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The molecular and cellular mechanisms behind glycogen metabolism
and the energy metabolite translocation between mammal neurons and
astrocytes have been well studied. A similar mechanism is proposed
for rapid mobilization of local energy stores to support energy-
dependent transepithelial ion transport in gills of the Mozambique
tilapia (Oreochromis mossambicus). A novel gill glycogen phosphor-
ylase isoform (tGPGG), which catalyzes the initial degradation of
glycogen, was identified in branchial epithelial cells of O. mossam-
bicus. Double in situ hybridization and immunocytochemistry dem-
onstrated that tGPGG mRNA and glycogen were colocalized in
glycogen-rich cells (GRCs), which surround ionocytes (labeled with a
Na�-K�-ATPase antiserum) in gill epithelia. Concanavalin-A (a
marker for the apical membrane) labeling indicated that GRCs and
mitochondria-rich cells share the same apical opening. Quantitative
real-time PCR analyses showed that tGPGG mRNA expression levels
specifically responded to environmental salinity changes. Indeed, the
glycogen content, glycogen phosphorylase (GP) protein level and total
activity, and the density of tGPGG-expressing cells (i.e., GRCs) in
fish acclimated to seawater (SW) were significantly higher than those
in freshwater controls. Short-term acclimation to SW caused an
evident depletion in the glycogen content of GRCs. Taken altogether,
tGPGG expression in GRCs is stimulated by hyperosmotic challenge,
and this may catalyze initial glycogen degradation to provide the
adjacent ionocytes with energy to carry out iono- and osmoregulatory
functions.

osmoregulation; Na�-K�-ATPase; salinity; ionocytes

GLYCOGEN, A RAPIDLY AVAILABLE energy storage form, comprises
the main readily mobilized energy resource deposit and is
distributed in high-energy-consuming organs (10, 46). It has
been well documented that glycogen serves as an emergency
fuel supply for highly energy-dependent organs, such as the
liver, muscles, and brain (5, 6, 35). Indeed, the rate of degra-
dation or synthesis of glycogen is a function of the relative
activities of glycogen phosphorylase (GP; EC 2.4.1.1) and
glycogen synthase (EC 2.4.1.11). In the process of glycogen
metabolism, GP is crucial for the utilization of glycogen, the
storage form of glucose in all animal cells. GP itself is the
rate-limiting enzyme and contains about 850 residues of 97

kDa, occurring in 2 forms: the more active glycogen phosphor-
ylase a (GPa) and the less-active glycogen phosphorylase
b (GPb). The homodimeric enzyme exists as three isoforms
named according to the tissues in which they predominate,
GPLL (liver), GPMM (skeletal muscle), and GPBB (brain), all
of which are organs with great energy demands. The different
GP isoforms vary in their responses to activation by phosphor-
ylation and allosteric control, and thus, play different func-
tional roles and possess different modes of regulation of
glycogen metabolism in different cell types. Accordingly, these
isoforms with distinct regulatory properties are able to meet the
energy requirements of different tissues and cells (24).

Hepatic glucose production is central to glucose homeosta-
sis, which is critical for the energy supply in the physiological
operation of other organs (4). Glycogenolysis and the translo-
cation of the subsequent metabolites during an emergency
situation have been investigated in detail only in the mamma-
lian central nervous system and retinal tissues (1, 7, 50). In the
rat brain, GP is mainly expressed in astrocytes, astroglial cells,
and ependymal cells of the ventricles but never in neurons (39).
Astrocytes have been demonstrated to provide energy fuel,
such as lactate, for neuron cells via the breakdown of astrocytic
glycogen (38, 44). Highly active energy metabolism also oc-
curs in mammalian retinal tissue. Glycogen and GP are present
mainly in Müller glial cells, indicating that these cells provide
energy for the functional operations of optic neurons (40). It
would be interesting and challenging to see whether these
cellular and physiological relationships in energy metabolism
between astrocytes (or glial cells) and neurons exist in other
highly energy-dependent physiological processes, like transep-
ithelial transport.

Gills, one of the most important experimental models for
studying transepithelial transport physiology (9, 14), are the
major organ responsible for fish ionoregulatory and osmoreg-
ulatory mechanisms, and mitochondria-rich (MR) cells have
been suggested to be the major ionocytes actively conducting
ion transport in this epithelium (18, 19, 26, 33). In euryhaline
fishes, acclimation to fluctuating salinities induces their gills to
sufficiently and timely modulate and/or activate the operations
of various ion transporters and enzymes, which are highly
energy consuming (20, 29, 31, 32). The modulation and stim-
ulation of ion transporters in gill epithelial MR cells in re-
sponse to salinity challenges have been suggested to require
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prompt and extra energy supplies (33). In the very early
literature, glycogen granules were reported in the cytoplasm of
gill MR cells based on ultrastructural analyses (15, 37, 41),
although no convincing cytochemical evidence has since been
offered to support those data. Increments in the glycolytic
potential such as the activities of GP, hexokinase, and pyruvate
kinase were observed in gills, in parallel with increased envi-
ronmental salinity (47). These findings imply the possibility of
the involvement of glycogenolysis in gill epithelia during
salinity challenges; so far, all of this existing knowledge
requires convincing molecular and cellular evidence.

Using the benefits of advanced techniques in molecular and
cellular biology, we aimed to elucidate the role of GP in the
prompt energy supply for fish gill ionocytes during environ-
mental stress. Using suppressive subtractive hybridization, we
found that a clone of GP, which is a novel isoform (tGPGG),
was differentially expressed in gills of freshwater (FW)- and
seawater (SW)-acclimated tilapia (Oreochromis mossambicus,
a euryhaline teleost). In addition, preliminary experiments
showed that the novel tGPGG was specifically expressed in a
group of cells other than MR cells. We proposed that the
emergency energy supply for MR cells may be provided by
neighboring non-MR cells, similar to the cellular and physio-
logical relationships between mammalian brain astrocytes and
neurons. In the present study, isoforms of GP were cloned and
sequenced from tilapia; the effects of environmental salinity on
the mRNA and protein expressions, and activity of GP, as well
as the glycogen content in tilapia gill epithelial cells were
examined; localization of GP and glycogen was carried out in
these epithelial cells.

MATERIALS AND METHODS

Animals. Tilapia (O. mossambicus), 8–12 cm in total length and
weighing 35–50 g, were obtained from stocks of the Institute of
Cellular and Organismic Biology of Academia Sinica, and were
reared in a tank with a FW circulating system at 25–28°C with a
12:12-h light-dark photoperiod. SW with different salinities was
prepared by adding artificial sea salt (Taikong, Taipei, Taiwan) to the
FW. For long-term acclimation experiments, FW tilapia were initially
transferred to 15 ppt SW and then to 35 ppt SW for at least 2 wk to
become SW tilapia. Our preliminary experiments indicated that acute
exposure to 25 ppt SW for 1–6 h caused peaks in the changes of GP
expression and activity. Therefore, in the short-term experiments, FW
tilapia were acutely transferred to 25 ppt SW for 3 h. During the
acclimation experiments, neither the FW control nor the SW experi-
mental fish were fed. The experimental protocols were approved by

the Academia Sinica Institutional Animal Care and Utilization Com-
mittee (approval no. RFiZOOHP2006083).

Suppressive subtractive hybridization between SW and FW tilapia
gills. The cDNAs obtained from FW- and SW-acclimated tilapia gill
were subjected to suppressive subtractive hybridization with the
PCR-Select cDNA Subtraction Kit (Clontech BD, Palo Alto, CA), as
described by the manufacturer (17), and then randomly selected for
PCR amplification. The SW gill-specific library consists of 350
clones, among which, two clones of GP were identified.

Isolation of epithelial cells from tilapia gills. Gill tissues have
plenty of blood cells and muscle cells that contain a large amount of
glycogen and express a high level of GP (Chang JC, Wu SM, Tseng
YC, Lee YC, Baba O, and Hwang PP, unpublished observations);
therefore, gill epithelial cells have to be isolated by a previous method
(30) to exclude contamination by blood and muscle cells. Tilapia were
anesthetized on ice, killed by spinal transection, and the gills were
excised and immediately transferred to PBS (0.09% NaCl in 0.1 M
phosphate buffer) to remove most of the blood cells. The epithelial
tissues were scraped from the gill filaments in dissociation buffer (0.5
M EDTA and 500 �l Percoll in PBS), agitated on ice, and then gently
passed through a nylon mesh (with a mesh size of 100 �m) to remove
the larger tissue fragments. The cell suspension remnant was poured
into Percoll (Sigma, St. Louis, MO) in PBS at a volumetric ratio of 3
(cell suspension): 2 (Percoll): 2 (PBS), and centrifuged for 10 min at
2,000 g and 4°C. The cell suspension was isolated by aspiration with
a dropper, washed with PBS, and centrifuged for 10 min at 1,000 g
and 4°C. Isolated cells were homogenized (see Western blot analysis),
and 50 �g of protein was checked for muscle cell contamination by
Western blot analysis with an anti-chicken tropomyosin (a muscle-
specific protein) monoclonal antibody (Sigma). The isolated cell
suspension was stored at �80°C for the subsequent experiments.

Purification of mRNA. The total RNA of the isolated gill epithelial
cells or other tissues (including the brain, liver, muscle, intestine,
heart, spleen, and kidneys of FW tilapia) were isolated using the
TRIzol reagent (Invitrogen, Carlsbad, CA) and treated with DNase I
(Promega, Madison, WI) to remove genomic DNA contamination.
The mRNA for the RT-PCR was obtained with a QuickPrep Micro
mRNA Purification Kit (Amersham Pharmacia, Piscataway, NJ). The
mRNA quality was determined at 260 and 280 nm with a spectro-
photometer (Hitachi U-2000, Tokyo, Japan) and stored at �20°C.

RT-PCR. For cDNA synthesis, mRNA was reverse-transcribed
with the Superscript reverse transcriptase (Invitrogen), followed by
heating to 70°C for 15 min to inactivate the reactions. Escherichia coli
RNase H (Invitrogen) was added to remove the remnant RNA. For
PCR amplification, 1 �g cDNA was used as a template with 2.5 units
ExTaq polymerase (Takara, Shiga, Japan), and 2.5 �M of each
primer. The degenerate primer sets for GP cloning were forward
5�-YGARCTRGARCCSWABAAGTT-3� and reverse 5�-CCKNG-
GCACVAWDRHYYTVKYNGGV-3�. The primer sets for gene ex-

Table 1. RT-PCR primers designed for gene expressions in various tissues

Gene Name Amplicon Size, bp Sequence

GP
(conserved) 758 Forward 5�-AGTGAAAATCAACCCAGCCT-3�

Reverse 5�-CAGCGATGTTCTTGATCACC-3�
GPGG 171 Forward 5�-ACCAACCTCAAAATCCCACCA-3�

Reverse 5�-GAACTCCAAGTCCTCAAACAG-3�
tGPBB 129 Forward 5�-AAGGCTTAAACCAAACAGGAACG-3�

Reverse 5�-CCAACCTCAAAATCCCCCCAC-3�
tGPMM 321 Forward 5�-GATGCTTTTCAAACATGACCG-3�

Reverse 5�-AACCAAACAGGAACGGTTAAT-3�
tGPLL 108 Forward 5�-GGATGCTTTTCAAACATGA-3�

Reverse 5�-TCGTCCACTCCACTGGATT-3�
�-Actin 1,960 Forward 5�-CACACTCACAGCTTGTGCGGGATATCATTT-3

Reverse 5�-CGGAACACATGTGCACTTTATTGGGATCGT-3�
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pressions in various tissues are shown in Table 1. These amplicons
were sequenced to confirm the PCR products. The amplicons were
sequenced with a PE Applied Biosystems 377 DNA sequencer (DNA
Sequencing Facility of Institute of Cellular and Organismic Biology,
Academia Sinica) to confirm the PCR products.

Rapid amplification of cDNA ends, DNA cloning, sequencing, and
bioinformatics analysis. To obtain the full-length cDNAs of GPs,
first-strand cDNA synthesis and 5�- and 3�-RACE were conducted
using the RNA Transcript (SMART) cDNA Amplification Kit (Clon-
tech, Palo Alto, CA). The 5�-RACE was performed with the universal
primer mix (UPM) A specific for the adaptor and a specific antisense
primer for the GP gene (5RGP1, 5�-GGAGTGATGCCATTGGTTT-
TGTTC-3�), whereas the second round of PCR was carried out with
the nested universal primer (NUP) A, and a nested specific antisense
primer (5RGP2: 5�-CAGGCGTCCAAGGCCTCCATT-3�). For the
3�-RACE, cDNA was first amplified with UPM A and a specific sense
primer for GP (5�-AACCCTGGACTG GCGGAGCTTATAG-3�) and
then reamplified with NUP A and a nested specific-sense primer
(3RGP2: 5�-CCCAAAAATCCAGAGCTGTTCAA-3�). The PCR
products were cloned into the pGEM-T easy vector (Promega) and
sequenced. DNA sequence analysis was performed as previously
described. The entire amino acid sequence deduced with the
CLUSTAL program (12, 13) was used for the multiple sequence
alignments and phylogenetic analysis. The data set was treated by
distance analysis using the Neighbor-joining (NJ) analytical method,
and a 1,000-bootstrap replicate analysis was carried out using the
MEGA program ver. 3.1.

Quantitative real-time PCR. Quantitative real-time PCR (qPCR)
was carried out by use of a SYBR Green dye (Qiagen, Hilden,
Germany)-based assay with an ABI Prism 7000 Sequence Detection
System (Perkin-Elmer, Applied Biosystems, Wellesley, MA) accord-
ing to the manufacturer’s instructions. Primers targeting the GP and
the endogenous control gene, �-actin, were designed using the Primer
Express 2.0 software (Applied Biosystems). In each assay, 25 ng
cDNA was amplified in a 20-�l reaction containing 2 � SYBR Green
Master mix, 300 nM of the forward and reverse primers, and nuclease-
free water. Table 2 shows the primers designed for the specific GP
isoforms. �-actin was used as an internal control to construct the standard
curves.

Western blot analysis. Isolated gill epithelial cells were disrupted in
homogenization buffer (100 mM imidazole, 5 mM EDTA, 200 mM
sucrose, and 0.1% sodium deoxycholate; pH 7.6), and then centri-
fuged at 4°C and 10,000 rpm for 10 min. The supernatant (a volume
equivalent to 50 �g protein) was supplemented with electrophoresis
sample buffer (250 mM Tris base, 2 mM Na2 EDTA, 2% SDS, and
5% dithiothreitol), and then incubated at 95°C for 10 min. The
denatured samples were subjected to 10% sodium dodecylsulfate-
polyacrylamide gel electrophoresis and then transferred to polyvinyli-
dene difluoride membranes (Millipore, Billerica, MA). After blocking
in 5% nonfat milk, the blots were incubated with a mouse anti-human
GPBB monoclonal antibody (Biotrend Chemikalien, Cologne, Ger-
many) at a 1:3,000 dilution and then reacted with alkaline phosphatase
(AP)-conjugated goat anti-mouse immunoglobulin G (diluted 1:1,000;
Pierce, Rockford, IL). The immunoreactive proteins were visualized

with a BCIP/NBT (5-bromo-4-chloro-3-indolyl phosphate/nitro blue
tetrazolium) Substrate Kit for AP (Zymed Laboratories, San Fran-
cisco, CA). Immunoblots were scanned and exported to JPEG files,
and the differences between the band intensities of FW and SW were
compared using a commercial software package (Image-Pro Plus 4.0,
Media Cybernetics, Silver Spring, MD).

Gill GP activity assay. Measurement of gill GP activity followed
the procedure of Milligan (35) with some modifications. The isolated
gill epithelial cells were homogenized with ice-cold homogenization
buffer (100 mM imidazole, 100 mM KF, 5 mM EDTA, and 1 mM
phenylmethylsulfonylflouride) for the enzyme activity assay. Total
GP (GPa � GPb) activity was measured by incubating the samples at
25°C in the presence of 1.6 mM 5�AMP, 45 mM potassium-phosphate
buffer (pH 7.0), 0.2 mg/ml glycogen (dialyzed bovine muscle), 0.34
mM NADP, 4 �M glucose-1,6-bisphosphate, 0.1 mM EDTA, 15 mM
MgCl2, 1.6 U/ml phosphoglucomutase, and 12 U/ml glucose-6-phos-
phate dehydrogenase. The changes in absorbance between the reac-
tions with and without glycogen (the substrate) were measured at 340
nm with a spectrophotometer (Hitachi U-2000). Each sample was
assayed in triplicate.

Gill Na�-K�-ATPase activity assay. Na�-K�-ATPase activity in
isolated gill epithelial cells was determined as described by Hwang
et al. (22). Na�-K�-ATPase activity was assayed by adding the
supernatant of the homogenates to the reaction mixture containing 100
mM imidazole-HCl buffer (pH 7.6), 125 mM NaCl, 75 mM KCl, 7.5
mM MgCl2, and 5 mM Na2ATP. The reaction was run at 37°C for 30
min and then stopped by adding 200 ml of ice-cold 30% trichloro-
acetic acid. Na�-K�-ATPase-specific activity (mmole Pi/mg pro-
tein/h) was defined as the difference between the inorganic phosphate
liberated in the presence and absence of 0.5 mM ouabain in the
reaction mixture. Each sample was assayed in triplicate.

In situ hybridization. RNA probe synthesis followed previously
published procedures (25) with some modifications. Fragments of
tGPGG obtained by PCR were inserted into a pGEM-T easy vector
(Promega). DIG-labeled RNA probes were synthesized by in vitro
transcription with T7 and SP6 RNA polymerase (Roche, Penzberg,
Germany), the quality was examined using RNA gels, and the con-
centrations were determined by a dot-blot assay with standard DIG-
labeled RNA (100 ng/�l) (Roche).

Tilapia gills were fixed in 4% paraformaldehyde at 4°C for 3 h,
immersed in PBS containing 30% sucrose overnight, and then em-
bedded in optimal cutting temperature compound embedding medium
(Sakura, Tokyo, Japan) at �20°C. Cryosections at 10 �m were made
with a cryostat (CM 1900, Leica, Heidelberg, Germany) and were
attached to poly-L-lysine-coated slides (Erie, Hooksett, NH). After
washing with PBS-Tween, slides were prehybridized with hybridiza-
tion buffer (HyB) containing 60% formamide, 5� SSC, and 0.1%
Tween-20 in Diethylpyrocarbonate dH2O for 5 min at 65°C. Then,
hybridization was conducted with a DIG-labeled RNA probe for
tilapia tGPGG in HyB� (HyB plus 500 ng/ml yeast tRNA and 50
�g/ml heparin) at 65°C overnight. Hybridized sections were washed
with a series of HyB/SSC and SSC/PBST buffers at room tempera-
ture. After washing, the slides were blocked in blocking solution (5%
sheep serum and 2 mg/ml BSA in PBST) and then treated with a

Table 2. Specific primer sets for quantitative real-time PCR

Gene Name Amplicon Size, bp Sequence

GP (conserved) 178 Forward 5�-ACCTCGATAAAATTGCAGCTCTCT-3�
Reverse 5�-GCTTTGTGAACCCAGAAATAC-3�

tGPGG 105 Forward 5�-CGAGCCCAGGGAAGCCATCGAA-3�
Reverse 5�-TGAAGGCTTAAACCAAACAGGAA-3�

tGPBB 243 Forward 5�-AACATCGCTGCAACGGGAAAG-3�
Reverse 5�-CAAGTCCTCAAACAGTTCAGTGA-3�

�-Actin 135 Forward 5�-CGGAATCCACGAAACCACCTA-3�
Reverse 5�-ATCTCCTTCTGCATCCTGTCA-3�
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1:2,000-diluted anti-DIG-AP antibody (Roche) for another 2 h at
room temperature. Finally, staining reactions were conducted with
NBT and BCIP.

The GP-expressing cell density (cells/unit surface area) in tilapia
gill was counted. Images (3 to 4 images for each individual) were
acquired with an Olympus (Tokyo, Japan) BX60 microscope
equipped with Normarski lenses at about 0.306 mm2 (�400 magni-
fication) in the afferent side of the gill filaments, and cell numbers were
calculated using a commercial software package (Image-Pro Plus 4.0).

Fluorescence immunocytochemistry. For simultaneous localiza-
tions of tGPGG mRNA and the Na�-K�-ATPase protein, sections
were hybridized with the tGPGG RNA probe as described above and
then were subjected to fluorescence immunocytochemistry. After
blocking with 3% BSA, sections were incubated with the 1:300-
diluted monoclonal glycogen antibody followed by incubation with
the goat anti-mouse IgG conjugated with FITC (1:200 dilution;
Jackson ImmunoResearch Laboratories, West Grove, PA). For
Na�-K�-ATPase (a marker for MR cells) (21) identification, tGPGG-
hybridized slides were incubated with the Na�-K�-ATPase �5 anti-
body conjugated with Texas red (Hybridoma Bank, University of
Iowa, Ames, IA) at 4°C overnight. Some sections were double-labeled
with the tGPGG RNA probe or Texas-Red conjugated concanava-
lin-A (a marker for the apical opening of MR cells) (0.5 mg/ml;
Molecular Probes, Eugene, OR) and an anti-glycogen monoclonal
antibody (1:300 dilution) (2), followed by a secondary antibody
conjugated with FITC. After washing, image acquisition was con-
ducted with an Olympus BX60 microscope equipped with Normarski
lenses and appropriate filter sets for the simultaneous monitoring of
AP, FITC, and Texas red.

Statistical analyses. Values are presented as the mean � SD. The
level of significance was set to P 	 0.05 in a two-tailed test. Student’s
t-test was used to compare tGP mRNA expression levels, relative
protein abundances, total enzyme activities, and glycogen contents of
FW gill epithelial cells with those of tilapia in SW.

RESULTS

Isolation of gill epithelial cells. As shown by the Western
blot for tropomyosin (Fig. 1), tilapia gill cells not subjected to
the isolation process showed a slight signal in muscle tissues;
however, the isolated epithelial cells were totally free from
muscle contamination. Accordingly, isolated gill epithelia cells
were used in all subsequent experiments, to ensure that all GP
data were free from muscle cell contamination.

Molecular cloning, sequencing, and phylogenetic analysis of
tilapia GP. Using RT-PCR and rapid amplification of cDNA
ends, the full-length cDNA of GP was cloned and sequenced

from tilapia gills. The gill GP cDNA consists of 2,565 bp
(GenBank accession no. DQ010415) with an open reading
frame encoding an 855-amino acid protein that contains several
highly conserved catalytic regions (Fig. 2). The length of the
deduced tilapia gill GP (tGPGG) protein was similar to that of
other GP isoforms from mammals (842–863 amino acids) and
birds (857 amino acids). For comparison, the partial cDNA
sequences of the other GP isoforms were also cloned and
sequenced from tilapia brain, liver, and muscle. The tGPGG
showed the highest amino acid sequence identity of 81% with
the chicken GP liver form (NP_989723). In addition, the
tGPGG also showed 79%–81% identities to the GPLL forms
of human (AAC17450), rat (NP 071604), mouse (NP_573461),
and tilapia (DQ010416); 76–77% identities to the GPBB forms of
human (NP_002853), rat (XP_342543), chicken (CAG31099),
zebrafish (NP_997974), Xenopus laevis (AAH47245), and tilapia
(DQ081728); and 75–77% identities to the GPMM forms of
human (A27335), mouse, (NP_035354), rat (S34624), tetra-
odon (CAG00533), and tilapia (DQ010417). As shown in Fig.
3, a phylogenetic tree was generated using the NJ analysis to
clarify the precise denominations and relationships among
these GP isoforms from different species. The analysis was
applied to the 3�-end amino acid sequences of GP isoforms of
different species with Drosophila GP (NP_722762) used as the
outgroup. According to the analysis, the tGPGG clustered with
the GPLL but was indeed apart from the other members.

GP expression in various tilapia tissues. Expressions of GP
mRNA were evaluated by 30 cycles of RT-PCR using total
RNA extracted from different tilapia tissues. As shown in
Fig. 4A, primers designed from the GP conserved region were
used to examine the PCR product of a 796-bp fragment
(nucleic acids 1358–2154) of the GP isoforms. The mRNA
expression of all GP isoforms was ubiquitous among the
tissues examined, including the brain, gills, heart, muscles,
kidneys, intestines, and liver, but not the spleen. The highest
expression level was in the liver, while the intestines showed
the lowest expression. Furthermore, isoform-specific primers
were designed from the 3�-end untranslated region to examine
the differential expressions of the tGPGG, tGPBB, tGPLL, and
tGPMM in various tissues of tilapia. The four GP isoforms
showed distinct expression patterns in the tissues examined
(Fig. 4B). The tGPBB was mainly expressed in the brain and
heart, with a little in the intestine (Fig. 4B), while tGPLL was
in the liver and kidneys and also some in other tissues,
including the brain, muscles, intestine, and heart (Fig. 4B). The
tGPMM was mainly expressed in the muscles and kidneys, and
a little in the brain (Fig. 4B). However, the tGPGG was
predominantly expressed in gills, and only a very minute
expression was found in other tissues. Moreover, tilapia gills
mainly expressed the tGPGG and only little tGPBB (Fig. 4B).

Localization of tGPGG mRNA and glycogen in tilapia gills.
To identify the cell types that specifically express tGPGG
mRNA, an in vitro synthesized RNA probe was used to detect
the tGPGG mRNA in cryosections of tilapia gills (Fig. 5A), and
subsequent double immunocytochemical labeling with an anti-
Na�-K�-ATPase � subunit (a marker for MR cells) antibody
was carried out (Fig. 5B). As shown in Fig. 5C (merged images
of Fig. 5, A and B), tGPGG mRNA was clearly found in a few
groups of gill epithelial cells but was never colocalized with
the Na�-K�-ATPase protein, a marker for MR cells, which

Fig. 1. Immunoblot of the muscle-specific protein, tropomyosin, in different
cells preparations/populations. Isolated epithelial cells (IEG) from tilapia gills
were free from contamination by muscle cells. CM, chicken muscle; RH, rat
heart; TG, tilapia gill cells not subjected to the isolation process; TH, tilapia
heart; TM, tilapia muscle.
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indicates that tGPGG mRNA was predominantly expressed in
a group of gill cells that were adjacent to MR cells.

An immunocytochemical approach was also applied to lo-
calize the deposits of glycogen in tilapia gill cells. The speci-
ficity of the antiglycogen antibody that was used in the present
study was confirmed by incubating the antibody with glycogen
before the immunolabeling. As shown in Fig. 5, D–F, the
immunoreactions of glycogen in tilapia gill cells were abol-
ished in a concentration-dependent pattern by preabsorption
with 0.25 (Fig. 5E) and 25 mg/ml (Fig. 5F) glycogen. In further
double-labeling with the tGPGG RNA probe and the antigly-
cogen antibody (Fig. 5, G–I), both tGPGG mRNA and glyco-
gen were found to be colocalized in the same group of gill
cells, named glycogen-rich cells (GRCs) (Fig. 5A–C). Subse-

quent double-labeling with the glycogen antibody and Con-A
(a marker for the apical opening of MR cells) indicated that all
GRCs showed Con-A-positive apical openings (Fig. 6B). On
the basis of confocal microscopic observations of serial sec-
tions, GRC and MR cells appeared to share the same apical
openings, forming multicellular complexes, as previously re-
ported (Fig. 6, A and B) (19).

Effects of environmental salinity on GP expression and
function, and glycogen contents in tilapia gills. GP gene
expression levels between FW- and SW-acclimated tilapia gills
were compared using qPCR. Using the primers for the consen-
sus of all GP isoforms, the mRNA expression levels of all GP
isoforms in gill epithelial cells from SW tilapia were signifi-
cantly higher by about twofold than those of the FW control

Fig. 2. Nucleotide and deduced amino acid sequences of glycogen phosphorylase (GP) cDNA from tilapia gill epithelial cells. *Translational stop codon. Regions
enclosed in boxes are GP regulation domains postulated from mammalian counterparts. Accession no., DQ010415.
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group (Fig. 7). On the basis of the subsequent analysis with
isoform-specific primers, this difference was ascribed mainly
to the tGPGG, whose expression was specifically stimulated by
environmental salinity (Fig. 7). No product was found in the
qPCR for tGPMM and tGPLL (data not shown). In terms of
normalized mRNA levels as shown in Fig. 7, GP in gill GRCs
was composed of about 80% tGPGG and 20% tGPBB, and
only the tGPGG was significantly stimulated by SW challenge.
The tGPGG mRNA level in SW was 2.1-fold higher than in
cells of FW gills.

The differential expressions of GP mRNA reflect the profiles
of protein expression and enzyme activity in gill GRCs. West-
ern blot analysis using an anti-human GPBB monoclonal
antibody detected a protein band corresponding to 
97 kDa
from tilapia gill epithelial cells, liver, muscles, and brain (a
positive control) (Fig. 8B). Preincubation of the commercial
GPBB antibody with the recombinant protein expressed from a
GP fragment (amino acids 434–569; with a predicted protein
size of 
15 kDa) decreased the intensity of the immunoreac-
tion of the blots (Fig. 8A), thus indicating antibody specificity
to tilapia GP. Supporting the data of GP mRNA expression, the
GP protein level in gill GRCs in both short- and long-term
SW-acclimated tilapia was higher than that in the FW group
(Table 3). Similarly, the specific glycogenolytic enzyme total

GP activity (GPa � GPb) in gill GRCs of the SW groups was
also significantly higher (Table 3). The enhancement of protein
levels and enzyme activities by SW challenge may be a
consequence of tGPGG stimulation, since this isoform is the
major component of the GPs in tilapia gill GRCs, and its
mRNA specifically responded to the salinity change as de-
scribed above (Fig. 7, Table 3). Supporting these GP qPCR,
Western blot analysis, and activity data, the densities of
tGPGG-expressing cells (i.e., GRCs) were much higher (about
3 times) in SW tilapia gills than in FW ones (Table 3, Fig. 9).

The glycogen content of tilapia gill GRCs after acute expo-
sure to 25 ppt SW for 3 h decreased by about 40% compared
with that of the FW control group. On the other hand, the
glycogen content of gill GRCs from tilapia acclimated to 35
ppt SW for the long term was about 3.5-fold higher than that
from the FW control group (Table 3), indicating that 2 wk of
SW acclimation resulted in an evident increase of the glycogen
deposits in gill GRCs, even as GP activity was simultaneously
being stimulated (Table 3).

DISCUSSION

The major findings of the present study are as follows. A
novel tilapia gill GP isoform, tGPGG, which differs from the
other three isoforms (GPBB, GPLL, and GPMM) was identi-
fied, and the tGPGG was mainly found to be expressed in gill

Fig. 4. RT-PCR analysis of GPs in various tissues of tilapia. Primers were
designed for the consensus of all GP isoforms (A) and specifically for the gill
(tGPGG), brain (tGPBB), liver (tGPLL), and muscle (tGPMM) forms, respec-
tively (B). �-actin was used as an internal control. Gill epithelial cells mainly
expressed tGPGG and a very small amount of tGPBB. B, brain; G, gill
epithelial cells; L, liver; M, muscle; I, intestine; H, heart; S, spleen; K, kidney.
Accession nos.: tGPGG, DQ010415; tGPBB, DQ081728; tGPLL, DQ010416;
and tGPMM, DQ010417.

Fig. 3. Phylogenetic tree constructed with the complete amino acid sequences
of GPs. Analysis was conducted with the neighbor-joining method using a
1,000-bootstrap analysis. Numbers indicate the bootstrap values. The GenBank
accession numbers of the sequences used are as follows: the GP gill form of
tilapia, DQ010415; the GP liver forms of chicken, NP_989723; tilapia,
DQ010416; human, AAC17450; rat, NP_071604; and mouse, NP_573461; the
GP brain forms of tilapia, DQ081728; zebrafish, NP_997974; Xenopus laevis,
AAH47245; chicken, CAG31099; human, NP_002853; rat, XP_342543; and
mouse, NP_722476; and the GP muscle forms of tilapia, DQ010417; tetra-
odon, CAG00533; human, A27335; rat, S34624; mouse, NP_035354; and
Drosophila melanogaster, NP_722762.
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epithelial cells. A change in the environmental salinity effec-
tively stimulated tilapia gill GPGG mRNA expression, which
was accompanied by upregulation of the protein level and total
enzyme activity. In situ hybridization and immunocytochemi-
cal results indicated that the tGPGG and glycogen deposits
were colocalized in a specific group of cells, GRCs, which
surround MR cells in tilapia gills. Con-A labeling indicated
that GRCs and MR cells share the same apical opening and
form multicellular complexes. Acute exposure to 25 ppt SW
for 3 h caused an evident depletion of the glycogen contents of
gill GRCs, while a 2-wk acclimation to 35 ppt SW increased
glycogen deposits.

The full-length cDNA of 1 GPGG and the partial cDNAs of
three other identified GPs were cloned and sequenced from
tilapia. Alignment results indicated that these GP isoforms
have higher than 88% identities with the reported vertebrate
GPs at the amino acid sequence level. The deduced amino acid
sequences of these GP isoforms possess all the major structural

features and sequence motif characteristics of the glycogen
metabolic functional domains: the phosphorylation residue,
Ser-14; 2 AMP binding sites, amino acids 42–45 and 48–78;
the tower helix, amino acids 267–274; the adenine loop,
315–324; the pyridoxal phosphate attachment site, Lys-680;
and the glucose analog binding site, 376–386 amino acids (45).

Fig. 5. In situ hybridization and immunocytochemistry of gill epithelial
cryosections. A, B, and C: Double labeling for tilapia gill glycogen phosphor-
ylase isoform (tGPGG) RNA mRNA (A) and Na�-K�-ATPase � subunit [a
mitochondrial-rich (MR) cell marker] (B) in the same section. Merged image
(C) indicating that the tGPGG (arrowheads) was not colocalized with Na�-
K�-ATPase (white arrows). (D–F) Immunocytochemistry with a glycogen-
specific antibody preabsorbed with glycogen at 0 (D), 0.25 (E), and 25 mg/ml
(F). Effects of the preabsorption confirmed the specific reaction of glycogen in
gill epithelial cells (G, H, and I). Double-labeling for tGPGG mRNA (G) and
glycogen (H) in the same section. Merged image (I) indicating that the tGPGG
(yellow arrows) was colocalized with glycogen in the glycogen-rich cells
(GRCs) (outlined with a dashed line).

Fig. 6. Double-labeling with the glycogen antibody and concanavalin-A (Con-
A). A: differential interference contrast (DIC) image of a gill epithelial
cryosection. B: merged images of Con-A (red) and glycogen (green) signals.
The image was reconstructed with three serial sections (at a total thickness of
0.45 �m) by confocal microscopy. A mitochondrial-rich (MR) cell and a
glycogen-rich (GR) cell are outlined with a dashed line, and they shared the
same apical opening (red signal of Con-A).

Fig. 7. Quantified real-time PCR (qPCR) comparisons of tilapia glycogen
phosphorylase (tGP) mRNA expressions in gill epithelial cells between fresh-
water- (FW) and seawater (SW)-acclimated tilapia. SW stimulated the expres-
sion of tGP, and it mainly resulted from the specific response of the tilapia gill
GP isoform (tGPGG) to SW with �-actin as an internal control. Values are
presented as the means � SD (n � 6). *Significant difference between the FW
and SW groups (P 	 0.05, Student’s t-test).
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The phylogenetic analysis of the deduced c-terminal amino
acid sequences of GPs showed that tilapia have LL, MM, and
BB forms of GP, which are grouped with their vertebrate
counterparts. Notably, an additional GP isoform, GG, which is
ascribed to the group of the liver form, is probably a new GP
isoform, based on the phylogenetic analysis and the expression
profile (discussed below). In the GPLL group, the tGPGG,
however, showed the highest divergence from the other mem-
bers.

Supporting the results of the phylogenetic analysis, mRNA
expression profiles also provided evidence for the presence of
a novel GP isoform, the tGPGG, in tilapia gills. Tilapia GPGG
was mainly and predominantly expressed in gills. In addition,
only the tGPGG specifically showed a response to the envi-
ronmental salinity challenge. A much lower amount of the
tGPBB was also expressed in tilapia gills, but its expression
did not show a significant correlation with environmental
salinity, suggesting that the tGPGG plays a major role, while
the tGPBB plays a minor part in glycogenolysis of fish gills.
Taking all of these molecular and physiological data into
account, we concluded that the tGPGG is a novel isoform in
the GP family. We searched the genome database of pufferfish
(Tetraodon nigroviridis) and found a gill GP isoform, which is

a homolog of the tGPGG (data not shown). Hence, it is
evolutionally interesting and important to determine whether
the gill GP isoform exists only in aquatic animals that have
gills.

Glycogen granules have for a long time been reported by
ultrastructural observations to be localized in the cytosol of
MR cells, the major ionocytes in fish gills (15, 37, 41);
however, this has never been certified by a convincing molec-
ular or biochemical approach until the present study. A specific
glycogen antibody was used to localize plenty of glycogen
deposits in the as yet unidentified group of gill cells that
specifically expresses tGPGG mRNA. These GRCs showed the
absence of Na�-K�-ATPase (a marker for the gill MR cells)
and were located surrounding gill MR cells. A more sensitive
approach, like immunoelectromicroscopy, should be used to
precisely examine the presence of glycogen deposits in gill MR
cells. Another notable finding of the present study is to indicate
that GRCs and MR cells form multicellular complexes, raising
a possibility that GRCs may be a population of the previous
reported accessory cells (9, 19). Previously, accessory cells
were suggested to be another type of gill cells or immature MR
cells, and their physiological roles are still being debated (9,
16, 18, 28, 42, 43). The present study may provide new insights

Fig. 8. Western blot analysis for glycogen phosphorylase in gill cells with
preincubation of the tilapia gill GP isoform (tGPGG) recombinant protein (A)
and in tilapia tissues (B). Preincubation with the tGPGG recombinant protein
(amino acids 434–569; with a predicted protein size of 
15 kDa) negated the
immunoreactions of the antibody in a concentration-dependent pattern (A). The
GP protein level was higher in SW-acclimated gill epithelial cells than in
FW-acclimated ones (B). FG, FW gill cells; SG, SW gill cells.

Table 3. Effects of short- and long-term acclimation to SW on GP expression and activity, the number of GP-expressing
cells, and the glycogen contents of tilapia gill epithelial cells compared with FW controls

Short-Term Acclimation Long-Term Acclimation

FW Control 25-ppt SW for 3 h FW Control 35-ppt SW for 2 wk

Relative expression of GP mRNA
(arbitrary value) 0.99�0.21 (n � 5) 1.82�0.36* (n � 5) 0.801�0.06 (n � 5) 1.79�0.06* (n � 5)

Relative abundance of the GP protein
(arbitrary value) 0.91�0.11 (n � 4) 2.09�0.10* (n � 4) 0.97�0.40 (n � 4) 6.92�2.27* (n � 4)

GP total activity (GPa � GPb), IU/g
protein 6.46�0.77 (n � 4) 15.10�1.46* (n � 4) 6.64�1.17 (n � 8) 11.89�1.34* (n � 8)

Density of GP-expressing cells, cell/mm2 † † 127�61 (n � 4) 411�83* (n � 4)
Glycogen content, mg/g wet weight 0.41�0.04 (n � 4) 0.26�0.03* (n � 4) 0.33�0.18 (n � 10) 1.16�0.33* (n � 10)

Values are presented as the means (SD); n � number in parentheses. *Significant difference from the respective FW control (Student’s t-test, P 	 0.05). †No
determination could be made. SW, saftwater; GP, glycogen phosphorylase; FW, freshwater.

Fig. 9. In situ hybridization of the tGPGG mRNA expressed in gill epithelial
cells from FW (A) and SW-acclimated (B) tilapia. Much greater and stronger
tGPGG mRNA signals (arrows) were found in SW cells (B) than in FW ones
(A). Insertion, hybridization with a sense mRNA probe as the negative control.
Bar � 40 �m.
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to possible functions of accessory cells; however, more sensi-
tive analysis, like immunoelectron microscopy, is necessary to
further confirm GRCs to be accessory cells. The present
immunocytochemistry and in situ hybridization data raise the
possibility that the relationship in energy translocation between
mammal astrocytes and neurons may also occur between GRCs
(i.e., accessory cells) and MR cells in fish gills. MR cells,
which contain obviously higher densities of mitochondria and
Na�-K�-ATPase (26), reveal a much higher demand for en-
ergy fuel. The major emergency energy source for MR cells
may reasonably be proposed to come from the surrounding
GRCs, because these GRCs express GP, which can degrade
glycogen deposits and release energy metabolites. Our subse-
quent molecular physiological experiments further demon-
strated that this spatial combination of GRCs and MR cells is
of similar functional significance for energy metabolism and
translocation as that of mammalian astrocytes and neurons.

Upon encountering environmental stress, GP is stimulated to
increase glucose or glucose-6-phosphate levels for additional
energy fuel to meet specific physiological demands. In mam-
mals, hypoglycemic stress is known to increase GP expression
in specific tissues to enhance glucose uptake to both facilitate
the metabolic energy supply (5) and protect cells from hypoxic
injury (40). A similar mechanism also seems to be exhibited by
fish gills upon environmental salinity challenge. It has been
well documented in fish that more energy is required to support
the activation of gill Na�-K�-ATPase expression and activity
during acclimation to different salinities (20, 23, 27, 29). The
present study examines for the first time the cellular and
molecular mechanisms of emergent energy metabolism for the
ionoregulation and osmoregulation processes in fish gills. Ac-
climation to SW stimulated mRNA and protein expressions, as
well as the activity of GP and the cell density of GRCs in
tilapia gills. Supporting these molecular and cellular events, an
evident depletion of the glycogen deposits in tilapia gill GRCs
was found after acute exposure to 25 ppt SW for 3 h. Notably,
the glycogen content in tilapia acclimated to 35 ppt SW for a
long term was much higher than that in FW control fish, and
even gill GP expression and activity were stimulated under the
same conditions. These results possibly imply that deposition
of a higher amount of glycogen is necessary for the mainte-
nance of higher Na�-K�-ATPase in tilapia gills after a long-
term acclimation to SW, as our subsequent experiments indi-
cated that the expression of gill glycogen synthase was about
1.5 times upregulated after long-term acclimation to SW
(Chang JC, Wu SM, Tseng YC, Lee YC, Baba O, and Hwang
PP, unpublished data). In a previous study in euryhaline sea
bream (Sparus auratus), acclimation to high salinity also
caused parallel enhancements in the total GP activity and
Na�-K�-ATPase activity in gills but had no significant effect
on the gill glycogen content (48). This controversy may be due
to species differences or differences in the experimental de-
signs and the measurement methods. Isolated gill epithelial
cells were used in the present study, while in the case of sea
bream, the gill glycogen content was directly measured without
isolating contaminants (other cell types). According to our
preliminary experiments, nonepithelial cells contained over
65% of the glycogen content of the entire gill. Measurement of
glycogen content in the entire gills (48) may have obscure
changes in the glycogen content in gill GRCs.

Cellular and physiological relationships in energy metabo-
lism between mammal astrocytes and neurons may also exist in
other organs, including fish gills, although much remains to be
studied to elucidate the entire outline of glycogen metabolism
for ionoregulation and osmoregulation in fish gills. In mam-
malian, glucose transporters and/or monocarboxylate trans-
porters transport glucose, lactate, and/or pyruvate between
astrocytes and neurons. Further studies are required to examine
which transporters are involved in energy translocation be-
tween GRCs and MR cells in fish gills. For instance, both
epinephrine and norepinephrine are known to stimulate brain
and liver glycogenolysis via activation of the PKA/GPK path-
way (11, 36). Modulation of neuroendocrine control of the
ionoregulation and osmoregulation in fish gills upon environ-
mental stress has been well studied (49); thus, it will be
interesting and challenging to examine how the neuroendocrine
system controls GP expression and function in fish gills.

ACKNOWLEDGMENTS

We extend our thanks to Y. C. Tung and J. Y. Wang for their assistance
during the experiments, and to the Core Facility of the Institute of Cellular and
Organismic Biology, Academia Sinica, for assistance in confocal microscopy.

GRANTS

This study was financially supported by grants to P. P. Hwang from the
National Science Council, and Academia Sinica, Taiwan, R.O.C.

REFERENCES

1. Amemiya T, Koyama S. Electron histochemical study on the UDPG-
glycogen glucosyltransferase and phosphorylase systems in the retina.
Nippon Ganka Gakkai Zasshi 74: 1032–1040, 1970.

2. Baba O. Production of monoclonal antibody that recognizes glycogen and
its application for immunohistochemistry. Kokubyo Gakkai Zasshi 60:
264–287, 1993.

3. Boeuf G, Payan P. How should salinity influence fish growth? Comp
Biochem Physiol C 130: 411–423, 2001.

4. Bollen M, Keppens S, Stalmans W. Specific features of glycogen
metabolism in the liver. Biochem J 336: 19–31, 1998.

5. Chesley A, Howlett RA, Heigenhauser GJ, Hultman E, Spriet LL.
Regulation of muscle glycogenolytic flux during intense aerobic exercise
after caffeine ingestion. Am J Physiol Regul Integr Comp Physiol 275:
R596–R603, 1998.

6. Choi IY, Seaquist ER, Gruetter R. Effect of hypoglycemia on brain
glycogen metabolism in vivo. J Neurosci Res 72: 25–32, 2003.

7. Coffe V, Carbajal RC, Salceda R. Glycogen metabolism in the rat retina.
J Neurochem 88: 885–890, 2004.

8. Ercan-Fang N, Nuttall FQ. The effect of caffeine and caffeine analogs on
rat liver phosphorylase a activity. J Pharmacol Exp Ther 280: 1312–1318,
1997.

9. Evans DH, Piermarini PM, Choe KP. The multifunctional fish gill:
dominant site of gas exchange, osmoregulation, acid-base regulation, and
excretion of nitrogenous waste. Physiol Rev 85: 97–177, 2005.

10. Gruetter R. Glycogen: the forgotten cerebral energy store. J Neurosci Res
74: 179–183: 2003.

11. Hamprecht B, Dringen R. Neuroglia, edited by Kettenmann, H and
Ransom, BR, Oxford, UK: Oxford University Press, University Press,
Oxford, 1995, pp 473, 487.

12. Higgins DG, Sharp PM. CLUSTAL: a package for performing multiple
sequence alignment on a microcomputer. Gene 73: 237–244, 1988.

13. Higgins DG, Thompson JD, Gibson TJ. Using CLUSTAL for multiple
sequence alignments. Methods Enzymol 266: 383–402, 1996.

14. Hoenderop JG, Nilius B, Bindels RJ. Calcium Absorption Across
Epithelia. Physiol Rev 85: 373–422, 2005.

15. Hootman SR, Philpott CW. Ultracytochemical localization of Na�,K�-
activated ATPase in chloride cells from the gills of a euryhaline teleost.
Anat Rec 193: 99–129, 1979.

16. Hootman SR, Philpott CW. Accessory cells in teleost branchial epithe-
lium. Am J Physiol Regul Integr Comp Physiol 238: R199–R206, 1980.

R490 GLYCOGEN PHOSPHORYLASE IN FISH GILLS

AJP-Regul Integr Comp Physiol • VOL 293 • JULY 2007 • www.ajpregu.org

 on June 9, 2009 
ajpregu.physiology.org

D
ow

nloaded from
 

http://ajpregu.physiology.org


17. Hu Y, Hirshfield I. Rapid approach to identify an unrecognized viral
agent. J Virol Methods 127: 80–86, 2005.

18. Hwang PP, Hirano R. Effects of environmental salinity on intercellular
organization and junctional structure of chloride cells in early stages of
teleost development. J Exp Zool 236: 115–126, 1985.

19. Hwang PP. Tolerance and ultrastructural response of branchial chloride
cells on salinity changes in euryhaline teleost, Oreochromis mossambicus.
Mar Biol 94: 643–649, 1987.

20. Hwang PP, Sun CM, Wu SM. Changes of plasma osmolality, chloride
concentration, and gill Na,K-ATPase activity in tilapia, Oreochromis
mossambicus, during seawater acclimation. Mar Biol 100: 295–299, 1989.

21. Hwang PP, Lee TH, Weng CF, Fang MJ, Cho GY. Presence of
Na-K-ATPase in mitochondria-rich cells in yolk-sac epithelium of larvae
of the teleost, Oreochromis mossambicus. Physiol Biochem Zool 72:
138–144, 1999.

22. Hwang PP, Sun CM, Wu SM. Characterization of gill Na�-K�-activated
adenosine triphosphatase from tilapia, Oreochromis mossambicus. Bull
Inst Zool Acad Sinica 27: 49–56, 1988.

23. Hwang PP, Fang MJ, Tsai JC, Huang CJ, Chen ST. Expression of
mRNA and protein of Na�-K�-ATPase � subunit in gills of tilapia
(Oreochromis mossambicus). Fish Physiol Biochem 18: 363–373, 1998.

24. Johnson LN. Glycogen phosphorylase: control by phosphorylation and
allosteric effectors. FASEB J 6: 2274–2282, 1992.

25. Jowett T, Yan YL. Double fluorescent in situ hybridization to zebrafish
embryos. Trends Genet 12: 387–389, 1996.

26. Karnaky KJ. Structure and function of the chloride cell of Fundulus
heteroclitus and other teleosts. Am Zool 26: 209–224, 1986.

27. Kirschner LB. Energetics aspects of osmoregulation in fresh water
vertebrates. J Exp Zool 271: 243–252, 1995.

28. Laurent P, Dunel S. Morphology of gill epithelia in fish. Am J Physiol
Regul Integr Comp Physiol 238: R147–R159, 1980.

29. Lee TH, Feng SH, Lin CH, Hwang YH, Huang CL, Hwang PP.
Ambient salinity modulates the expression of sodium pumps in branchial
mitochondria-rich cells of Mozambique tilapia, Oreochromis mossambi-
cus. Zool Sci 20: 29–36, 2003.

30. Lee TH, Tsai JC, Fang MJ, Yu MJ, Hwang PP. Isoform expression of
Na�-K�-ATPase � subunit in gills of the teleost, Oreochromis mossam-
bicus. Am J Physiol Regul Integr Comp Physiol 275: R926–R932, 1998.

31. Lin CH, Hwang CL, Yang CH, Lee TH, Hwang PP. Time-course
changes in the expression of Na,K-ATPase and the morphometry of
mitochondrion-rich cells in gills of euryhaline tilapia (Oreochromis
mossambicus) during freshwater acclimation. J. Exp. Zool. 301A: 85–96,
2003.

32. Marshall WS. Na�, Cl�, Ca2� and Zn2� transport by fish gills: retro-
spective review and prospective synthesis. J Exp Zool 293: 264–283,
2002.

33. McCormick SD. Hormonal control of gill Na�,K�-ATPase and chloride
cell function. In: Cellular and Molecular Approaches to Fish Ionic
Regulation, edited by Shuttleworth, TJ. San Diego, CA: Academic, 1995,
pp 285–315.

34. Mehrani H, Storey KB. Control of glycogenolysis and effects of exercise
on phosphorylase kinase and cAMP-dependent protein kinase in rainbow
trout organs. Biochem Cell Biol 71: 501–506, 1993.

35. Milligan CL. A regulatory role for cortisol in muscle glycogen metabo-
lism in rainbow trout Oncorhynchus mykiss Walbaum. J Exp Biol 206:
3167–3173, 2003.

36. Moon TW, Busby ER, Cooper GA, Mommsen TP. Fish hepatocyte
glycogen phosphorylase: a sensitive indicator for hormonal modulation.
Fish Physiol Biochem 21: 15–24, 1999.

37. Nakao T. Fine structure of the agranular cytoplasmic tubules in the
lamprey chloride cells. Anat Rec 178: 49–61, 1974.

38. Petit JM, Tobler I, Allaman I, Borbely AA, Magistretti PJ. Sleep
deprivation modulates brain mRNAs encoding genes of glycogen metab-
olism. Eur J Neurosci 16: 1163–1167, 2002.

39. Pfeiffer-Guglielmi B, Fleckenstein B, Jung G, Hamprecht B. Immu-
nocytochemical localization of glycogen phosphorylase isozymes in rat
nervous tissues by using isozyme-specific antibodies. J Neurochem 85:
73–81, 2003.

40. Pfeiffer-Guglielmi B, Francke M, Reichenbach A, Fleckenstein B,
Jung G, Hamprecht B. Glycogen phosphorylase isozyme pattern in
mammalian retinal Müller (glial) cells and in astrocytes of retina and optic
nerve. Glia 49: 84–95, 2004.

41. Philpott CW, Copeland DE. Fine structure of chloride cells from three
species of fundulus. J Cell Biol 18: 389–404, 1963.

42. Pisam M, Massa F, Jammet C, Prunet P. Chronology of the appearance
of beta, A, and alpha mitochondria-rich cells in the gill epithelium during
ontogenesis of the brown trout (Salmo trutta). Anat Rec 259: 301–311,
2000.

43. Pisam M, Rambourg A. Mitochondria-rich cells in the gill epithelium of
teleost fishes: an ultrastructural approach. Int Rev Cytol 130: 191–232,
1991.

44. Ransom BR, Fern R. Does astrocytic glycogen benefit axonal function
and survival in CNS white matter during glucose deprivation? Glia 21:
134–141, 1997.

45. Rath VL, Ammirati M, LeMotte PK, Fennell KF, Mansour MN,
Danley DE, Hynes TR, Schulte GK, Wasilko DJ, Pandit J. Activation
of human liver glycogen phosphorylase by alteration of the secondary
structure and packing of the catalytic core. Mol Cell 6: 139–148, 2000.

46. Richards JG, Heigenhauser GJ, Wood CM. Glycogen phosphorylase
and pyruvate dehydrogenase transformation in white muscle of trout
during high- intensity exercise. Am J Physiol Regul Integr Comp Physiol
282: R828–R836, 2002.

47. Sangiao-Alvarellos S, Laiz-Carrion R, Guzman JM, Martin del Rio
MP, Miguez JM, Mancera JM, Soengas JL. Acclimation of S aurata to
various salinities alters energy metabolism of osmoregulatory and nonos-
moregulatory organs. Am J Physiol Regul Integr Comp Physiol 285:
R897–R907, 2003.

48. Sangiao-Alvarellos S, Polakof S, Arjona FJ, Kleszczynska A, Martin
Del Rio MP, Miguez JM, Soengas JL, Mancera JM. Osmoregulatory
and metabolic changes in the gilthead sea bream Sparus auratus after
arginine vasotocin (AVT) treatment. Gen Comp Endocrinol 148: 348–
358, 2006.

49. Wendelaar Bonga SE. The stress response in fish. Physiol Rev 77:
591–625, 1997.

50. Wender R, Brown AM, Fern R, Swanson RA, Farrell K, Ransom BR.
Astrocytic glycogen influences axon function and survival during glucose
deprivation in central white matter. J Neurosci 20: 6804–6810, 2000.

R491GLYCOGEN PHOSPHORYLASE IN FISH GILLS

AJP-Regul Integr Comp Physiol • VOL 293 • JULY 2007 • www.ajpregu.org

 on June 9, 2009 
ajpregu.physiology.org

D
ow

nloaded from
 

http://ajpregu.physiology.org

