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The ventral medullary surface (VMS) of the medulla oblongata
is known to be the site of the central chemosensitive neurons in
mammals. These neurons sense excess H�/CO2 dissolved in
the CSF and induce hyperventilation. To elucidate the mechanism
of neuronal cell adaptation to changes of H�/CO2, we screened
for hypercapnia-induced genes in the VMS. Here, we report clon-
ing and characterization of a novel gene called proton-associated
sugar transporter-A (Past-A), which is induced in the brain after
hypercapnia and mediates glucose uptake along the pH gradient.
Past-A comprises 751 amino acid residues containing 12 mem-
brane-spanning helices, several conserved sugar transport motifs,
three proline-rich regions, and leucine repeats. Past-A transcript
was expressed predominantly in the brain. Moreover, the Past-A-
immunoreactive neural cells were found in the VMS of the medulla

oblongata, and the number of immunoreactive cells was in-
creased by hypercapnic stimulation. Transient transfection of
Past-A in COS-7 cells leads to the expression of a membrane-
associated 82 kDa protein that possesses a glucose transport
activity. The acidification of extracellular medium facilitated glu-
cose uptake, whereas the addition of carbonyl cyanide m-
chlorophenylhydrazone, a protonophore, inhibited glucose import.
Together, our results indicate that Past-A is a brain-specific glu-
cose transporter that may represent an adaptation mechanism
regulating sugar homeostasis in neuronal cells after hypercapnia.
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The ventilatory response to hypercapnia or acidosis is mediated
by central chemoreceptor neurons in the ventrolateral surface of
the medulla (Loeschcke, 1982). They are distributed over the
ventral medullary surface (VMS) at the rostral medulla, which is
bathed in CSF, and are stimulated by excess H�/CO2 (Schlaefke
et al., 1970; Fukuda and Honda, 1975). The cellular properties of
these chemosensitive neurons are that they belong to the specific
serotonergic subset of neurons, are highly sensitive to small
changes in extracellular pH (pH between 7.2 and 7.6), and are
able to trigger hypercapnic and/or tachypnic response (Richerson
et al., 2001). Chemosensitivity of neurons in VMS increases in
the postnatal period in rats in parallel with development of
respiratory chemoreception in vivo (Richerson et al., 2001).
These neurons represent a regulatory center for respiratory re-
sponse under normoxic conditions and after traumatic brain in-
jury. Neuronal acidosis occurs shortly after the ischemic insult
and is accompanied by tachypnic respiratory response that orig-
inates in chemosensory neurons.

Several reports have indicated that chemosensory neurons

adapt to hypercapnia or hypocapnia by triggering intracellular
signaling pathways, leading to regulation of gene expression. For
example, hypercapnic stimulation induces c-Fos/c-Jun expression
in VMS neurons (Sato et al., 1992; Miura et al., 1998), whereas
hypercapnia transiently decreased expression of brain-derived neu-
rotrophic factor mRNA levels in the cingulate cortex (Uchino et
al., 1997). More recently, we have shown that rat MafG homolog
(Shimokawa et al., 2000) and Rhombex-29 (Shimokawa and Miura,
2000) genes are induced by hypercapnia. MafG is a nuclear tran-
scription factor that forms heterodimers with c-Fos and recognizes
DNA sequences that are quite similar to DNA binding sequences
for Fos/Jun (Kataoka et al., 1994). The Rhombex-29 is a trans-
membrane (TM) protein, which is thought to be an important
protein associated with H� sensitivity and adaptation to hypercap-
nia. Furthermore, applying a fluorescent H� indicator to cultured
VMS neurons from neonatal rats, we detected significant H�

inflow into VMS neurons when the extracellular pH shifted to
acidity (Sugama et al., 1997). These results suggested that proton
transporters might be present in the plasma membrane of the
H�-sensitive VMS neurons.

In the present study, we screened for differential genes that
were expressed at a low level under normocapnic conditions but
were induced significantly by low pH after hypercapnic stimula-
tion. Here, we describe the identification of proton-associated
sugar transporter-A (Past-A), a new class of sugar transporter that
is induced by hypercapnia and is able to facilitate glucose uptake
after low pH. Because of its temporal and spatial expression in
neuronal cells, Past-A may be involved in specific aspects of brain
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sugar H� metabolism that play critical roles in the adaptation to
hypercapnia in the brain.

MATERIALS AND METHODS
Hypercapnic stimulation. Hypercapnic stimulation to rats was performed
in the same manner as described previously (Miura et al., 1998). Briefly,
6- to 8-week-old male Wistar rats inhaled either air (normocapnic stim-
ulation, 0.04% CO2) or air containing 7% CO2 (hypercapnic stimula-
tion) for 5 min to stimulate the medullary chemoreceptor neurons.
Thirty minutes after the cessation of inhalation procedures, the rats were
decapitated. The superficial layer of the VMS was sliced 0.5 mm thick.
The VMS slice covered a region 2 mm mediolateral to the midline and
1 mm rostral and 2 mm caudal to the anteroinferior cerebellar artery.

Differential display. Initially, 10 �g of RNAs derived from the VMS slice
after inhalation of either air or 7% CO2 was exposed to RNase-free DNase
I. Subsequently, 0.3 �g of the treated RNAs was used as a template for
reverse transcription. A 1 �l volume of the reverse-transcribed cDNA was
used for PCR. The nine anchored downstream oligo-dT primers were
combined with 24 different upstream primers composed of 10 nucleotides.
PCR products were loaded onto a 6% nondenaturing sequence gel and
electrophoresed. Differentially amplified PCR fragments were visualized as
mRNA fingerprints with a BAS-2000 Bio-Imaging Analyzer (Fujifilm,
Tokyo, Japan). The target cDNA band was excised from the sequence gel,
eluted, and reamplified with the same primer pair. The 5� end of the target
gene was amplified by the high-fidelity PCR-based 5�- rapid amplification of
cDNA ends with a primer pair consisting of the gene-specific primer
5�-CCTGCAGCAGACCACCTTCAAGTCC-3� and the adapter primer
5�-CCATCCTAATACGACTCACTATAGGGC-3�. The cDNA sequence
of Past-A and the phylogenic tree of different sequence alignments were
analyzed using the BLAST algorithms (Altschul et al., 1990) and by the
Clustal W program (Thompson et al., 1994), respectively

Northern blotting and immunohistochemistry. To detect RNAs, North-
ern hybridization was used in the same manner as described previously
(Shimokawa and Miura, 2000). In the immunohistochemical experiments
with Past-A, 90 min after the cessation of inhalation of gases, normocapnia-
or hypercapnia-treated rats were anesthetized with pentobarbital sodium
(50 mg/kg body weight, i.p.) and perfused transcardially with heparinized
saline, followed by 0.5% glutaraldehyde and 4% paraformaldehyde. After
fixation of the brains, the medulla oblongata and pons were cut at 40 �m in
frontal series, and sections were incubated with rabbit anti-Past-A poly-
clonal antiserum raised against an N-terminal peptide (IPPAGSTPP-
GEALIPSC). Subsequently, the sections were incubated with biotinylated
anti-rabbit IgG antiserum (Vector Laboratories, Burlingame, CA). After
that, the sections were processed with avidin–biotin peroxidase complex
and treated with diaminobenzidine solution containing 0.003% H2O2.

Biochemical analyses. Complementary DNAs for Past-A and glucose
transporter 4 (GLUT4) were subcloned into pcDNA3 (Invitrogen, Carls-
bad, CA). COS-7 cells were transfected with the indicated vectors by
using the lipid-based transfection reagent FuGENE 6 (Roche, Basel,
Switzerland). For membrane separations, transfected COS-7 cells were
harvested and fractionated as described previously (Simpson et al., 1983).
Proteins from membrane fraction (10 �g) were analyzed by Western
blotting using anti-Past-A or GLUT4 (Santa Cruz Biotechnology, Santa
Cruz, CA) polyclonal antibody. Sugar uptake was measured as described
previously (Chen et al., 1997) with minor modifications. In brief, 64 hr
after transfection, cells were washed with KRPH buffer (in mM: 20
HEPES, pH 7.4, 5 Na2HPO4, 1.25 MgSO4, 1.25 CaCl2, 136 NaCl, and 4.7
KCl). Sugar uptake was determined by incubation with KRPH buffer
containing one of the following: 50 �M 3H-labeled glucose, 3-O-
methylglucose, galactose, fructose, or sucrose (0.5 �Ci; Amersham Bio-
sciences, Piscataway, NJ) and either untreated, with added protono-
phore, or with changed pH of the buffer as described in the figure
legends. The cells were washed with KRPH buffer and solubilized in 1%
Triton X-100. The radioactivity incorporated into the cells was measured
with a liquid scintillation counter.

RESULTS
Isolation and analysis of Past-A gene
Differential display technique was used to identify the genes
responsible for adaptation to hypercapnia by comparing profiles
of mRNAs in the VMS after inhalation of 7% CO2 and air
(0.04% CO2). More than 11,500 PCR products were generated,
and 14 (0.12%) of the observed bands exhibited profiles of high-

expression genes by hypercapnic stimulation. We focused on a
novel clone that was particularly interesting because of its unique
expression profile and primary structure resembling sugar trans-
porters. We named it Past-A.

The cDNA of Past-A contains an open reading frame encoding
a sequence of 751 amino acids (Fig. 1A), and the relative molec-
ular weight of the residues was calculated as �82 kDa. Analysis of
the predicted amino acid sequence suggested the presence of 12
putative membrane-spanning helices with a long cytoplasmic loop
between TM6 and TM7 and with intracellular orientation of N
and C termini (Fig. 1B). Several motifs that have been shown to
be critical for the sugar transport function are conserved. These
include the sequence motifs RXGRR (in which X is any amino
acid: RFGRR in Past-A) between TM2 and TM3, RG between
TM4 and TM5, PESP motif (PERP in Past-A) after helix 6, and
QLS motif (WLS in Past-A) in TM helix 7. Moreover, the region
between TM2 and TM3 has a completely conserved sucrose–H�

transport motif; it is found in all known sucrose–H� transporters
in plants. In addition, motifs corresponding to three proline-rich
motifs, one in the N terminus and two after helix 6, and leucine-
zipper structure in helix 9 are present in Past-A. Figure 1C shows
a phylogenic tree of the sequence relatedness of Past-A and the
closest transporter molecules. Past-A shows the highest similarity
to membrane-associated transporter protein B of Oryzias latipes
(medaka) and its human and mouse homologs, antigen isolated
from immunoselected melanoma (AIM)-1s. These three mole-
cules contain an intracellular loop between TM2 and TM3, which
shows an average of 67.9% identity with the corresponding region
in the Past-A sequence. The region from TM2 to TM3 contains a
sucrose–H� transport motif, and the motif of Past-A shows
86.4% identity with spinach sucrose–H� transport motif (Ries-
meier et al., 1992). The phylogenic tree also shows that other
closely related proteins include the rat GLUT family.

Tissue distribution and expression of Past-A
To examine the tissue specificity of Past-A expression, adult rat
RNAs extracted from various tissues were analyzed by Northern
blotting using rat Past-A cDNA as a probe (Fig. 2A). Past-A
mRNA is expressed highly in the VMS and moderately in the
cerebral cortex and cerebellum. To examine Past-A expression in
the developing brain, RNA from embryonic day 20 (E20), post-
natal day 2 (P2), P50, and P300 rat brain was also analyzed (Fig.
2B). Expression of Past-A transcript had begun by at least E20,
and, as the embryos grew into adult rats, constant expression of
Past-A mRNA was found in the brain.

To confirm whether hypercapnic stimulation induces expres-
sion of Past-A, we performed Northern blot analysis of mRNA
isolated from the VMS of rats under CO2 or air inhalation.
Hypercapnic stimulation induced approximately threefold ex-
pression of Past-A mRNA in the VMS compared with the results
after air inhalation (Fig. 3A). Figure 3B shows that the density of
Past-A mRNA in the VMS was 151 � 19.6 U after air breathing
(control) and increased significantly to 472 � 46.1 U after 7%
CO2 inhalation.

The localization of Past-A protein in the brain was examined
immunohistochemically using a polyclonal antibody against the
Past-A peptide sequence. Past-A-immunoreactive neurons were
found primarily in the VMS (Fig. 3C). We could not detect any
Past-A immunoreactivity in other areas or nuclei in the brain
stem. After exposure to hypercapnic stimulation, the number of
Past-A-immunoreactive neural cells in the VMS was increased
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approximately fourfold compared with the results after air inha-
lation (Fig. 3D).

Glucose transport activity of Past-A
To determine whether Past-A is a functional sugar transporter,
we measured transport activity of Past-A in the presence of
radiolabeled sugar molecules. Expression of Past-A in COS-7
cells led to a 4.1-fold increase in D-glucose transport activity
compared with mock-transfected cells (Fig. 4A). Uptake could be
blocked by cytochalasin B, a specific inhibitor of the mammalian
glucose transporter isoforms (data not shown). Transfection with
GLUT4 cDNA as a positive control produced a 6.7-fold increase
in glucose uptake. Expression of Past-A also increased uptake of
galactose but not sucrose and fructose in the same cells. The
expression of Past-A (82 kDa) at the plasma membrane was
confirmed by immunoblotting with an antibody against the
N-terminal peptide of Past-A (Fig. 4B). Western blotting with
anti-GLUT4 antibody showed a band of 45 kDa, as expected.

To examine the glucose transport activity of Past-A after
changes in extracellular pH, either protonophore, an agent that
collapses the pH gradient across the cell membrane, was used or
cells were incubated in culture medium with an excess of H�,
thus inducing lower pH in the medium. Glucose uptake activity of
Past-A was decreased significantly when the concentration of the
protonophore carbonyl cyanide m-chlorophenylhydrazone
(CCCP) was increased gradually from 1 to 25 �M (Fig. 4C),
suggesting that an intact proton gradient was critical for the

ability of Past-A to mediate glucose uptake. Figure 4D shows a
correlation between glucose uptake activity of Past-A and extra-
cellular pH. A significant increase in glucose uptake was detected
at lower pH values (pH 7.0 and 6.5) as early as 1 min after
incubation with acidic media. Incubation in culture medium at an
extracellular pH of 7.0 and 6.5 produced a 2.8- and 3.8-fold
increase in glucose uptake activity, respectively, compared with
the value at an extracellular pH of 7.5 after 10 min incubation.
This indicates that sugar transport activity of Past-A is dependent
on the membrane pH gradient. The uptake of D-glucose reflects
the rate of transmembrane transport. Nonetheless, the effect of
low pH on glucose uptake may have been a result of modulation
of hexokinase activity, the enzyme that phosphorylates 2-deoxy-
D-glucose to 2-deoxy-D-glucose 6-phosphate. Therefore, we also
tested whether incubation in low pH (pH 7.0 and 6.5) affects
glucose transport using 3-O-methylglucose (a nonphosphorylat-
able analog of glucose). After 10 min of incubation in low pH,
3-O-methylglucose transport was increased 2.2-fold at a pH of 7.0
and 3.1-fold at a pH of 6.5 relative to the uptake in cells incubated
at a pH of 7.5 (data not shown).

DISCUSSION
Differential display is an established technique that allows for the
microanalysis of transcriptional changes occurring in a given cell
or tissue (Liang and Pardee, 1992). This method has been verified
to be effective for identifying novel and differentially expressed

Figure 1. Structural analysis of Past-A. A,
Amino acid sequences of rat Past-A. The
approximate positions of the transmem-
brane domains are underlined. Three
proline-rich regions are boxed. The leucine
repeats are marked with filled circles. The
sucrose–H � transport motif is indicated
with asterisks. Numbers to the right show
amino acid positions. B, Putative mem-
brane topology of Past-A. Three proline-
rich regions are boxed. The leucine repeats
are marked with dark background. The su-
crose–H � transport motif is indicated with
asterisks. Numbers show amino acid posi-
tions. C, Phylogenic tree of a multiple align-
ment the Past-A with other transporters. c,
Carrot; h, human; m, mouse; o, Oryzias
latipes (medaka); r, rat; z, zea mays (maize).
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genes at various physiological aspects in CNS neural cells, such as
RNA-binding peptide RA310 induced by hypoxia–reoxygenation
(Matsuo et al., 1995), seizure-induced synaptotagmin gene syt X
(Babity et al., 1997), zinc transporter ZnT-1 cloned after fore-
brain ischemia (Tsuda et al., 1997), and membrane glycoprotein
Pal expressed specifically in photoreceptor cells of the retina
(Gomi et al., 2000). Here, we describe identification and charac-
terization of Past-A, a novel class of mammalian sugar trans-
porter, highly enriched in brain, that couples H� gradients with
glucose uptake. Past-A is expressed specifically in the VMS
neuronal cells and is induced by hypercapnia. Primary structure
analysis indicated that the Past-A protein belongs to the sugar
porter family in the major facilitator superfamily (Pao et al.,
1998). These proteins have 12 transmembrane-spanning helices.
Substrates transported by the sugar porter family members in-
clude pentoses (arabinose and xylose), hexoses (glucose, fructose,
and galactose), disaccharides (sucrose, maltose, and lactose), ino-
sitols, quinate, and cations. Some evidence indicates that Past-A
is a functional glucose transporter. In transfected cells, Past-A
mediates glucose uptake (Fig. 4). Past-A also has the same mem-
brane topology as the glucose transporters, with 12 membrane-
spanning helices having a long cytoplasmic loop between TM6
and TM7, and several motifs described to be important for
glucose transport activity are conserved, including the RXGRR
motif and PESP motif after helix 6 (Fig. 1A). In addition to
glucose, Past-A was shown to facilitate uptake of galactose but not

of fructose or sucrose (Fig. 4A). It is also interesting to mention
that Past-A is most closely related to a novel transporter-like
protein, AIM-1 (Fig. 1C). AIM-1 was suggested to transport
substances including galactose or certain saccharides that are
required for melanin biosynthesis in the medaka (a small, fresh-
water teleost) (Fukamachi et al., 2001). Glucose transport medi-
ated via Past-A was facilitated rapidly in the presence of low pH,
whereas it was inhibited in the presence of protonophore, sug-
gesting that its glucose transporter activity is controlled by the pH
gradient. Protonophores such as CCCP are agents that collapse
the pH gradient across the cell membrane. They also affect the
H� gradient across the inner mitochondrial membrane and as a
result disturb electron transport through the respiratory chain
and ATP generation. Because it is possible that CCCP affects
activity of symporter or hexokinase through change of the energy
state (ATP generation) in mitochondria, additional work is nec-
essary with regard to the glucose transport activity in a pH-
dependent manner of Past-A. Because Past-A has a completely
conserved sucrose–H� transport motif of plants, it is possible that
Past-A is a sugar–H� symporter. However, additional work will

Figure 2. Tissue distribution and ontogenic changes of Past-A mRNA.
Total RNAs (20 �g) extracted from various tissues (A) or from brains at
different developmental stages (E20 to P300) (B) were analyzed by
Northern blot. Arrowheads mark hybridizing bands corresponding to
mRNA encoding rat Past-A. The positions of standard molecular masses
(in kilobases) are indicated at lef t. Ribosomal RNA (28S) stained with
ethidium bromide is shown as a control.

Figure 3. Induction of Past-A by hypercapnic stimulation in the medulla
oblongata. A, Analysis of differential expression of Past-A by hypercapnic
stimulation by Northern blotting. Representative example of autoradio-
gram sampled from four experiments. Arrowhead shows hybridizing band
corresponding to mRNA encoding rat Past-A. Positions of standard
molecular masses (in kilobases) are indicated at lef t. Ribosomal RNA
(28S) stained with ethidium bromide is shown as a control. B, Histograms
of density units of the expression of Past-A mRNA after air or CO2
inhalation. The content of Past-A mRNA was measured densitometrically
on the autoradiogram, and the results are expressed as means � SEM of
arbitrary units of density (n � 4). The significance of differences in the
density of Past-A mRNA was evaluated by the Mann–Whitney U test,
with *p � 0.05 considered indicative of a statistically significant differ-
ence. C, Photomicrographs of Past-A-immunoreactive neural cells in the
VMS after inhalation of air. Right, Magnified subregion indicated by
arrow at lef t. D, Photomicrographs of Past-A-immunoreactive neuronal
cells in the VMS after inhalation of air containing 7% CO2 for 5 min.
Bottom, Magnified subregions indicated by arrows at top. py, Pyramidal
tract; RPA, nucleus raphe pallidus. Scale bars: panoramic picture, 200 �m;
magnified picture, 20 �m.
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be needed to clarify whether Past-A mediates the influx of H�

into neuronal cells together with glucose uptake.
There are two unique features in the Past-A molecule that may

be of relevance for additional functions of Past-A inside the cell.
One is the presence of proline-rich regions in the long intracel-
lular loop present between TM6 and TM7 and in the N terminus
of Past-A that are not found in other sugar transporters, such as
mammalian GLUTs, or in the related sucrose–H� transporters.
A polyproline motif (core sequence, PXXP, in which X denotes
any amino acid) is thought to be involved in specific protein–
protein interactions (Kay et al., 2000). Past-A may therefore serve
as a binding partner for Src homology 3-domain-containing pro-
teins independently of glucose transporter function. Recent study
has indicated that glucose via GLUT1 transporter stimulates the
tyrosine kinase-dependent cascade, leading to activation of the
mitogen-activated protein (MAP) kinase pathway (Bandyo-
padhyay et al., 2000). Few studies have shown that acidification of
extracellular pH by hypercapnia triggers intracellular signal
transduction, including induction of c-Fos mRNA expression
through PKC, Ca2�/calmodulin, and MAP kinase pathways (Kuo
et al., 1998; Shimokawa et al., 1998). The other feature of Past-A
is the leucine zipper structure in TM9. The leucine zipper con-

sists of a periodic repetition of leucine residues and was impli-
cated in the facilitation of protein dimerization (Landschulz et
al., 1988). One possibility is that leucine zipper structures in the
transmembrane helix may be involved in the formation of trans-
membrane topology by interaction with other transmembrane
proteins.

Neurons of the medulla oblongata have been show to act as a
regulatory center for respiratory response as well as the glucose-
sensing system in the brain (Oomura et al., 1974; Ritter et al.,
1992; Yettefti et al., 1995). The area postrema and the nucleus
tractus solitarius in the medulla oblongata possess the glucose
sensors related to feeding and reproduction (Ritter et al., 1992).
Glucose-sensing neurons respond to hyperglycemia or hypogly-
cemia by increasing or decreasing their firing rates (Oomura et
al., 1974; Yettefti et al., 1995). The role of chemosensitive and
glucose-sensing neurons is critical in both physiological and
pathophysiological conditions. Pathological changes that accom-
pany brain trauma often include brain acidosis, hypercapnia,
hypoglycemia, and ischemic hypoxia. Expression of Past-A is
increased significantly in neurons of the VMS in response to
acidification of extracellular pH by hypercapnia. Our results also
indicate a functional role for Past-A in controlling glucose uptake
along the pH gradient, suggesting that hypercapnia may stimulate
uptake of glucose, a main energy source, into acidosis-stressed
neurons of the VMS. Future functional analysis of Past-A may
provide new insights into the biochemical regulation of glucose-
sensing mechanisms in the brain, in addition to adaptation to
hypercapnia.
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