration. Primary mouse Schwann cells
were harvested and plated on poly-D-lysine (Thermo Fisher Sci-
entific)-coated glass coverslips 2–3 days prior to recording.
Cells were washed twice with HEPES-buffered Hanks’ balanced
salt solution (HBSS) and incubated for 30 – 45 min with 3 �M

Fura-2 acetoxymethyl ester at 37 °C and then washed in Fura-
free HBSS solution for 30 – 60 min before recording. The cov-
erslips with the cells were transferred to a recording chamber
mounted on the stage of a Nikon TE2000 fluorescence micro-
scope (Nikon, Tokyo, Japan). The total volume of the recording
chamber was 300 – 400 �l with constant perfusion from gravi-
ty-fed chambers with an extracellular solution containing 145
mM NaCl, 2 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 10 mM glucose,
10 mM HEPES, pH 7.3, osmolarity 305 mosM at a rate of 4
ml/min. An InCyt IM2 fluorescence imaging system (Intracel-
lular Imaging Inc., Cincinnati, OH) was used to monitor
[Ca2�]i. Cells were alternately excited at wavelengths of 340 and
380 nm, and emission at 510 nm was detected using a PixelFly
digital camera. Ratios were collected every 1 s throughout the
experiment and converted to [Ca2�]i using an in vitro calibration
curve, generated by adding 15.8 �M Fura-2 pentapotassium salt to
solutions from a calibration kit containing 1 mM MgCl2 and
known concentrations of Ca2� (0–1350 nM) (Invitrogen). Cells
with an unstable baseline were excluded from the analysis.

Electrophysiology

On the day of the experiment, all cells were dissociated by
brief exposure to trypsin/EDTA, resuspended in DMEM sup-
plemented with 10% FBS, L-glutamine, and penicillin/strepto-
mycin, plated on glass coverslips, and allowed to recover for �2
h at 37 °C in 5% CO2. Cells were kept under this condition for
�6 h. Only green fluorescent tsA201 cells (i.e. positive for
PMP22 or empty vector) were analyzed. For electrophysiologi-

cal analysis of cells isolated from TrJ or WT mice, the experi-
menter was blinded to the genotype of the cells. Whole-cell
currents were recorded at room temperature using Axopatch
200B amplifiers (Molecular Devices Corp., Sunnyvale, CA) in
the whole-cell configuration of the patch-clamp technique (68).
Pulse generation was carried out via Clampex 8.0 (Molecular
Devices Corp.), and whole-cell currents were filtered at 1 kHz
and acquired at 5 kHz. The access resistance and apparent
membrane capacitance were estimated using an established
method (69). Whole-cell currents were not leak-subtracted.
Whole-cell currents were measured from �80 to �60 mV (in
20-mV steps) from a holding potential of 0 mV. We used solu-
tions similar to those previously employed in studies of SOC
channels (37, 38). The control external solution contained (in
mM): NaCl 140, MgCl2 1.2, CaCl2 20, glucose 10, HEPES 10, pH
7.4. The divalent-free external solution contained (in mM): NaCl
140, glucose 10, HEPES 10, sucrose 30, pH 7.4. The internal solu-
tion contained (in mM): CsOH 140, aspartic acid 140, MgCl2 1.22,
EGTA 5, HEPES 10, pH 7.2. The pipette solution was diluted
5–10% to prevent activation of swelling-activated currents. Patch
pipettes were pulled from thick-wall borosilicate glass (World Pre-
cision Instruments, Inc., Sarasota, FL) with a multistage P-97
Flaming-Brown micropipette puller (Sutter Instruments Co., San
Rafael, CA) and heat-polished with a Microforge MF 830
(Narashige, Japan). After heat polishing, the resistance of the patch
pipettes was 3–5 M� in the standard extracellular solution. The
access resistance varied from to 5 to 9 M�. As a reference elec-
trode, a 2% agar bridge with composition similar to the control
bath solution was utilized. Junction potentials were zeroed with
the filled pipette in the bath solution. Unless otherwise stated, all
chemicals were obtained from Sigma.

Data analysis

Data were collected for each experimental condition from at
least three transient transfections or two Schwann cell isola-
tions, analyzed, and plotted using a combination of Clampfit
(Molecular Devices Corp.), SigmaPlot 2000 (Systat Software,
Inc., San Jose, CA), and Origin 7.0 (OriginLab, Northampton,
MA). Statistical analyses were carried out using SigmaStat 2.03
(Systat Software, Inc.) or Prism 6/7 (Graphpad Software, San
Diego, CA), and p values are listed in the figure legends. Statis-
tical significance between the two groups was determined using
unpaired Student’s t tests. Whole-cell currents are normalized
for membrane capacitance, and results are expressed as
mean 	 S.E. The number of cells used for each experimental
condition is given in the figure legends.
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