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Myo-inositol is an important cellular osmolyte in autoregulation of
cell volume and fluid balance, particularly for mammalian brain
and kidney cells. We find it also regulates excitability. Myo-inositol
is the precursor of phosphoinositides, key signaling lipids including
phosphatidylinositol 4,5-bisphosphate [PI(4,5)P2]. However, whether
myo-inositol accumulation during osmoregulation affects signaling
and excitability has not been fully explored. We found that over-
expression of the Na+/myo-inositol cotransporter (SMIT1) and myo-
inositol supplementation enlarged intracellular PI(4,5)P2 pools, mod-
ulated several PI(4,5)P2-dependent ion channels including KCNQ2/3
channels, and attenuated the action potential firing of superior
cervical ganglion neurons. Further experiments using the rapamycin-
recruitable phosphatase Sac1 to hydrolyze PI(4)P and the P4M probe
to visualize PI(4)P suggested that PI(4)P levels increased after myo-
inositol supplementation with SMIT1 expression. Elevated relative
levels of PIP and PIP2 were directly confirmed using mass spectrom-
etry. Inositol trisphosphate production and release of calcium from
intracellular stores also were augmented after myo-inositol supple-
mentation. Finally, we found that treatment with a hypertonic solu-
tion mimicked the effect we observed with SMIT1 overexpression,
whereas silencing tonicity-responsive enhancer binding protein
prevented these effects. These results show that ion channel
function and cellular excitability are under regulation by several
“physiological” manipulations that alter the PI(4,5)P2 setpoint.
We demonstrate a previously unrecognized linkage between ex-
tracellular osmotic changes and the electrical properties of excit-
able cells.
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Here we explore changes of membrane excitability that follow
manipulation of the amount of intracellular myo-inositol

and the cell-membrane phosphoinositide lipids that it gives rise
to. Phosphoinositides, the low-abundance, informational phos-
pholipids of cell membranes, play an important role in regulating
many cellular functions (1–3). The past two decades have revealed
that phosphoinositides, especially plasma-membrane localized
phosphatidylinositol 4,5-bisphosphate [PI(4,5)P2], are indispens-
able for the function of many ion channels and transporters (2, 4,
5) as well as for cellular processes such as endocytosis and re-
lease of synaptic vesicles. Cellular pools of phosphoinositides
are dynamically modulated by effectors, such as phospholipase
C (PLC) and PI3-kinase pathways, that respond to extracellular
stimuli (1, 3). Additionally, baseline levels of phosphoinositides
are adjusted by lipid kinases and lipid phosphatases (Fig. S1).
Myo-inositol, the most abundant stereoisomer of inositol in

the human body, forms the head group of phosphoinositides (3).
Lipid kinases and lipid phosphatases can add and remove phos-
phate groups at specific positions on the inositol ring, generating
the eight regioisomers of phosphoinositides. Over the past 50 y,
the relationship between myo-inositol and human diseases, espe-
cially mood disorders, has been investigated but still remained
uncertain and debated (3). An “inositol-depletion hypothesis” was
proposed to explain the finding that the common mood-stabilizing
drug lithium inhibited inositol-1-monophosphatase (Fig. S1) and
thereby reduced intracellular myo-inositol concentrations (6–8).

However, whether lithium treats mood disorders by adjusting myo-
inositol levels and impinging on the phosphoinositide signaling has
been a persistent controversy (3, 9–15). Indeed, some previous
literature suggested that phosphoinositide synthesis is not rate-
limited by the availability of myo-inositol (14, 16).
Here we consider sodium-coupled myo-inositol transporter 1

(SMIT1). Myo-inositols are transported into the cell from the
extracellular fluid by inositol transporters (3). SMIT1 is encoded
by the SLC5A3 gene on human chromosome 21 and belongs to
the solute carrier 5 (SLC5) gene family (17, 18). Human SMIT1 is
present in many tissues and highly expressed in brain and kidney
(17, 18). It is structurally similar to glucose transporters of the
same family, characterized by inverted-repeat domains and a large
number of transmembrane segments (19, 20). SMIT1 has a slow
substrate turnover rate of only a few per second, transporting 1
myo-inositol together with 2 Na+ (21). The myo-inositol level in
mammalian tissues ranges from 0.1 to 16 mM, depending on the
tissue (22, 23). It is high in adult brain (millimolar level) and is
reduced by 96% in SLC5A3−/− mice (24). Such mice need to be
maintained on myo-inositol supplementation until weaning. Ex-
tracellular hypertonicity up-regulates expression of SMIT1, pro-
moting the further cellular accumulation of myo-inositol. This
helps to counteract hypertonic stress by increasing intracellular
osmolarity. Such hypertonicity-induced increases in SMIT1 ex-
pression have been reported to require a transcription factor,
tonicity-responsive enhancer binding protein (TonEBP) (25).
Pathophysiological states, including chronic hypernatremia caused
by renal failure or hyperglycemia associated with diabetes, can in-
crease the osmolarity of extracellular fluids and raise intracellular
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myo-inositol levels (26, 27). In addition, misregulated myo-inosi-
tol levels and/or SMIT1 dysfunction have been implicated in
several devastating diseases including Down’s syndrome, Alz-
heimer’s disease, cerebral astrocytomas, multiple sclerosis, and
bipolar disorder (18, 28–34). However, the underlying signifi-
cance of myo-inositol and SMIT1 in these diseases remains
elusive.
We find that SMIT1 overexpression and myo-inositol supple-

mentation are able to increase intracellular phosphoinositide levels,
thereby altering the phosphoinositide signaling and the electrical
activities of phosphoinositide-regulated ion channels. We show that
treatment with hypertonic solutions raises phosphoinositide levels
and regulates cellular excitability by impinging on the TonEBP–
SMIT1 pathway, suggesting complex physiological roles for SMIT1
in signaling.

Results
SMIT1 and Myo-Inositol Modulate KCNQ2/3 Channel Activity. We
anticipated that elevated levels of intracellular myo-inositol
would generate more phosphoinositides (refer to Fig. S1 for the
synthesis of phosphoinositides from myo-inositol). The experi-
ments focus first on functional measures of PI(4,5)P2, the dom-
inant plasma membrane phosphoinositide. KCNQ2/3 channels
(KV 7.2/7.3), which require PI(4,5)P2 to be activated, served as our
first readout for phosphoinositide metabolism, and Gq-coupled
M1 muscarinic acetylcholine receptors served to deplete PI(4,5)P2
via activation of PLC.
The tsA201 cells were transiently transfected with KCNQ2/3

subunits and M1 muscarinic receptors. Fig. 1A shows depolarizing
voltage-clamp steps activating outward K+ current (a). As has
been reported many times, the current was reduced when PI(4,5)P2
was depleted by applying muscarinic receptor agonist oxo-
tremorine-M (Oxo-M) (b), and it gradually recovered after Oxo-M
removal (c). The peak amplitudes of tail currents (the slow
deactivating currents at −60 mV), a signature of KCNQ chan-
nels, are plotted in Fig. 1B. They mirror the time course of
PI(4,5)P2 depletion and regeneration. We anticipated an eleva-
tion of phosphoinositide pools when myo-inositol transport was
augmented and predicted that the suppression of KCNQ2/3
current during application of Oxo-M would become slowed
and the recovery of KCNQ2/3 current would become speeded.
Channels and receptors were expressed in tsA201 cells with or
without coexpression of the long-splice isoform of human SMIT1.
We supplemented the culture medium with an additional 100 μM
myo-inositol for overnight incubation. The final concentration of
myo-inositol is within the physiological range in serum (35). The
myo-inositol was never present in the bath solution during re-
cordings. Combining SMIT1 overexpression and 100 μM myo-
inositol preincubation did speed the recovery of the KCNQ2/3
channels after Oxo-M, compared with the control (Fig. 1 B and
C). Henceforth we will call this treatment SMIT1/myo-inositol.
Overnight 100 μM myo-inositol by itself also produced a small
effect (Fig. 1C). Indeed, immunocytochemistry confirmed the
expression of exogenous SMIT1 (Fig. 1D) in transfected tsA201
cells and revealed endogenous SMIT1 in untreated cells. Although
the onset kinetics of current suppression were not noticeably af-
fected by either SMIT1 or myo-inositol when the Oxo-M con-
centration was supermaximal (10 μM), the suppression by a low
concentration of Oxo-M (0.2 μM) was greatly slowed (Fig. 1 E and
F). As we will see, similar changes of channel properties in neurons
have profound effects on electrical excitability and firing patterns.
Next, we depleted PI(4,5)P2 with a voltage-sensitive phos-

phatase (VSP). The VSPs are lipid 5-phosphatases activated by
large membrane depolarizations that remove the 5-phosphate
from PI(4,5)P2 without depleting PI(4)P and without generat-
ing IP3 or diacylglycerol (DAG). Zebrafish VSP (Dr-VSP) and
KCNQ2/3 channels were coexpressed. In Fig. 1G, a depolariza-
tion to −20 mV activates KCNQ2/3 outward current; a brief step

to +100 mV (to activate VSP) depletes PI(4,5)P2 and the chan-
nels turn off; repolarization to −20 mV allows lipid resynthesis
and the channel current recovers. The recovery was faster after
overnight SMIT1/myo-inositol treatment (Fig. 1 G and H).
Presumably PI(4,5)P2 dephosphorylation by VSP generates a
larger PI(4)P pool under these conditions. Again, incubation
with myo-inositol alone produced a faster recovery than the
control, but the effect was less pronounced than when combined
with SMIT1 overexpression (Fig. 1H). When SMIT1 was already
overexpressed, it took about 3 h after supplementation with
myo-inositol for a maximum acceleration of the KCNQ current
recovery (Fig. 1I). This relatively long time was not surprising
considering the slow turnover rate of SMIT1 for transporting
myo-inositol as well as the presence of the competitive D-glucose
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Fig. 1. Overexpression of SMIT1 and incubation with myo-inositol slow in-
hibition and speed recovery of KCNQ2/3 current after PI(4,5)P2 depletion.
(A) Representative current traces for KCNQ2/3 channels before (a), imme-
diately after (b) 10 μM Oxo-M application, and during recovery (c). Arrow
indicates the tail current. (B) Combinatorial treatments of SMIT1 over-
expression with or without 100 μM myo-inositol on the KCNQ2/3 tail current
recovery after M1 receptor activation. (C) Summary of the data in B, showing
the half time for current recovery (n = 4–6). (D) Representative confocal im-
munocytochemistry images showing the expression of SMIT1 protein (red) in
tsA201 cells, with counterstaining for nuclei (blue). (E ) Time courses of
inhibition of KCNQ2/3 current after applying low concentrations of Oxo-M
(0.2 μM), comparing control cells with cells transfected with SMIT1 plus myo-
inositol. (F) Summary of the data in D, shown as the exponential time constant
τ of the current inhibition (n = 4–5). *P < 0.05. (G) Current traces, showing the
inhibition and recovery of KCNQ2/3 current after activation of Dr-VSP.
(H) Summary of the data in F, illustrating the effects of combinatorial treat-
ments of SMIT1 overexpression with or without 100 μM myo-inositol on the
time constants of KCNQ2/3 current recovery after Dr-VSP activation (n = 4–13).
Means ± SEM, *P < 0.05. (I) Effects of different durations of 100 μM myo-
inositol preincubation on the τ of KCNQ2/3 current recovery after Dr-VSP ac-
tivation. (J) Cartoon showing the hypothesis that myo-inositol entry through
SMIT1 raises the intracellular levels of phosphoinositides.
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in our culture medium that should further slow the transport rate.
This would also include the time for myo-inositol incorporation
into lipid and reequilibration of phosphoinositide pools.
SMIT1/myo-inositol increased the voltage sensitivity of KCNQ2/3

channels. The potential for half-maximal channel activation (V1/2)
was shifted to more negative voltages (Fig. 2 A–C) and the steep-
ness was increased. Fitting a Boltzmann equation to the conduc-
tance-voltage (G-V) curve for KCNQ2/3 channels gave slope
factors of 12.2 ± 0.6 mV in the control and 6.8 ± 0.9 mV with
SMIT1/myo-inositol. In addition, KCNQ2/3 channels activated
faster and deactivated slower with SMIT1/myo-inositol (Fig. 2
D–F), consistent with the observed G-V curve shift. Myo-inositol
could be dialyzed directly into tsA201 cells through the whole-cell
recording pipette. With 30 mM myo-inositol, there was a gradual
and significant leftward shift of the V1/2 for voltage activation of
heteromeric KCNQ2/3 channels. About 10 min of myo-inositol
dialysis produced a saturating effect (Fig. 2G). Dialysis of 30 mM
raffinose or sorbitol, which would increase osmolarity to the same
degree as myo-inositol, served as negative controls (Fig. S2D).
Myo-inositol produced similar shifts of V1/2 for homomeric
KCNQ2 and homomeric KCNQ3 channels, but they were less
than for heteromeric KCNQ2/3 channels (Fig. 2 H and I).
Homomeric KCNQ2 channels did exhibit a greater increase in
current amplitude compared with homomeric KCNQ3 and het-
eromeric KCNQ2/3 channels (Fig. 2J, and also see Fig. S2 A–C).
This is presumably due to a lower PI(4,5)P2 affinity and lower
channel open probability at normal PI(4,5)P2 levels (36). To-
gether, our results would be consistent with a direct regulation
of the voltage sensitivity of KCNQ2/3 channels by PI(4,5)P2.
The 10-min time course suggests that this is how long it takes
to augment cellular PI(4,5)P2 pools after providing additional
intracellular myo-inositol.

Myo-Inositol Supplementation Attenuates Action Potential Firing of
Superior Cervical Ganglion Neurons. We tested the effect of myo-
inositol supplementation on electrical properties of primary
cultured neurons. The superior cervical ganglion (SCG) neuron

has been used as a model to study native KCNQ2/3 channels,
which serve as a damper on their excitability (37, 38). Neuro-
transmitters and drugs that close these channels remove the
brake so the neurons fire more easily. However, myo-inositol, by
favoring K+ channel opening, should intensify the brake. Im-
munohistochemistry revealed SMIT1 expressed in SCG neurons
(Fig. 3A), and overnight myo-inositol (100 μM) supplementation
reduced action potential firing elicited by 100 pA current injec-
tions (Fig. 3 B–D). We did not observe a significant change in the
input resistance (Fig. S3) or the resting membrane potential by
myo-inositol. Activating endogenous M1 receptors of untreated
neurons with Oxo-M induced prolonged action potential firing,
whereas supplementation with 100 μM myo-inositol shortened
the period of firing (Fig. 3 E–G). To determine whether
KCNQ2/3 channels were involved in these effects, we monitored
the kinetics of inhibition and recovery of native M-type KCNQ2/3
current after M1 receptor activation (Fig. 3H). Current recovery
after applying the supramaximal concentration of Oxo-M (10 μM)
was faster with myo-inositol preincubation (Fig. 3 I and J). Fur-
ther, while applying a low concentration of Oxo-M (0.2 μM), the
inhibition of KCNQ2/3 tail current was diminished and slowed
(Fig. 3 K and L): 79 ± 3% inhibition for the control and 56 ± 8%
inhibition with myo-inositol, n = 4–6, P < 0.05. These data suggest
that neuronal PI(4,5)P2 levels are elevated by myo-inositol sup-
plementation, as was observed in tsA201 cells. Beside KCNQ2/3
channels, augmented regulation of other voltage-gated ion channels
by an enlarged PI(4,5)P2 pool might also contribute to this atten-
uation in action potential firing of SCG neurons. The bottom line,
however, is that myo-inositol elevation reduces neuronal excit-
ability and shortens the time window of agonist-induced increased
excitability.

SMIT1/Myo-Inositol Alters PI(4,5)P2 Metabolism. In addition to
KCNQ2/3 channels as functional reporters of PI(4,5)P2 levels, we
tested the genetically expressible probes, PH-CFP and PH-YFP.
Each comprises a fluorescent protein fused to the pleckstrin ho-
mology (PH) domain of PLCδ1. They bind to plasma membrane
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Fig. 2. SMIT1/myo-inositol enhances the voltage
sensitivity of KCNQ2/3 channels. (A) Current traces of
voltage activation of KCNQ2/3 channels with or
without SMIT1/myo-inositol pretreatment, using a
voltage protocol stepping from −80 mV to +40 mV.
(B) Representative KCNQ2/3 channel conductance–
voltage (G-V) relationship using the normalized tail
current amplitude from A. (C) Summary of the half-
maximal potential (V1/2) in B for cells with SMIT1/
myo-inositol compared with the control (n = 7–10).
Means ± SEM, *P < 0.05. (D) Current traces compar-
ing deactivation and activation of KCNQ2/3 channels
with (red) or without (black) SMIT1/myo-inositol.
(E and F) Summary of the time constants (τ) for de-
activation and activation in D (n = 4–6). *P < 0.05.
(G) Time course of the change of half-maximal poten-
tial for voltage activation (V1/2) of KCNQ2/3 channels
during dialysis of 30 mM myo-inositol in the whole-
cell pipette (n = 5). (H) Representative G-V curves
for homomeric KCNQ2, KCNQ3, and heteromeric
KCNQ2+KCNQ3 channels in the beginning of the
myo-inositol dialysis (0 min, circles and solid lines)
compared with at 12 min during the dialysis (squares
and dashed lines). (I and J) Summary of the changes of
half-maximal potential (ΔV1/2) and the fold changes of
tail current amplitudes comparing 0 and 12 min during
myo-inositol dialysis for the indicated channels (n= 4–5).
Means ± SEM, *P < 0.05. See also Fig. S1.
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PI(4,5)P2. The proximity of PI(4,5)P2 molecules at the membrane
allows fluorescence energy transfer (Förster resonance energy
transfer, or FRET) between donor CFP and acceptor YFP (Fig.
4A). Consistent with our previous work, when both probes were
cotransfected into tsA201 cells, the FRET ratio and the KCNQ2/3
current fell in parallel during M1 receptor activation, and
both rose in parallel after agonist removal (Fig. 4B). As be-
fore, we found that SMIT1 plus myo-inositol speeded the recovery
of the FRET ratio after Oxo-M application (Fig. 4 C and D). In
separate experiments, a PH-PLCδ1-RFP probe was expressed and
monitored for translocation under confocal microscopy. After M1
receptor activation by Oxo-M, the PH-RFP probe translocated
from the plasma membrane to the cytosolic region, then returned
to the membrane after washout of Oxo-M (Fig. 4E). Again the

time constant (τ) of the fluorescence recovery was shortened in
cells that had been transfected with SMIT1 and treated with myo-
inositol (Fig. 4 E, F, and H). Because PH-PLCδ1 may bind to IP3
as well, we tested another PI(4,5)P2-binding fluorescent probe
with minimal IP3-binding affinity, Tubby-YFP (39, 40). The re-
sults were similar (Fig. 4G and H). In summary, the speeding of
PI(4,5)P2 recovery suggests that the pools of its precursors PI(4)P
and PI might be enlarged.

SMIT1/Myo-Inositol Alters PI(4)P Metabolism. Because our experi-
ments suggested that the PI(4,5)P2 pool becomes enlarged dur-
ing myo-inositol elevation, we checked whether the same might
be true of PI(4)P pools. We used several strategies to study PI(4)P.
First, a chemical dimerization system using rapamycin was
used to deplete PI(4)P based on our previous work (Fig. 4I).
Rapamycin can induce the dimerization of FRB and FKBP do-
mains. In this case, FKBP is linked to an engineered PI(4)P
phosphatase Sac1, and FRB to a plasma membrane anchor (41).
Chemical dimerization with rapamycin translocates the enzyme
from the cytoplasm to the plasma membrane. Here, FRB and
FKBP were fused as well to CFP and YFP, respectively, allowing
simultaneous photometric FRET-ratio measurements of enzyme
translocation and patch-clamp recordings of changes of KCNQ
current in the rapamycin system. Application of 5 μM rapamycin
induced an abrupt and sustained increase in FRET ratio, reflecting
irreversible translocation to the plasma membrane. Concurrently,
the KCNQ2/3 current decreased due to the dephosphorylation of
PI(4)P by Sac1 and the resulting slowing of PI(4,5)P2 synthesis. We
found that the inhibition of KCNQ2/3 current was significantly at-
tenuated and the time constant of inhibition lengthened after
SMIT1/myo-inositol treatment: 59 ± 5% current inhibition and τ =
55 ± 6 s for the control and only 30 ± 9% current inhibition and τ =
77 ± 4 s after SMIT1/myo-inositol (n = 3, *P < 0.05) (Fig. 4 J and K).
Photometric FRET ratio measurements using a P4M probe

(42) that specifically binds to PI(4)P were consistent with an
enlarged PI(4)P pool. A high FRET ratio was generated between
membrane-localized Lyn11-FRB-CFP and P4M-YFP. The FRET
ratio was reduced after PI(4)P hydrolysis by applying 10 μMOxo-M.
(Fig. S4). We found the recovery of the FRET ratio was more
complete with SMIT1/myo-inositol than under control conditions
within the 300-s time frame after Oxo-M application (Fig. S4).
Further, the Golgi pool of PI(4)P also contributes to genera-

tion of plasma membrane PI(4,5)P2 (43, 44). In contrast to the
translocation of Sac1 to the plasma membrane using Lyn11-FRB,
we recruited Sac1 to the trans-Golgi network using an anchored
Tgn38-FRB (Fig. S5A) while maintaining the other features of the
simultaneous photometry and electrophysiology recordings. Ap-
plying rapamycin in this situation resulted in specific hydrolysis
of PI(4)P at the trans-Golgi network. We found the reduction
of KCNQ current after rapamycin application was significantly
blunted by SMIT1 and myo-inositol (Fig. S5). Together, these re-
sults suggest that the Golgi PI(4)P pool and/or the plasma mem-
brane PI(4)P pool might be enlarged under these conditions.

SMIT1/Myo-Inositol Increases Phosphoinositide Levels Determined by
Mass Spectrometry. So far our functional assays suggest enlarged
phosphoinositide pools after intracellular myo-inositol accumu-
lation. Do all phosphoinositide pools increase, and how much?
We carried out “lipidomics” studies, for quantitative analysis of
phosphoinositide species (45). Lipids were extracted from tsA201
cells with or without SMIT1/myo-inositol treatment. The extracted
lipids were methylated to allow more efficient stabilization and
ionization in mass spectrometry (46). The levels of phosphatidyli-
nositol phosphate (PIP) and phosphatidylinositol bisphosphate
(PIP2) species with various aliphatic side chains were augmented
two- to threefold in SMIT1/myo-inositol cells (Fig. 4 L–O). How-
ever, unexpectedly, total cellular PI seemed unchanged, suggesting
that different regulatory mechanisms not related to myo-inositol
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clamp recordings showing the action potentials of SCG neurons elicited by
injecting 100 pA current steps for control neurons and neurons with over-
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F) Representative action potentials of SCG neurons evoked by 20-s applica-
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abundance may control the overall level of that lipid (Fig. 4P and
also see Discussion).

Enlarged Lipid Pools Allow More Inositol Trisphosphate Production
and More Intracellular Calcium Release. Calcium signaling is impor-
tant for neurons and other cells (47, 48). Inositol trisphosphate

(IP3) generation and IP3-mediated calcium release from the
endoplasmic reticulum (ER) are a key component of signaling by
Gq-coupled receptors and activation of PLC. A FRET-based IP3
indicator, LIBRAvIII, was used to monitor changes of intracellular
IP3 following activation of PLC (Fig. 5A) (49). The FRET ratio of
this probe decreases when IP3 levels increase. Indeed, the FRET
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ratio quickly decreased when Oxo-M was applied and then
recovered after agonist removal, mainly due to the hydrolysis of
IP3 by IP3-5-phosphatase (50). If an augmented PI(4,5)P2 pool is
hydrolyzed, more IP3 would be generated and the recovery of the
FRET ratio would take longer. As anticipated, the recovery of
the LIBRAvIII FRET ratio was delayed after SMIT1/myo-ino-
sitol treatment (Fig. 5 B and C). A mutant version of the probe,
(K507A) LIBRAvN, without the IP3 binding abilities served as a
negative control (Fig. 5D).
Next, we tested whether the augmentation of IP3 production

after SMIT1/myo-inositol treatment induced a larger calcium
release. We used the low-affinity ratiometric calcium indicator
Fura4F to measure calcium dynamics after M1 receptor activa-
tion (SI Experimental Procedures). Application of Oxo-M for 40 s
elicited a modest calcium peak in M1R-expressing control cells.
SMIT1/myo-inositol treatment dramatically enhanced the calcium
elevation: The intracellular calcium rise was more prolonged and
exhibited oscillatory features (Fig. 5 F and G). Preincubation with

myo-inositol alone also increased the calcium peak but to a lesser
extent (Fig. 5G). A similar myo-inositol–mediated augmentation
of calcium release was also observed with a shorter (5 s) appli-
cation of Oxo-M.

SMIT1/Myo-Inositol Modulates Other PI(4,5)P2-Dependent Channels:
GIRK2 and TRPM7. Are the effects of myo-inositol elevation
seen more generally on other components of neuronal excit-
ability? We tested the effects of SMIT1/myo-inositol on two
PI(4,5)P2-dependent ion channels that are structurally distinct
from KCNQ. The G protein coupled inward rectifier potas-
sium channel GIRK2 requires PI(4,5)P2 and Gβγ subunits for
activity (51, 52). GIRK2 was coexpressed with the Gi/o-coupled
M2 muscarinic receptor and Dr-VSP. Applying 10 μM Oxo-M
in the presence of high extracellular potassium (90 mM KCl)
elicited an inward K+ current within ∼4 s (Fig. 6 A and C). The
current sagged toward a quasi-steady state (53). A large 1-s
depolarizing voltage pulse (+100 mV) was applied to activate
VSP and deplete PI(4,5)P2. Afterward the GIRK2 current in-
duced by M2 receptor activation was gone, but soon it recovered
as PI(4,5)P2 was resynthesized. Compared with control cells, the
speed of this recovery was faster after SMIT1/myo-inositol (Fig.
6 A, B, and D; also see coexpression of SMIT1 with M1 and M2
receptor together in Fig. S6).
We also tested the effects of SMIT1/myo-inositol on a transient

receptor potential channel TRPM7 that depends on PI(4,5)P2
(54). Compared with control cells coexpressing M1 receptors and
TRPM7 channels, we found that inhibition of the TRPM7 current
was significantly delayed by SMIT1/myo-inositol (Fig. 6 E–G).
Thus, the dynamics of both GIRK2 and TRPM7 channels and
hence cellular excitability are significantly changed as a conse-
quence of raising intracellular myo-inositol.

Hypertonicity Increases Phosphoinositide Levels and Regulates
Cellular Excitability by Activating the TonEBP–SMIT1 Pathway. Hy-
pertonicity suffices to induce increased SMIT1 expression in
several cell types (55, 56). This is considered adaptive because
the transporter will import more myo-inositol as an osmolyte that
compensates for the raised extracellular solute. A proposed
pathway for the increased expression of several transporters in-
volves activation of AKAP13 (Brx), p38 MAP kinase, and the
transcription factor, tonicity-responsive enhancer binding pro-
tein (TonEBP or NFAT5) (Fig. 7N) (25, 56–58). Activated
TonEBP binds to the enhancer region of the SLC5A3 gene,
stimulating transcription (25, 58). For tsA201 cells, we added
150 mOsm raffinose to the culture medium along with 100 μM
myo-inositol to produce a hypertonic environment. Protein
levels of endogenous SMIT1 increased about fourfold after
overnight exposure to hypertonicity (Fig. 7A). In parallel, KCNQ2/3
current recovery after current inhibition by VSP was accelerated
(Fig. 7 B and C). In contrast, KCNQ2/3 current recovery was
slowed when the endogenous SMIT1 was knocked down using an
siRNA against SMIT1 (Fig. 7 A–C). Further, the voltage sensitivity
of KCNQ2/3 channels was left-shifted by overnight hypertonicity
(Fig. 7 D–F). KCNQ2/3 channels activated faster and deactivated
slower in response to voltage changes after hypertonicity (Fig. 7D).
Moreover, silencing the transcription factor TonEBP using a spe-
cific siRNA abolished the increase of voltage sensitivity for KCNQ2/3
channels after hypertonic stress (Fig. 7 E and F). Additionally,
overnight hypertonicity reduced action potential firing in SCG neu-
rons (Fig. 7 G and H).
There were many additional parallels between the results of

hypertonic treatment and those of SMIT1/myo-inositol. Hyper-
tonic treatment speeded return of the PH-PLCδ1-RFP probe
to the plasma membrane after Oxo-M; a proteasome inhibitor
MG-132, which attenuates the translocation of TonEBP from
the cytosolic region to the nucleus (59, 60), diminished this effect
(Fig. 7 I and J). Similarly, siRNA against TonEBP prevented the
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effect of hypertonic stress. Experiments using mass spectrometry
confirmed that hypertonicity together with myo-inositol supple-
mentation enlarged PIP and PIP2 pools (Fig. 7K). Moreover,
hypertonicity augmented the IP3-mediated calcium release, and
treatments with MG-132 and siRNA against TonEBP attenuated
this effect (Fig. 7 L and M). Thus, by increasing the cellular
accumulation of myo-inositol through the TonEBP/SMIT1 path-
way, hypertonicity not only protects against osmotic damage but at
the same time modulates ion channel activities, intracellular cal-
cium signaling, and cellular excitability (Fig. 7N).

Discussion
We found that elevating intracellular myo-inositol increases poly-
phosphoinositide levels and modulates neuronal activities via
PI(4,5)P2-dependent ion channels. In the opposite direction,
lowering SMIT1 expression by siRNA reduces PI(4,5)P2. Our
findings, which we have confirmed by multiple approaches, may
help elucidate mechanisms underlying several diseases characterized
by perturbed myo-inositol levels or by increased extracellular tonicity.
To our surprise, the mass spectrometry experiments did not

detect a significant increase in total PI levels. This result seems
consistent with previous findings that SMIT1 knockout mice
(SLC5A3−/−) did not exhibit significant loss in PI even though
their myo-inositol levels were greatly reduced (14, 24). There,
myo-inositol supplementation was required to avoid an other-
wise lethal knockout phenotype. Perhaps because no change of
total PI had been seen in these mice the levels of PI(4,5)P2 and

PI(4)P were supposed to be invariant and were not further in-
vestigated (24). A large proportion of total PI is located in in-
tracellular organelles, such as the ER (1, 61). Thus, our mass
spectrometry of control cells estimated that total PI in tsA201
cells is 15 ± 1-fold higher than total PIP and 25 ± 2-fold higher
than total PIP2 (n = 5), as is typical of other eukaryotic cells and
making PI the easiest phosphoinositide to measure. Perhaps the
majority of this PI is in pools regulated by regulatory mechanisms
that are not very sensitive to the availability of myo-inositol. At
the same time, in the SMIT1 transfected cells, the speeding of
PI(4)P and PI(4,5)P2 recovery after M1 receptor activation and
the considerable enlargement of the total PIP and PIP2 pools might
be best explained if there were some minor PI pool, for example at
the plasma membrane (PM), that was sensitive to myo-inositol
levels and became significantly enlarged. This hypothetical local
pool would have to be small enough not to make an appreciable
contribution to the total cellular PI that we measured but still able
to serve as the precusor for the polyphosphoinositides. Previous
work in hepatocytes found that the rate of [3H]myo-inositol incor-
poration into PI increased sevenfold when the extracellular myo-
inositol concentration (30-min incubation) was elevated from
10 μM to 100 μM (9). This faster incorporation shows that some
cellular pool of PI responds rapidly to ambient myo-inositol. Fur-
ther biochemical work combining radiolabeled myo-inositol tracers
and mass measurements could provide more information to test
our hypothesis.
A recent study reported that SMIT1 and KCNQ1 channels

with the auxiliary channel subunit KCNE2 show a reciprocal reg-
ulation in the brain, suggested to be due to formation of direct
channel–transporter complexes (35). Our findings do not exclude
such channel–transporter complexes for KCNQ2/3. However,
we think the SMIT1 effects on KCNQ2/3 and several other chan-
nels that we have reported have a more general explanation, the
elevation of phosphoinositide levels. In addition, we found that the
voltage sensitivity of KCNQ2/3 channels became enhanced. This
was not found for KCNQ1 or KCNQ1+KCNE2 channels using
similar treatments (35). Reminiscent of the previous research using
overexpression of PI(4)P-5 kinase to increase PI(4,5)P2 levels
(62–64), here we confirmed that the voltage sensitivity of KCNQ2/3
can be regulated by manipulating PI(4,5)P2 levels. Consistent with
the KCNQ1 data (35), we did observe an enhancement of the
amplitude of KCNQ2/3 current after myo-inositol supplementation.
Moreover, along with the previous finding that moderate changes of
PI(4,5)P2 levels affect only KCNQ2/3 current amplitude but not
voltage sensitivity (65), our findings suggest that the enhancement
of voltage sensitivity for KCNQ2/3 channels is revealed only when
the PI(4,5)P2 pool is increased on a large scale. In response to an
initial elevation in membrane PIP2 levels, the channel open prob-
ability increases, but as the open probability saturates, the channels
can start to exhibit enhanced voltage sensitivity if the PIP2 level is
increased further.
Regulation by cell volume of cellular excitability via ion channels

has been investigated recently (66–70). These studies focused on
swelling-activated ionic conductances, including activation of
several chloride and potassium channels by hypotonicity, and
also regulation of TRP channels by hypertonicity (71, 72). These
changes in channel activities are usually fast and reversible,
presumably achieved by directly altering the channel gating with
structural perturbations induced by the cell volume changes.
Particularly, KCNQ1 and KCNQ4 channels, but not KCNQ2/3
channels, can sense small changes in cell volume via interactions
between their cytoplasmic domains and the cytoskeleton (70). In
contrast, we find that hypertonicity can regulate channel activi-
ties via transporter gene expression, myo-inositol accumulation,
and enzymatic reactions, which therefore take longer time and
are more sustained. Inhibition of the transcription factor TonEBP
can reverse the effect, implicating the canonical TonEBP–osmolyte
transporter pathway in this regulation (57). Additionally, the
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Fig. 6. SMIT1/myo-inositol regulates GIRK2 and TRPM7 channels. (A) Rep-
resentative time course for currents at −90 mV of GIRK2 channels coex-
pressed with M2 muscarinic receptors and Dr-VSP. (Inset) An expanded view.
(B) GIRK2 current time course similar to A, but after SMIT1/myo-inositol.
(C) GIRK2 current elicited by a voltage ramp from −100 mV to +100 mV
before and after applying 10 mM Oxo-M. (D) Summary of the effects of
SMIT1/myo-inositol on the τ of the current recovery after VSP activation in
experiments like A and B (n = 7–9). (E) TRPM7 current traces elicited by a
voltage ramp from −90 mV to +90 mV. Outward TRPM7 currents were re-
duced by Oxo-M application (a) and almost fully inhibited by 500 μM 2-APB
(b). (F) Time course of the current decay of TRPM7 channels induced by Oxo-
M application for the control and SMIT1/myo-inositol cells. a and b cor-
respond to the traces shown in E. (G) Summary of the effects of SMIT1/
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in experiments like F (n = 4–5). Means ± SEM, *P < 0.05.
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phenomena we describe differ at least in part from the fast
(minutes) and reversible enhancement of lipid kinase activities
also induced by hypertonicity (73, 74). Considering the nearly
ubiquitous expression of TonEBP (25, 75), our findings should
have very broad physiological significance on cell signaling and
responsiveness.

Experimental Procedures
DNA Constructs. The sources of cDNAplasmids are as follows: SMIT1 fromGeoffrey
W. Abbott, University of California, Irvine; untagged and eYFP-labeled mouse M1

receptor (M1R and M1R-YFP) from Neil M. Nathanson, University of Washington,
Seattle; human KCNQ2 fromDavidMcKinnon, State University of NewYork, Stony
Brook, NY; human KCNQ3 fromThomas J. Jentsch, Leibniz-Institut fur Molekulare
Pharmakologie, Berlin; eCFP-PH(PLCδ1) and eYFP-PH(PLCδ1) from Kees Jalink, The
Netherlands Cancer Institute, Amsterdam; the zebrafish voltage-sensitive
phosphatase Dr-VSP-IRES-GFP (Dr-VSP) from Yasushi Okamura, Osaka Uni-
versity, Osaka; LIBRAvIII and LIBRA vN from Akihiko Tanimura, Health Sciences
University of Hokkaido, Tobetsu, Japan; Tubby and P4M-YFP from Tamas

Balla, NIH, Bethesda and modified by M.K.; and GIRK2 and M2 receptor from
Nathan Dascal, Tel Aviv University, Tel Aviv. Membrane-targeted Lyn11-FRB-
CFP, Golgi-targeted Tgn38-FRB-CFP, and YFP-FKBP-Sac1 were provided by
Tamas Balla (NIH); Gerald R. Hammond, University of Pittsburgh, Pittsburgh; and
Takanari Inoue, Johns Hopkins University, Baltimore. TRPM7-expressing HEK293
cells were provided by Andrew M. Scharenberg, Seattle Children’s Hospital,
Seattle.

Cell Culture. TsA201 cells or HEK293 cells stably expressing tetracycline-
inducible human TRPM7 channels were cultured in DMEM (Gibco 11995,
which contains 40 μM myo-inositol) with 10% serum and 0.2% penicillin/
streptomycin. Cells were cultured in a 5% CO2-humidified environment at
37 °C. Cells were transfected at 75–90% confluency in a 35-mm Petri dish
with 0.4–1.5 μg of DNA or 7 μL of 10 μM siRNA using Lipofectamine 3000
(Invitrogen) and plated on poly-D-lysine coated glass cover-slip chips (#0; Thomas
Scientific) the day preceding the experiments. The time between transfection
and experiments was 24–48 h. For expression of TRPM7 channels, 1 μg/mL
tetracycline was added to the media around 7 h after plating the cells on glass
chips. Sprague-Dawley rats were handled and killed according to guidelines
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approved by the University of Washington Institutional Animal Care and Use
Committee. The rat SCG neurons were prepared and cultured for 1–2 d as de-
scribed previously (76).

Electrophysiology. Whole-cell patch-clamp recordings were performed with
an EPC9 patch-clamp amplifier and Patchmaster 2.35 (HEKA) at a sampling
rate of 10 kHz. Borosilicate patch electrodes were made using a P97 mi-
cropipette puller (Sutter Instrument), generating an initial pipette resistance
of around 3 MΩ. Recordings were made at 22–24 °C. For perforated whole-
cell patch-clamp experiments, we used 0.5 mg/mL amphotericin B in the
pipette solution.

For the voltage activation of KCNQ channels, the channel conductance–
voltage relationship was fitted with a Boltzmann equation:

I= Imin + ðImax − IminÞ
��

1+ exp
��
V1=2 −Vm

��
k
��
,

where Imax is the maximum tail current at –70 mV after strong depolariza-
tion, Imin is the minimum tail current after hyperpolarization, Vm is the test
pulse membrane potential, V1/2 is the potential for half-maximal activation,
and k is the slope factor.

Photometric FRET Measurement. We used an epifluorescence photometry
system to measure FRET similar to the previous work in our laboratory (77).
The excitation wavelength was scanned from 300 to 500 nm in 200 ms
(440 nm for CFP and 500 nm for YFP using a three-color dichroic mirror).
Emission of 460–480 nm was collected for CFP emission, and a 30-nm window
around 535 nm was collected for YFP emission. FRET ratio was calculated using
the equation FRET ratio = YFPCFP/CFPCFP. For YFPCFP and CFPCFP, the first three
letters indicate the emitting fluorophore and the subscript indicates the excita-
tion wavelength. The YFPCFP was corrected by subtracting 0.79*CFPCFP and
0.07*YFPYFP from the raw YFPCFP intensity. 0.79*CFPCFP is the calibrated bleed-
through of CFP emission at the YFP emission wavelength and 0.07*YFPYFP is the
cross-talk of direct excitation of YFP by CFP excitation. Our FRET ratios report the
dynamics of FRET changes but do not give the absolute FRET efficiency.

Lipid Extraction. Cells with high confluency (1–3 million cells) on 35-mm
culture dishes were gently washed twice with Ringer’s Solution (2 × 1 mL).
Then 1 mL of ice-cold Ringer’s solution was added to resuspend cells from
each dish. Subsequently, cells were centrifuged in a 1.5-mL Eppendorf tube
at 12,000 × g for 3 min at 4 °C and then resuspended in 40 μL ice-cold
double-distilled H2O (ddH2O) with trituration of 10 times; 10–15 μL of 6 N
HCl and 100 μL of l-butanol was added to the cell pellet mixture, vortexed
vigorously, and allowed to sit on ice for 10 min followed by centrifugation
for 2.5 min at 12,050 × g and 4 °C. The upper butanol phase was transferred
to a new tube. An additional 100 μL of l-butanol was added to the aqueous
phase followed by vortexing and centrifugation for 2.5 min at 12,050 × g,
after which the 100 μL butanol phase was combined with the butanol phase
from the first extraction. One hundred microliters of chloroform was added
to the aqueous phase followed by vortexing and centrifugation for 2.5 min at
12,050 × g. The lower chloroform phase was combined with the butanol ex-
tracts. This was followed by two additional chloroform wash steps as described
above. The samples were then taken to dryness under N2 before derivatization.
Ninety microliters of methanol/CH2Cl2 4/5 vol/vol was added to the sample fol-
lowed by 20 μL of 2 M TMS-diazomethane (Sigma-Aldrich). The mixture was
incubated at room temperature for 1 h before being applied to ultra perfor-
mance liquid chromatography (UPLC) coupled mass spectrometry.

Mass Spectrometry. The butanol-extracted lipid samples were dried under N2,
resuspended in 90 μL methanol/ dichloromethane, and derivatized with
trimethylsilyldiazomethane for injection on a UPLC coupled Xevo TQ-S triple
quadrupole mass spectrometer (Waters Corp.). Two- to five-microliter deri-

vitized samples were injected into the port of a C4 column (Waters Acquity
UPLC Protein BEH C4, 300A, 1.1 × 100, 1.7 μm). The mobile phase consisted of
a gradient initiated with 10 mM formic acid in water (A) and 10 mM formic
acid in acetonitrile (B) (50:50 vol/vol) delivered at a flow rate of 0.1 mL/min.
The gradient progressed to 85% B from 1 to 10 min following injection. For
determinations of exact mass, the effluent was monitored by a Waters
Micromass Synapt Ion Mobility TOF/MS/ion-mobility spectrometry/MS. For
quantitative analysis the effluent was monitored in a multiple reaction
monitoring (MRM) mode with postcolumn infusion of 50 μM Na formate at
5 μL/min. Peak areas of individual lipid species were quantified using Waters
Quanlinks software. Peak areas were normalized to PIP2 and PIP internal
standards (C17:0, C20:4; Avanti Polar Lipids) and further corrected to protein
amounts using bicinchoninic acid (BCA) protein assays (Thermo Scientific).

Calcium Imaging. Intracellular calcium concentration ([Ca2+]i) was measured
with a low-affinity calcium dye Fura4F (Invitrogen). Membrane-permeable
Fura-4F-AM ester was diluted to 2 μM in Ringer’s solution together with
0.2% pluoronic F-68. At room temperature, tsA201 cells were treated for
15 min with the Fura-4F-AM containing Ringer’s solution and then pre-
incubated in normal Ringer’s for an additional 30 min for deesterification by
cellular endogenous esterases. Calcium imaging used an inverted microscope
(TE2000-U; Nikon) equipped with a polychrome monochromator (TILL Pho-
tonics) and an Evolve CCD camera (Photometrics). Every 1 s, Fura-4F was
excited with an alternation of light sources between 340-nm and 380-nm
wavelengths, and the emission fluorescence was measured at 510 nm.
Metafluor fluorescence ratio imaging software (Molecular Devices) was used
for collecting, displaying, and analyzing the imaging data. The ratiometric
calculations took the ratio of emissions at two excitation wavelengths (R =
ratio F340/F380) in selected cytosolic regions of individual cells. Background
fluorescence was subtracted for every cell. To determine calcium concen-
tration we used the equation [Ca2+]i = K′(R − Rmin)/(Rmax − R). K′ was cal-
culated after the calibration of our calcium imaging system with the
equation [Ca2+]i = K′(Rmid − Rmin)/(Rmax − Rmid). Rmax was obtained by ap-
plying 15 μM ionomycin in an extracellular Ringer’s solution containing
10 mM Ca2+. Rmin was obtained by applying 1 μM thapsigargin and 10 μM
CCCP to deplete the calcium from the intracellular stores as well as ap-
plying high concentrations of calcium chelators (10 mM EGTA) and 15 μM
ionomycin in the bath. Rmid was obtained similarly to Rmin, but using
10 mM HEDTA buffer titrated with CaCl2 to 2 μM free-calcium concentra-
tion following the online WEBMAXC (STANDARD) calculator. The resulting val-
ues for Fura4F for K′, Rmax, and Rmin were 41.1 μM, 14.16, and 0.43, respectively.
Solutions were exchanged by a local perfusion system that allowed complete
exchange of extracellular solutions within 0.5 s. All of the measurements were
done at room temperature (22–24 °C).

Data Analysis. Data parameters were expressed as mean ± SEM of n exper-
iments unless otherwise indicated. Statistical significance was determined by
using two-tailed Student’s t test.

For immunocytochemistry and Western blot see SI Experimental Procedures.
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