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Homozygous mutations in SLC4A4, encoding the electrogenic Na*-
HCO;5™ cotransporter NBCe1, have been known to cause proximal
renal tubular acidosis (pRTA) and ocular abnormalities. In this study,
we report two sisters with pRTA, ocular abnormalities, and hemi-
plegic migraine. Genetic analysis ruled out pathological mutations
in the known genes for familial hemiplegic migraine, but identified
a homozygous 65-bp deletion (A65bp) in the C terminus of NBCe1,
corresponding to the codon change S982NfsX4. Several heterozy-
gous members of this family also presented glaucoma and migraine
with or without aura. Despite the normal electrogenic activity in
Xenopus oocytes, the A65bp mutant showed almost no transport
activity due to a predominant cytosolic retention in mammalian
cells. Furthermore, coexpression experiments uncovered a domi-
nant negative effect of the mutant through hetero-oligomer forma-
tion with wild-type NBCe1. Among other pRTA pedigrees with dif-
ferent NBCe1 mutations, we identified four additional homozygous
patients with migraine. The immunohistological and functional
analyses of these mutants demonstrate that the near total loss of
NBCe1 activity in astrocytes can cause migraine potentially through
dysregulation of synaptic pH.

SLC4A4 | glaucoma | epilepsy | proximal renal tubular acidosis | dominant
negative effect

igraine is a common, disabling, multifactorial disorder, af-

fecting more than 10% of the population (1). Although ge-
netic factors certainly play a role, a Mendelian type of inheritance
has been established only in familial hemiplegic migraine (FHM).
This rare autosomal dominant subtype of migraine with aura is
genetically heterogeneous. Thus far, mutations have been found in
three different genes: CACNAIA encoding the ol subunit of
voltage-gated neuronal Ca,2.1 calcium channels (2), ATP1A2 en-
coding the a2 subunit of the Na*/K* pump (3), and SCNI14 en-
coding the neuronal voltage-gated sodium channel Na,1.1 (4).
Functional alterations of these cation transporters are thought to
cause migraine by enhancing neuronal excitability (5, 6).

Several acid/base transporters may also affect neuronal excitability
by regulating the local pH in the brain (7). Among them, the elec-
trogenic Na*-HCO3™~ cotransporter NBCel, encoded by SLC4A44,
has two N-terminally spliced variants, NBCelA and NBCelB, and
one C-terminally spliced variant, NBCe1C (8-10). Whereas NBCelA
is predominantly expressed in the kidney, the expression of NBCelC
is almost limited to the brain (8, 10). On the other hand, NBCelB is
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expressed in several tissues including pancreas, eye, and brain, and its
transport activity in astrocytes is thought to modulate neuronal ex-
citability by regulating local pH (7, 11, 12). Homozygous inactivating
mutations in SLC4A44 cause proximal renal tubular acidosis (pRTA)
and ocular abnormalities, invariably associated with short stature (13—
18). In this study, we found a previously undescribed homozygous C-
terminal mutation in SLC4A44 in two sisters who presented normal
stature, relatively mild pRTA, and severe ocular abnormalities. Both
of them had hemiplegic migraine, but had no pathological mutations
in CACNAIA, ATP1A2, or SCNIA genes. In addition, several het-
erozygous members of this family presented with glaucoma and mi-
graine with or without aura. This mutant showed a predominant cyto-
solic retention and failed to induce a functional activity in mammalian
cells, supporting the pathogenicity of this mutation. Furthermore,
coexpression experiments identified a dominant negative effect of the
mutant protein through hetero-oligomer formation with the wild-type
protein, which could explain the occurrence of migraine and glau-
coma in heterozygous members of the pedigree. Among the other
pRTA pedigrees previously reported (13-18), we identified four ad-
ditional homozygous SLC4A44 mutations associated with migraine:
hemiplegic migraine with episodic ataxia in L522P, migraine with
aura in A2311A, and migraine without aura in R510H and R881C.
From the immunohistological and functional analyses of the corre-
sponding NBCe1B mutants, we propose that the near total loss of
NBCelB activity in astrocytes can cause migraine through dysregu-
lation of the synaptic pH.

Results

Clinical Phenotypes Caused by a A65bp NBCe1 Mutation. The pro-
band (III: 3) was 50y old and of normal intelligence and stature (Fig.
1A4). She had bilateral high-tension glaucoma, band keratopathy,
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cataract, and mild pRTA (blood HCO3™ 17.3 mmol/L). She had five
episodes of hemiplegic migraine, which typically started with a
transient left sensorimotor deficit lasting around 20 min, followed
by a severe hemicranial headache lasting hours to days, accompa-
nied by photo-, sono-, and kinesiophobia, nausea, and vomiting. At
the age of 46, she had a first episode of complex partial status epi-
lepticus, characterized by unresponsiveness, left hemiparesis, and
continuous ictal epileptic activity over the right posterotemporal
and occipital regions. With antiepileptic drugs she made a full re-
covery over 10 d. MRI of the brain was normal. She developed
a difficult-to-treat migraleptic (migraine-associated epileptic seiz-
ures) condition. Sequence analysis of her NBCel cDNA and geno-
mic DNA revealed a unique, homozygous 65-bp deletion (A65bp) in
the C-terminal region, which was not found in 160 control subjects
(Fig. S1). The amino acids substitutions due to a frameshift in exon 23
introduce a premature stop codon for both NBCelA (S982NfsX4)
and NBCelB (S1026NfsX4), yielding the mutant proteins with 51
fewer amino acids than the wild-type proteins. On the other hand, this
mutation abolishes the translation of NBCe1C, the C-terminal vari-
ant skipping exon 24 (10). For simplicity, we hereafter designate other
SLC4A4 mutations according to the corresponding codon numbers
for NBCelA throughout the text. Analysis of her genomic DNA
ruled out pathological mutations in the three genes (CACNAIA,
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Fig. 1. Identification and characterization of the NBCe1 A65bp
mutation. (A) The pedigree. Arrow: proband; squares: men; circles:
women; slashes: deceased. Inner symbols: black—pRTA with hemi-
plegic migraine; gray—migraine with or without aura; dotted—
convulsions; white—normal. Symbol borders: white—high-tension
glaucoma; hatched—normal-tension glaucoma. —/—: homozygous
mutation; +/—: heterozygous mutation; +/+: no mutation; question
marks: no history available. (B) Current (I)/voltage (Vm) relationship
of the NBCe1A constructs expressed in Xenopus oocytes. The data
represent the mean + SEM (n = 8 for each construct) obtained for
wild-type NBCe1A (WT), the A65bp mutant (A65bp), or the H,O
injected Control (Cont). (C) Confocal images of GFP-tagged wild-
type NBCe1A (WT) or the A65bp mutant in polarized MDCK cells.
Green: GFP fluorescence; red: actin cytoskeletons; xy: front view;
xz: side view. Scale bars, 10 pm. (D) The NBCe 1B activity in C6 cells,
analyzed by cell pH responses to high K* (20 mM) solution. Con-
focal images of NBCe1B localization are at the bottom. (Scale
bars, 10 pm.)

ATPI1A2, and SCN1A) linked to FHM (2—4). The younger sister of
the proband (III: 5), who was 42 y old and of normal intelligence and
stature, was also homozygous for this mutation. She had bilateral
high-tension glaucoma, cataracts, and pRTA (blood HCO;™ 14.8
mmol/L). Since the age of 15 she had had episodes of hemiplegic
migraine, two of which had evolved into migraine stupor lasting 2-3
days. MRI of the brain was normal. pRTA was not found in other
members of this pedigree. Among six heterozygous members, one
had migraine with visual aura, one had migraine without aura, two
had normal-tension glaucoma in advanced stages, and two had
normal-tension glaucoma in early stages. Members without the
A65bp mutation had none of these phenotypes.

A65bp Mutation Causes Cytosolic Retention of NBCe1. We first per-
formed functional analysis in Xenopus oocytes, which are suitable
for the evaluation of the electrophysiologic properties of NBCel (8,
16). We found that the A65bp mutation did not change the
NBCelA activity (Fig. 1B). In confluent Madin-Darby canine kid-
ney (MDCK) cells, which are suitable for the evaluation of NBCel
trafficking in the polarized epithelia (18), the wild-type NBCelA
was predominantly expressed in the basolateral membrane as re-
ported (18). By contrast, the A65bp NBCelA mutant was pre-
dominantly retained in the cytoplasmic region (Fig. 1C), supporting
the pathogenicity of this mutation.
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NBCel1B-mediated HCO;™ uptake into astrocytes may play
a key role in preventing neuronal hyperexcitability (7, 19), sug-
gesting a causal relationship between NBCelB inactivation and
migraine. Accordingly, we performed functional analysis in C6
glioma cells, which retain several properties of astrocytes but lack
the endogenous NBCel activity (19). In stably expressed cells,
wild-type NBCelB showed a definite membrane localization and
induced a prompt pHj; increase in response to a high K* solution
(Fig. 1D), reproducing the phenomenon known as depolarization-
induced alkalinization (DIA) in astrocytes (7, 19). By contrast, the
A65bp NBCe1B mutant showed a predominant cytosolic retention
and induced virtually no pH; response to high K*. The average rate
of cell pH increase following high K* for the wild type was 0.35 +
0.02 pH unit/min (n = 24). Among three selected clones displaying
the abundant cytoplasmic expression of the A65bp mutant protein,
two showed no response to high K* (n = 12 for each), whereas the
third showed only a trace pH; increase (0.04 + 0.01 pH unit/min,
n = 25). These results strongly suggest that defective membrane
expression in mammalian cells is responsible for the unique clin-
ical manifestations of the A65bp mutation.

A65bp NBCe1 Mutation Can Exert a Dominant Negative Effect. Sev-
eral mutant proteins that are retained in the endoplasmic reticulum
(ER) are known to exert a dominant negative effect through the
formation of hetero-oligomer complexes with wild-type proteins
(20, 21). The occurrence of migraine and glaucoma in several he-
terozygous members of this pedigree suggests that the A65bp
mutant may have a similar dominant negative effect. To explore
this possibility, we first examined the intracellular localization of
GFP-tagged wild-type NBCe1B (GFP-NBCelB) and GFP-tagged
A65bp mutant (GFP-A65bp) transiently expressed in C6 cells. Al-
though GFP-NBCe1B was predominantly expressed at the plasma
membrane, GFP-A65bp expression largely overlapped with the
expression of the ER marker protein disulfide isomerase (PDI),
indicating that the mutant was mostly retained in the ER (Fig. 24).
We next tested the interaction between the wild-type and the
A65bp mutant by a coimmunoprecipitation assay. We transiently
expressed Myc-tagged wild-type NBCelB (Myc-NBCelB) to-
gether with GFP-NBCe1B or GFP-A65bp in C6 cells and subjected
cell lysates to immunoprecipitation with an anti-Myc or an anti-
GFP antibody. Consistent with the oligomer formation of NBCel
(22), we found not only the interaction between Myc-NBCe1B and
GFP-NBCelB but also the interaction between Myc-NBCelB and
GFP-A65bp (Fig. 2B). Analysis by confocal microscopy showed
that the Myc-NBCelB and the GFP-NBCelB signals predom-
inantly colocalized at the plasma membrane. By contrast, the Myc-
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NBCe1B and the GFP-A65bp signals predominantly colocalized
in the cytoplasmic region (Fig. 2C), supporting the dominant neg-
ative effect of the A65bp mutant through the formation of hetero-
oligomer complexes with wild-type NBCel.

To examine the dominant negative effect of the A65bp mutant in
more detail, we transiently expressed wild-type NBCe1B and/or the
A65bp mutant in HEK293 cells, which are suitable for the evaluation
of the transport activities of NBCel (22). Although the expression of
the wild-type alone induced a robust NBCel activity, the expression
of the A65bp mutant alone induced virtually no NBCel activity (Fig.
3A4). More importantly, the coexpression of the wild-type and the
A65bp mutant significantly reduced the net NBCel activity (P < 0.01
vs. wild type alone), which corresponded to 60.0% + 8.5% of that by
the wild-type alone (Fig. 3B). Analysis by confocal microscopy in
three independent coexpression studies using Myc-NBCelB and
GFP-A65bp showed that 88.1% of the NBCel-expressing cells also
expressed the A65bp mutant. Biotinylation Western blotting
revealed that the coexpression of GFP-NBCelB and GFP-A65bp
resulted in the reduction in surface expression of NBCel (Fig. 3C).
Densitometric analysis of four independent experiments confirmed
that the coexpression of GFP-A65bp reduced the surface expression
of NBCel, which corresponded to 57.9% =+ 5.4% of that by GFP-
NBCelB alone (P < 0.05). To exclude the possibility that the ob-
served net reduction of transport activity was due to any nonspecific
effects potentially originating from coexpression procedures, we also
tested an artificial mutant, ’KK-°’QQ, which has no transport
activity (23) but is properly expressed at the plasma membrane of
mammahan cells (Fig. S2). The coexpression of wild-type NBCe1B
with the ®’KK-°’QQ mutant did not change the net NBCel activity,
which corresponded t0 98.5% =+ 9.1% of that by the wild-type alone.
Because haploinsufficiency of the NBCel gene alone has not been
linked to any phenotypes (13-18), we conclude that the dominant
negative effect of the A65bp mutant is responsible for the occurrence
of migraine and glaucoma in the heterozygous family members.

Other NBCe1 Mutations with Similar Cellular Effects Also Cause
Migraine. To further substantiate NBCel mutations as a cause of
migraine, we investigated the other pRTA pedigrees with distinct
NBCel mutations and found four additional homozygous patients
with migraine (Fig. 44): hemiplegic migraine with episodic ataxia
in L522P (17), migraine with aura in A2311A (15), and migraine
without aura in RS10H and R881C (13, 16). By contrast, migraine
subtypes meeting the International Headache Society criteria (24)
were not found in another five patients homozygous for Q29X,
R298S, T485S, G486R, and A799V (13, 14, 16). Among their
heterozygous parents, only the mother of the R510H patient (13)
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Fig. 2. Association of wild-type NBCe1B and the A65bp mutant in C6 cells. (A) Localization of GFP-NBCe1B and GFP-A65bp. Green: GFP; red: PDI. (B) Im-
munoprecipitation with anti-Myc (Upper) or anti-GFP antibody (Lower). Control (Cont): cells transfected with vector alone. (C) Coexpression of Myc-NBCe1B

together with GFP-NBCe1B or GFP-A65bp. Red: Myc; green: GFP.
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Na/K pump antibody. Control (Cont): cells transfected with vector alone.

126—

had migraine without aura. Transient expression of GFP-tagged
NBCelB constructs carrying these mutations in C6 cells revealed
a remarkable coincidence between the apparent lack of membrane
expression and the occurrence of migraine (Fig. 4B). Notably,
A2311Ais a premature-stop mutation yielding no functional NBCe1
proteins (15), whereas Q29X is a NBCe1A-specific mutation leaving
NBCelB intact (14). Thus, all of the NBCelB mutants showing
a defective membrane expression in C6 cells were associated with
migraine and vice versa (Table S1). Statistical analysis based on the
migraine occurrence rate of 13% in the general population (1)
indicates that the association in six of six individuals between mi-
graine and homozygous NBCe1B mutations leading to defective
membrane expression cannot be attributed to a chance coincidence
(P = 4.8 x 107°, binominal distribution). Functional analysis in
HEK293 cells showed that the NBCelB mutants reaching the
plasma membrane (R298S, T485S, G486R, and A799V) had re-
duced transport activities corresponding to 30-40% of the wild-type
activity, whereas the mutants defective in membrane expression
(R510H, L522P, and R881C) had almost no transport activities (Fig.
S3). These results further support a view that the near total loss of
NBCelB activity in astrocytes is associated with migraine in the
pRTA patients with homozygous NBCel mutations.

Discussion

The present study identified the homozygous NBCel mutation
A65bp associated with pRTA, ocular abnormalities, and hemi-
plegic migraine. Although the A65bp mutant had normal activity
in Xenopus oocytes, it had almost no activity due to ER retention in
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Fig. 4. Association of NBCe1 mutations and migraine. (A) Topology of
NBCe1 and mutations identified in pRTA patients. Red circles denote muta-
tions associated with migraine and white circles mutations not associated
with migraine. The dashed lines represent the specific regions of NBCe1B or
NBCe1C, and the N and C denote the N and C terminus, respectively. (B)
Confocal images of GFP-tagged wild-type NBCe1B (WT) and the mutants
transiently expressed in C6 cells. Asterisks indicate mutations associated with
migraine. (Scale bar, 10 pm.)

mammalian cells. Such a discrepancy in trafficking behaviors in
different expression systems was also noted for other NBCel
mutants (16, 18). Moreover, the C-terminal region of NBCe1 was
shown to be essential for the proper trafficking in MDCK cells
(25). Investigation of other pRTA pedigrees identified four ad-
ditional homozygous NBCel mutations associated with migraine.
On the basis of the remarkable coincidence between the lack of
plasma membrane expression of these mutants in C6 glioma cells
and the occurrence of migraine, we conclude that homozygous
NBCel mutations leading to defective membrane expression in
astrocytes cause migraine. Although some of these patients with
homozygous NBCel mutations had only ordinary migraine with-
out hemiplegia, similar phenotypic variations were also reported
for mutations in other FHM genes (26, 27), supporting the view
that hemiplegic migraine and ordinary migraine represent a phe-
notypic spectrum caused by the same disease mechanism (28).
Cerebral cortical hyperexcitability causing cortical spreading de-
pression (CSD) could be the pathophysiological mechanism un-
derlying migraine aura (6). Although neuronal firing might lead to
arise in extracellular K* concentration and further depolarization,
uptake of K into astrocytes can counteract this process. Thus, en-
hanced neurotransmitter release by CACNAIA mutations, exces-
sive neuronal firing by SCN1A4 mutations, or impaired clearance of
K* and/or glutamate by A TP142 mutations can all induce CSD (6).
Neuronal excitation also leads to a transient extracellular alkalosis,
possibly mediated by Ca®*/H™ exchange (7, 29). However, glial cell
depolarization causes glial cell acid secretion via inward electro-
genic Na*-HCO;™ cotransport, i.e., DIA (7, 19), overwhelming the

Suzuki et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1008705107/-/DCSupplemental/pnas.201008705SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1008705107/-/DCSupplemental/pnas.201008705SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1008705107/-/DCSupplemental/pnas.201008705SI.pdf?targetid=nameddest=SF3
www.pnas.org/cgi/doi/10.1073/pnas.1008705107

L T

/

1\

=y

initial extracellular alkalosis. Under normal conditions, the net ex-
tracellular acidosis due to DIA makes the surrounding neuronal
cells less excitable because excitatory NMDA receptors are blocked
by protons, with a steep sensitivity in the physiological range of ex-
tracellular pH (7). Indeed, extracellular acidosis is known to sup-
press neuronal excitability (7), indicating that pRTA itself is unlikely
to be a risk factor for migraine. Instead, the absence of DIA due to
defective NBCel expression in the plasma membrane may cause
a positive feedback loop of increased neuronal activity leading to
further NMDA-mediated neuronal hyperactivity and causing com-
plete depolarization of a sizable population of brain cells, i.e., CSD.
We therefore propose that migraine associated with NBCel muta-
tions represents a primary headache most likely caused by dys-
functional local pH regulation in the brain, and not a secondary
headache associated with disorders of systemic homeostasis (24).
Interestingly, topiramate, a widely used medication in migraine pro-
phylaxis, has a weak inhibitory action on carbonic anhydrase. The
resultant mixed RTA, although not observed in every case (30),
could be at least partially involved in migraine prophylaxis. The
enhancement of the DIA-induced extracellular acidosis by carbonic
anhydrase inhibition (7) could also have a favorable effect.

Heterozygous mutations in the CI"/HCO;~ exchanger AE1
cause autosomal dominant distal renal tubular acidosis through
either the mistargeting of mutant AE1 to the apical membrane or
ER retention of hetero-oligomer complexes consisting of wild-
type and mutant proteins (20, 21). By contrast, all of the mutations
in NBCel identified so far cause pRTA in an autosomal recessive
manner. Nevertheless, we found that several heterozygous mem-
bers in the pedigree with the A65bp mutation had glaucoma and
migraine. A series of coexpression analyses mimicking the het-
erozygous status revealed that the A65bp mutant forms hetero-
oligomer complexes with the wild-type NBCel, resulting in the net
reduction of transport activity. This kind of dominant negative
effect of the A65bp mutation can be responsible for the neuro-
logical and ocular phenotypes in the heterozygous members. The
heterozygous members without acidemia may have higher basal
activities of NMDA receptors than the homozygous patients suf-
fering from acidemia. Therefore, a modest reduction in NBCelB
activity in astrocytes may induce migraine in some of the heterozy-
gous, but not in the homozygous, members. NBCel variants show the
distinct patterns of tissue expression and mediate different physio-
logical roles (8). Among the phenotypes caused by NBCe 1 mutations,
we can primarily attribute pRTA to NBCelA inactivation and the
ocular and neurological phenotypes to NBCelB inactivation. Be-
cause NBCelCwas recently reported to be expressed in rat astrocytes
(29), however, we cannot exclude a possibility that NBCelC inact-
ivation is also involved in the occurrence of migraine.

The expression of NBCelB in trabecular meshwork cells (11)
suggests that a disturbance in aqueous humor outflow may be in-
volved in the occurrence of high-tension glaucoma in pRTA pat-
ients with the homozygous A65bp and other NBCe1 mutations. On
the other hand, dysfunctional local pH regulation in the retina may
be involved especially in the occurrence of normal-tension glau-
coma in the heterozygous members. Indeed, retinal excitation by
light is known to induce an increase in extracellular pH resulting in
a gain of synaptic activity (31, 32), and NBCelB in retinal Miiller
cells counteracts this light-induced extracellular alkalosis (33, 34).

The reason why the heterozygous A65bp mutation does not
cause pRTA through its dominant negative effect remains specu-
lative. It is possible that the mechanism of trafficking control may be
slightly different in in vitro and in vivo situations. If a small amount
of A65bp mutant can escape from ER retention and reach the
plasma membrane in vivo, its transport activity will at least partially
counteract the dominant negative effect. In this scenario, the acid
secretory ability of renal distal tubules may be sufficient to com-
pensate for a substantial reduction in bicarbonate absorption from
the proximal tubules. However, such a compensatory mechanism
would be absent or insufficient in the brain and in ocular tissues.
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Finally, the demonstration of the dominant negative effect of
the A65bp mutation raises an important question as to whether
heterozygous NBCel mutations without pRTA represent a risk
factor for common forms of migraine. This possibility should be
tested in future studies, especially in view of the known associ-
ation between normal-tension glaucoma and migraine (35).

Methods

Mutation Analysis of the Family with A65bp Mutation. All of the subjects
provided written informed consent, and the institutional review boards at each
institute approved this study. RNA was extracted using acid guanidinium
thiocyanate-phenol-chloroform from Epstein-Barr virus-transformed cells of
the proband’s peripheral lymphocytes. NBCe1 ¢cDNA was constructed using
a first-strand cDNA synthesis kit (Life Science). PCR was performed to amplify
each coding exon of SLC4A4 using the specific primers as described (14). Ge-
nomic DNA was extracted from the peripheral leukocytes of the family mem-
bers, and exon 23 and intron 23 of SLC4A4 were amplified. The PCR products
were sequenced on a model 373A automated DNA sequencer (Perkin-EImer).
Genomic analysis of FHM genes was performed as described (2-4, 27).

Diagnosis of Migraine. The diagnostic criteria of the International Headache
Society (24) were used to define migraine subtypes. A direct interview of the
family members or a literature search was performed for the homozygous
NBCe1 mutations Q29X, R298S, T485S, G486R, R510H, L522P, A2311A, A799V,
R881C, and A65bp.

Construction of NBCe1l-Expressing Constructs. ¢cDNAs encoding human
NBCe1A or NBCe1B were subcloned into pcDNA3.1 as described (16, 36). The
QuikChange Site-Directed Mutagenesis kit (Stratagene) was used to intro-
duce mutations. For GFP- and Myc-tagged constructs, coding sequences of
NBCe1 constructs were subcloned into pcDNA3.1/NH2-terminal GFP-TOPO or
pPcDNA3.1/myc-His (C-terminal), respectively (both from Invitrogen).

Expression in Xenopus laevis Oocytes. cRNAs were transcribed from the ap-
propriately linearized templates with the mMESSAGE mMACHINE high-yield
Capped RNA Transcription kit (Ambion). Oocytes were removed from Xenopus
laevis, dissociated with collagenase and were injected with 50 nl of a cRNA
solution containing 5 ng of cRNA expressing each NBCe1 construct. Two-
electrode voltage clamp experiments were performed 3-5 d after injection as
described (16). In brief, oocytes were perfused with a HCO3™-containing so-
lution in the presence of 5% CO,, and the current (I)/voltage (Vm) relationship
was determined by applying pulse trains between Vm = —160 and +60 mV.
The currents sensitive to 0.4 mM 4, 4'-diisothiocyanatostilbene-2, 2'-disul-
phonic acid (Sigma) were shown to represent the NBCe1 currents (16, 18, 36).

Expression in Cultured Cells. MDCK, C6 glioma, and HEK293 cells were grown on
culture dishes in Dulbecco’s modified Eagles’s medium supplemented with
10% FCS. These cells were transfected with plasmid expressing each NBCe1
construct with LipofectAMINE 2000 (Invitrogen). For stable expression, C6 cells
were selected with G-418 (Sigma). For transient expression, the same amounts
of DNA (4 pg per well of six-well dishes) were transfected for the wild-type
NBCe1 and the mutants. For coexpression, the total amounts of DNA were kept
constant (2 or 12 pg for each construct per well of six-well dishes or per dish of
10-cm dishes, respectively) by adding empty vector if necessary.

Cell pH Measurements. C6 or HEK293 cells, grown on fibronectin-coated cov-
erslips, were incubated with the pH dye acetoxymethylester of bis(carbox-
yethyl)carboxyfluorescein (Molecular Probes). Cell pH measurements were
performed with a microscopic fluorescence photometry system (OSP-10;
Olympus) as described (16, 18). C6 cells were perfused with HCOs™-Ringer so-
lution containing (in mM) the following: NaCl 115, KCI 5, CaCl, 1.5, MgCl, 1,
NaH,PO, 2, NaySO4 1, NaHCO; 25, glucose 5.5; pH 7.4 equilibrated with 5%
C0O,/95% O, gas. The K* concentration in the perfusate was increased to 20
mM (high K*) by replacing 15 mM NaCl by equimolar KCl. NBCe1 activity in HEK
293 cells was analyzed by the standard method (22, 23). In brief, after perfu-
sion with a Hepes-buffered solution, solution was exchanged to a Na*-free
HCO3 -solution (replacement of Na* by N-methyl-p-glucamine), which in-
duced a marked intracellular acidification due to CO, entry. Thereafter, so-
lution was exchanged to a HCO3™-Ringer solution containing 1 mM amiloride,
which blocks the endogenous Na*/H* exchange activity. The resultant Na*-
dependent cell pH recovery (dpH;/dt) represents the NBCe1 activity (22, 23).
The intrinsic cell buffer capacity (;) was measured as described (16). Total cell
buffer capacity (B7) in the HCOs™-containing solution was equal to the sum of
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B; and the HCO3™ buffer capacity, and the HCO3 -flux through NBCe1 was
calculated as dpHy/dt x pr.

Immunoprecipitation and Cell Surface Biotinylation. For immunoprecipitation,
the C6 cells, grown on a 10-cm culture dish, were lysed with a lysis buffer
containing 50 mM Tris/pH 8.0, 150 mM NacCl, 1% Nonidet P-40, 0.5% sodium
deoxycholate, 0.1% SDS, and 1 mM PMSF. The cell lysate was precleaned by
incubation with Protein G Sepharose 4 Fast Flow (GE Healthcare Bio-Science)
and incubated with an anti-Myc (Bethyl Laboratories) or an anti-GFP antibody
(Clontech) coupled to Protein G Sepharose 4 Fast Flow. The immunoprecipi-
tates were washed three to five times with lysis buffer and subjected to
Western blotting. Cell surface biotinylation in HEK293 cells was performed
with the Pierce Cell Surface Protein Isolation kit (Thermo Scientific) according
to the manufacturer’s protocol. In brief, cells grown on four dishes of a 10-cm
culture dish were washed with PBS and incubated with EZ-LINK Sulfo-NHS-SS-
biotin for 30 min at 4 °C followed by the addition of a quenching solution.
Cells were lysed with lysis buffer (500 pL) containing the Halt protease in-
hibitor mixture kit. An aliquot (100 pL) of the lysate (total) was saved for
Western blotting. The biotinylated NBCe1 was isolated with NeutrAvidin
agarose gel, eluted by the sample buffer (400 puL) containing DTT, and sub-
jected to Western blotting with the anti-GFP or anti-Na/K pump a1 antibody
(Upstate Biotech).

Immunofluorescence. Confluent MDCK cells grown on fibronectin-coated
coverslips were fixed and stained with the F-actin dye tetramethylrhodamine
isothiocyanate-phalloidin (Sigma) and observed by a TCS SL laser-scanning
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confocal microscope (Leica) as described (18). To visualize untagged NBCe 1B
in C6 cells, an affinity-purified rabbit polyclonal antibody against the N-
terminal specific region of NBCe1B (Kumamoto Immunochemical) was used
as the primary antibody (11), and Alexa Fluor 488 goat anti-rabbit I9G (Mo-
lecular Probes) was used as the secondary antibody. To visualize the ER, a
rabbit polyclonal antibody against PDI (Stressgen Bioreagents) was used as
the primary antibody. Alexa Fluor 546 goat anti-rabbit IgG (Molecular Probes)
was used as the secondary antibody for the detection of ER protein and Myc-
NBCe1B. We performed at least three independent transfection studies ex-
amining at least 100 NBCe1-expressing cells in each case.

Statistical Analysis. The data were represented as mean + SEM. Significant
differences were determined by applying Student’s t test or ANOVA with
Bonferroni’s correction, as appropriate. Statistical significance was set at P <
0.05. To examine whether the chance coincidence can explain the occur-
rence of migraine in six patients with homozygous NBCe1 mutations leading
to a defective membrane expression, we compared the migraine occurrence
rate (100%) in the patients with that (13%) in the general population using
the bimodal distribution (1). The null hypothesis of equal occurrence was
tested at the significance level of 0.05 with two-tailed analysis.
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