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Luminal surface of the swimbladder is covered by gas gland epithelial cells and is responsible for inflating
the swimbladder by generating O, from Root-effect hemoglobin that releases O, under acidic conditions.
Acidification of blood is achieved by lactic acid secreted from gas gland cells, which are poor in mitochon-
dria but rich in the glycolytic activity. The acidic conditions are locally maintained by a countercurrent
capillary system called rete mirabile. To understand the regulation of anaerobic metabolism of glucose
in the gas gland cells, we analyzed the glucose transporter expressed there and the fate of ATP generated

by glycolysis. The latter is important because the ATP should be immediately consumed otherwise it
Glut6 T . . . . . .
Futile cycle strongly inhibits the glycolysis rendering thg cells un.able to produce lactic §c1d anymore. Expression
Heat analyses of glucose transporter (glut) genes in the swimbladder of fugu (Takifugu rubripes) by RT-PCR
and in situ hybridization demonstrated that glutla and glut6 are expressed in gas gland cells. Immunobhis-
tochemical analyses of metabolic enzymes demonstrated that a gluconeogenesis enzyme fructose-1,6-
bisphosphatase (Fbp1) and a glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase (Gapdh)
are highly expressed in gas gland cells. The simultaneous catalyses of glycolysis and gluconeogenesis
reactions suggest the presence of a futile cycle in gas gland cells to maintain the levels of ATP low and
to generate heat that helps reduce the solubility of O,.
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1. Introduction

The gas gland of the swimbladder is composed of the gas gland
cells and a tight bundle of arterial and venous capillaries called rete
mirabile (Supplemental Fig. S1) [1-3]. The gas gland cells produce
lactic acid from glucose by an anaerobic glycolysis and secrete the
acidic metabolite into nearby capillaries where it lowers blood pH
[4,5] and promotes dissociation of O, from Root-effect hemoglo-
bins [6,7]. The O, released is then transferred from the blood-
stream to the swimbladder lumen by passive diffusion across the

Abbreviations: DIG, digoxigenin; F6P, fructose 6-phosphate; Fbp, fructose-1,6-
bisphosphatase; FBP, fructose-1,6-bisphosphate; Glut, glucose transporter protein;
Gapdh, glyceraldehyde-3-phosphate dehydrogenase; glut, glucose transporter gene;
PBS, phosphate-buffered saline; PFA, paraformaldehyde; Pfk, phosphofructokinase;
sglt, Na*/glucose transporter gene.
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capillary wall to inflate the bladder (Fig. 11I). The acidic condition
and high partial pressure of O, in the capillary are locally main-
tained by back-diffusion and countercurrent concentration in the
rete mirabile [4,8,9]. Reflecting its metabolic function and secre-
tory nature, the gas gland cell has (i) a relatively large cytoplasm
that contains glycogen-like deposits and very few mitochondria
and (ii) numerous invaginations of basolateral membranes, called
basal labyrinth, at the capillary interface [10-13].

While characterizing the metabolic properties of the swimblad-
der, we noticed a predominant expression of the fructose-1,6-bis-
phosphatase gene (fbp) in the swimbladder in the zebrafish
database ZFIN [14]. This was surprising because the swimbladder
is thought to be a tissue with a high glycolytic activity and lack
fructose-1,6-bisphosphatase (Fbp), an enzyme involved in gluco-
neogenesis. This fact suggested two possibilities: (i) gluconeogen-
esis occurs in certain cells other than the gas gland cells or (ii) in
the gas gland cell, Fbp forms an ATP-dependent metabolic futile cy-
cle as shown below [15,16]. Gluconeogenesis in the gas gland cell
seems unlikely considering that gluconeogenesis requires some
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Fig. 1. Expression of Glut and Fbp in the fugu swimbladder and proposed model of metabolic futile cycle in gas gland cells. (A-C) Phylogenetic trees of fugu Glut, Sglt, and
Fbp. Numbers indicate bootstrap values and the scale bars represent a genetic distance of amino-acid substitutions per site. Fugu Glut1a, Glut6, and Fbp1la are highlighted
with black circles. For review of the Glut and Sglt families, see Uldry and Thorens [22]. (D-G) Synteny analysis of Gluts and Fbps. (H) Tissue-specific gene expression analysis
for fugu glut, sglt, and fbp families by semiquantitative RT-PCR. Intestine 1, 2, and 3 represent the anterior, middle, and posterior parts of the intestine. (I) A metabolic futile
cycle driven by phosphofructokinase 1 (Pfk1) and fructose-1,6-bisphosphatase (Fbp). The cycle consumes ATP that tends to inhibit the glycolytic pathway if allowed to
accumulate as shown by a red no-entry sign; ATP is both a substrate and an allosteric inhibitor of Pfk1 whose activity is also modulated by F6P. Furthermore, heat generated
by hydrolysis of ATP is very favorable to increase oxygen partial pressure by decreasing solubility of oxygen in water. Heat, as well as metabolites and gases, is recovered at
rete mirabile. Acid-induced release of oxygen from hemoglobin (Root effect) is also shown. Glut, glucose transporter; G6P, glucose 6-phosphate; F6P, fructose 6-phosphate;
F1,6P,, fructose 1,6-bisphophate; GAP, glyceraldehyde 3-phosphate; Gapdh, glyceraldehyde-3-phosphate dehydrogenase; RBC, red blood cell; Hb, hemoglobin; Hb-0O,,
oxygenated hemoglobin. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

mitochondrial enzymes but the gas gland cell is very poor in glycolysis by accumulated ATP and continue to generate lactic acid
mitochondria. If the latter is the case, the futile cycle is attractive and how to generate heat that reduces the solubility of gas and
for explaining how the gas gland cell avoids the inhibition of helps inflate the swimbladder; the net reaction of the futile cycle
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is consumption of ATP and generation of heat (see equations below
and Fig. 11).

[1] A reaction in glycolysis catalyzed by phosphofructokinase 1
(Pfk1):
ATP + fructose-6-phosphate
— fructose-1,6-bisphosphate + ADP.
[2] A reaction in gluconeogenesis catalyzed by fructose-1,6-bis-
phosphatase (Fbp):
Fructose-1,6-bisphosphate + H,0
— fructose-6-phosphate + Pi.
[3] The overall reaction:
ATP + H,0 — ADP + Pi + Heat

We therefore decided to determine the cells expressing Fbp by
immunohistochemistry. In this report, we describe the metabolism
of glucose in the gas gland cell, including its glycogen-rich nature
and glucose transporter (Glut), with special emphasis on the pres-
ence of a futile cycle.

2. Materials and methods
2.1. Animals

Torafugu (Takifugu rubripes) was purchased from a local dealer,
and kept in artificial seawater (Rei-sea, Japan) at 20 °C before use.
The animal protocols and procedures were approved by the Insti-
tutional Animal Care and Use Committee of Tokyo Institute of
Technology.

2.2. Isolation of torafugu tissues total RNAs and cDNA synthesis

Torafugu tissues were isolated after anesthesia with 0.1% ethyl
m-aminobenzoate in seawater. RNA was isolated using Isogen
(Nippon Gene, Tokyo, Japan). Total RNA (5 pg) from each tissue
was used for cDNA synthesis with Superscript III (Invitrogen, Carls-
bad, CA, USA) to obtain 20 pl of cDNA solution. Synthesized cDNA
was diluted to 160 pl with distilled water.

2.3. Database search and construction of phylogenetic trees

We obtained sequences for human and zebrafish genes with
Ensembl genome browser (http://www.ensembl.org/index.html).
Collected protein sequences were aligned with CLUSTALW phylo-
genetic analysis service (http://www.ddbj.nig.ac.jp/search/top-
e.html) and phylogenetic trees were constructed with MEGA4 soft-
ware (http://www.megasoftware.net/), based on Neighbor-Joining
method with 1000 bootstrap replicates. Synteny analysis was per-
formed with Ensembl genome browser.

2.4. Semiquantitative reverse transcription (RT)-PCR

Semiquantitative RT-PCR was performed with GoTaq Green
Master Mix (Promega, Madison, WI, USA) by using the primers
listed in Supplemental Table S1. Each reaction mix contained
6.25 ul of GoTaq Green Master Mix, 1.5ul of each primer
(10 pm), 0.5 pl of tissue cDNA solution and 3.25 pul of nuclease-free
water. PCR condition was 27 cycles for denaturation (94 °C, 30 s),
annealing (55 °C, 30 s) and extension (72 °C, 40 s). After PCR reac-
tion, 5 pl from each reaction mix was electrophoresed on a 1.5%
agarose gel in Tris—HCl/acetic acid/EDTA buffer. The gel was
stained with 0.5 g ml~! ethidium bromide for 30 min, and fluo-
rescent image was analyzed with Kodak Image Station 2000R
(Eastman Kodak, Rochester, NY, USA).

2.5. Transmission electron microscopy

Swimbladders were fixed with 4% (w/v) paraformaldehyde
(PFA) and 2.5% glutaraldehyde in 0.1 M phosphate buffer, and pro-
cessed by standard procedures including tannic acid staining.
Ultrathin sections were examined with an electron microscope
(H-7500, Hitachi, Tokyo, Japan).

2.6. In situ hybridization

Swimbladders were perfused and fixed with 10% phos-
phate-buffered neutral formalin. Harvested swimbladders were
embedded in paraffin and sectioned to 6 pm thickness. In situ
hybridization histochemistry was performed essentially as de-
scribed previously [17]. Briefly, a 339-bp fragment of glutla cDNA
(nucleotides 67-405) and a 605-bp fragment of glut6 cDNA (nucle-
otides 209-813) were subcloned into pGEM-T vector (Promega)
and used as templates for preparation of digoxigenin (DIG)-labeled
cRNA probes (Roche Diagnostics, Mannheim, Germany). Sections
were hybridized with DIG-labeled cRNA probes at 60 °C for 16 h,
and washed several times at 60 °C. The bound label was detected
with NBT/BCIP solution, and observed with a microscope and
AxioCam HRc camera (Carl Zeiss, Germany).

2.7. Antibody production and specificity

Polyclonal antisera were made in rabbits by immunizing with a
keyhole limpet hemocyanin (KLH)-conjugated synthetic peptides
corresponding to parts of Glut6 (amino acid residues 52-65 and
218-231). Antibody specificity was established by staining of
COS7 cells exogenously expressing fugu Glut6 proteins as previ-
ously described [18]. COS7 cells were transfected with a
p3XFLAG-CMV10 expression vector containing the Glut6-coding
sequences in its EcoRV site using Lipofectamine LTX (Invitrogen).
The cells were fixed and stained with anti-Glut6 (1:1000 dilution)
and anti-FLAG M2 (1:1000, Sigma-Aldrich, St. Louis, MO, USA)
antibodies, and Alexa Fluor-labeled secondary antibodies (Invitro-
gen) as previously described [18]. Fluorescence images were ob-
tained with a laser confocal microscope (TCS-SPE; Leica, Wetzlar,
Germany) using LAS AF software (Leica).

2.8. Section immunohistochemistry

Swimbladders were fixed with ice-cold 2% PFA in PBS for 2 h,
and sections (6 pm) were prepared with a cryostat as described
previously [18]. The sections were permeabilized with 0.2% Triton
X-100 in PBS for 10 min and incubated with 5% fetal bovine serum
in PBS for 1 h. Primary-antibody reactions for the following anti-
bodies were performed at room temperature for 16 h: (i) cultured
medium of hybridoma containing anti-glycogen monoclonal anti-
body (IgM isotype, 1:1 dilution) [19], (ii) anti-FBP monoclonal anti-
body (IgG isotype, 1:200, Abnova, Taipei, Taiwan), (iii) anti-GAPDH
monoclonal antibody (IgM isotype, 1:100, Sigma), and (iv) anti-
Glut6 rabbit polyclonal antiserum (1:1000). After washing with
PBS, sections were incubated in a mixture of Alexa-594-labeled
concanavalin A (50 pg ml~'), Hoechst 33342 (100 ng ml~!) and
either Alexa488-labeled secondary antibodies (Invitrogen). Sec-
tions were analyzed with a confocal microscope.

3. Results
3.1. Histological demonstration of glycogen in gas gland cells

Previous electron microscopic examinations demonstrated the
presence of numerous glycogen-like granules in the gas gland cells
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that are poor in subcellular organelles including mitochondria [10-
13]. We therefore first wanted to confirm this glycogen-rich nature
of the gas gland cells also in fugu. As in other fish species, electron
microscopic observations demonstrated the presence of many gly-
cogen granule-like structures in the fugu gas gland cells that are
poor in mitochondria (Fig. 2D). We next prepared frozen sections
of the swimbladder and stained them with anti-glycogen monoclo-
nal antibody. Fig. 2A-C shows glycogen-rich cells reacted with the
antibody. Gas gland cells were quite strongly stained indicating
that gas gland cells are the major site of glycogen storage in fugu
swimbladder.

3.2. Identification of glucose transporters expressed in swimbladder by
RT-PCR

We first searched for fugu homologs of glucose transporter
genes in the fugu genome database, and found 22 genes for facili-
tative glucose transporter (glut or sic2) and seven genes for Na*/
glucose cotransporters (sglt or slc5). Their phylogenetic relation-
ship to human and zebrafish counterparts [20] is shown in
Fig. 1A-B based on their predicted amino acid sequences. Fugu
lacks the glut7, glut10, and gluti4 genes, and zebrafish lacks glut4,
glut7, glut9, and glut14. glut7 is similar to glut5, located next to glut5
in mammalian chromosomes, but lacked in the chromosomes of
fishes, Xenopus tropicalis, and birds (Fig. 1E). glut10 is lacked in
the genome database of fugu but present in those of Tetraodon,
stickleback, and zebrafish (Fig. 1D). glut14 is highly similar to glut3,
located next to glut3 in the chromosomes of human and some clo-
sely related species, but lacked in the genome databases of the
other mammals, fishes, X. tropicalis, and birds (Fig. 1F). glut4 and
glut9 are lacked in the genome database of zebrafish, but present
in those of other fishes and tetrapods.

We next performed RT-PCR to determine the types of glucose
transporters relatively highly expressed in the fugu swimbladder
using mRNA preparations from a variety of tissues including the
swimbladder. Primers used for PCR amplification were designed
based on the fugu genome sequence information [21]. Among 22
glut genes and seven sglt genes, seven glut genes (glut 1a, 3a, 6, 8,
11¢c2, 12, and 15a) were found to be relatively highly expressed,
but the sglt genes were only weakly expressed in the swimbladder
(Fig. 1H). We therefore focused on the expression of the glut genes.

3.3. Identification of glucose transporters expressed in gas gland cells

To reduce the number of candidate clones expressed in gas
gland cells, we next carried out in situ hybridization histochemis-
try. Paraffin sections of fugu swimbladder were hybridized with
digoxigenin (DIG)-labeled antisense cRNA probes for mRNAs of
glutla, 3a, 6, 8, 11c2, 12, and 15a. Under high stringency conditions,
glutla and glut6 probes gave positive signals in the gas gland
(Fig. 2E and G). No significant hybridization was observed with
the sense probes (Fig. 2F and H). Full-length cDNAs coding for fugu
Glut1a and Glut6 were obtained by 5’- and 3’-RACE and the corre-
sponding amino acid sequences were deduced (Supplementary
Fig. S2).

Glut1 transports glucose across the plasma membrane of vari-
ous mammalian cells. However, the role of Glut6 and its presence
in the plasma membrane have not been established yet [22]. To
demonstrate membrane localization of Glut6 in gas gland cells,
we developed antiserum against Glut6. In gas gland cells, plasma
membrane was stained by anti-Glut6 antiserum (Fig. 2I) but not
by preimmune serum (Fig. 20). The specificity of the antiserum
was confirmed by immunocytochemical analysis of COS7 cells
exogenously expressing FLAG-tagged Glut6 (Supplemental Fig. S3).

3.4. Expression of Fbp1la in gas gland cells

Database mining identified three genes for fugu Fbps. A phylo-
genetic analysis of predicted amino acid sequences demonstrated
that the three fugu Fbps are orthologs of zebrafish Fbp1a, Fbp1lb,
and Fbp2 (Fig. 1C). Fish Fbp1a and tetrapod Fbp1 are located next
to fish and tetrapod Fbp2, respectively, in the chromosomes
(Fig. 1G).

Tissue distribution analyses of fugu fbp mRNAs by RT-PCR
showed that fbpla is highly expressed in the swimbladder
(Fig. 1H). These results indicated that the high expression of fbp
in the swimbladder is conserved between zebrafish and fugu but
the Fbp subtype in the swimbladder is different among species
(Fbp1a in adult fugu and Fbp2 in zebrafish larva).

To identify cell types that express Fbp in the swimbladder at
high levels, frozen sections of fugu swimbladder were stained with
antibody to Fbp. Strong signal for Fbp was observed only in gas
gland cells (Fig. 2], M and L). This staining pattern is quite similar
to that of Gapdh (Fig. 2K, N and L), suggesting coexistence of Fbp
and Gapdh in gas gland cells. Although both antibodies were ob-
tained from commercial sources and raised against human anti-
gens, they are expected to crossreact with the fugu counterparts
reflecting high sequence similarities (Supplemental Fig. S4).

4. Discussion

In the present study, in an attempt to characterize the functions
of the gas gland of swimbladder at the molecular level, we deter-
mined the subtype and location of the glucose transporters that
have been supposed to be highly expressed in the glucose-
demanding gas gland cells. In situ hybridization indicated the
expression of glutla and glut6 in the gas gland cells (Fig. 2E-H). Re-
cently, Tseng et al. [23] have determined the Michaelis-Menten
constants (Ky,) of zebrafish Glutla, Glut6, and Glut13.1 to be
3.4+02,17.5+2.6, and 1.6 £ 0.4 mM, respectively. The K, of zeb-
rafish Glut1a and Glut6 for glucose are quite similar to those of hu-
man GLUT1 (K,, =3 mM) and GLUT2 (K, =17 mM), respectively.
Because the amino-acid sequences of Glutla and Glut6 are well
conserved among zebrafish and fugu, it is highly expected that
the fugu orthologs exhibit similar functions. If combined with the
fact that the gas gland cells can store a substantial amount of gly-
cogen (Fig. 2A, C and D), the presence of multiple types of glucose
transporters in the same gas gland cells can be interpreted as fol-
lows: when blood glucose level is low, high-affinity Glutla medi-
ates glucose absorption; and when blood glucose level is high,
low-affinity Glut6 takes up glucose for storage as glycogen.

Fructose-1,6-bisphosphatase (Fbp) is an enzyme that converts
fructose-1,6-bisphosphate (FBP) to fructose 6-phosphate (F6P) in
gluconeogenesis, which is the reverse reaction of the glycolytic step
catalyzed by phosphofructokinase (Pfk; see Section 1 and Fig. 11).
High expression of Fbp in gas gland cells was unexpected since
the gas gland has been thought to be a tissue with an exceptionally
high glycolytic activity and there has been no report describing Fbp
in the swimbladder. In the present study, however, immunostain-
ing demonstrated that gas gland cells express high levels of a glyco-
lytic enzyme (Gapdh) and a gluconeogenic enzyme (Fbp) (Fig. 2]-
N). Simply, it may seem natural to assume that Fbp is involved in
gluconeogenesis. However, it is inconceivable that gas gland cells
synthesize glucose by gluconeogenesis because of the following
reasons: in gluconeogenesis, pyruvate is converted to oxaloacetate
in mitochondria, but the gas gland cells contain only few mitochon-
dria [24]. Furthermore, NADH, required for gluconeogenesis, is also
mainly supplied by mitochondria [24]. As a role of Fbp in mitochon-
drion-poor cells, we propose that Fbp is involved in a futile cycle for
generating heat in expense of ATP as described below.
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Fig. 2. Histological demonstration of glycogen, Gluts, Fpb1, and Gapdh in gas gland cells. (A-C) Frozen sections of fugu swimbladder stained with anti-glycogen monoclonal
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It is conceivable that Pfk and Fbp constitute a futile cycle by cat-
alyzing the forward and reverse reactions of the phosphorylation of
F6P (see Section 1), whose net effect is the hydrolysis of ATP and
the generation of heat. This outcome is critically important for
the gas gland cells to synthesize lactic acid because the process
is strongly inhibited if ATP is accumulated. Two glycolytic en-
zymes, Pfk and pyruvate kinase, are inhibited by higher physiolog-
ical concentration of ATP via the allosteric binding sites, and the
inhibition by ATP is promoted by low pH [25-28]. Another merit
of the futile cycle is the generation of heat that helps to reduce
the solubility of oxygen and hence to increase its partial pressure
(Po, ), which in turn helps to maintain a Po, gradient down which
0, diffuses into the lumen of swimbladder. Since the solubility of
0, in blood plasma becomes less not only at increasing tempera-
ture but also at increased salinity (salting-out effect), the lactic acid
secreted from the gas gland cells helps to increase Py, by two
ways: (i) releasing O, from Root-effect hemoglobins and (ii) reduc-
ing solubility of O, by its salting-out effect.

Metabolic futile cycles have been demonstrated in muscles and
adipose tissues of various animals. For example, the futile cycle
involving Fbp and Pfk is used by bumble bees to produce heat in
flight muscles and warm up their bodies considerably at low ambi-
ent temperatures [16]. Another example is a futile cycle of triglyc-
eride breakdown and resynthesis from glycerol and free fatty acids,
which has been demonstrated to be inducible in adipocytes by
treating with thiazolidinediones, a class of drugs for diabetes mel-
litus type 2 [29]. The metabolic Fbp/Pfk futile cycle reported here
may deserve a comment concerning its link with rete mirabile, a
countercurrent exchange system of capillary vessels. In teleost
and elasmobranch fishes, heat conservation by rete mirabile is
known in the brain, eye, and muscle of lamnid sharks, tuna, and
swordfish [30-32]. In the fugu swimbladder, the heat that is gener-
ated and being transported out of the site of generation may be con-
stantly transferred back through the rete mirabile so as to maintain
the temperature of the gas gland higher than other areas of the
body.
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